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Abstract

Capillary electrochromatography (CEC) has been performed with a series of C14, methly-
acrylamide based monolithic columns. These monoliths with different porosities were prepared
by in-situ copolymerization in fused-silica capillaries. The porous properties of monoliths were
further observed using scanning electron micrographs (SEM) and measured using a mercury
porosimeter. The effect of various alcohols as porogens on porous structural properties and
chromatographic behaviors were also investigated. The effects of organic additive, pH value
and ionic strength in mobile phase on electroosmosis flow (EOF) and separation were further
discussed. Meanwhile, the baseline separation of 6 neutral compounds can be well obtained. In
addition, the monolithic column demonstrates the high column efficiency and satisfactory
reproducibility.
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Introduction

CEC has attracted much attention and

developed into a powerful micro-separa-

tion technique duo to its hybrid nature,

which combines the high separation effi-

ciency of capillary electrophoresis (CE)

and the high selectivity of high perfor-

mance liquid chromatography (HPLC).

Packed capillary is widely accepted and

used in CEC. Packed microparticular sta-

tionary phases in capillaries usually

necessitate the fabrication of retaining frits

at both ends of the column. However, the

frit breaks easily and is site of bubble for-

mation, which disrupts the CEC process

[1–3]. To overcome these problems, the

column technology as the heart of the

separation process must be improved.

As a novel separation media, monolith

has shown great potential for CEC due to

being fritless, therefore overcome the

problem generated by frits [4]. Monoliths

can be classified into two categories,

porous polymers and porous silica-based

monoliths. Porous polymers based

monolithic column, including acrylamide

monoliths, methacrylate monoliths and

styrene monoliths have some favorable

attributes such as simple preparation

process, chemical stability over the entire

pH range, flexible modification of the

supports, good reproducibility, as well as

control of pore size. Some excellent re-

views on the in situ polymerization of

synthetic organic polymers for have been

published [4–6].

Because the monolithic columns are

molded, the resin porous structure and

consequently the monolithic perfor-

mance can affect the chromatographic

behaviors, especially in separation effi-

ciency. It is essential to control and

adjust the size of pore within the

monoliths for obtaining good separa-

tion. To date, many methods have been

introduced to adjust size of pore such

as varying the percentage of monomer

and cross linker in the polymerization

[7–9], tuning type of porogen [7, 10] and

the amount of initiator [11] and con-

trolling the reaction temperature and

time [7, 11–12].

In all reports, the most effective

method for controlling the porous prop-

erties of the monoliths is to adjust poro-

gens in reaction solution. Xie and Svec

et al. investigated the effect aliphatic

alcohol as porogens on chromatographic

behaviors of poly (acrylamide-co-butyl

methacrylate) monoliths [11, 13]. Zhang

and Horvath et al. prepared a cationic

porous methacrylate-based monolith

with mixture of propanol and formamide

as porogen [14]. Moore and Lee prepared

PS-DVB continuous bed with mixture of

toluene and 1-dodecanol as porogen [9].

Hoegger and Freitag adjusted the pore

size of monoliths by adding varying
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amounts of ammonium sulfate to the

reaction mixture. Grasseli et al. use

alcohols, acetone, THF et al. various or-

ganic solution as porogens in polymeri-

zation initiated with radiation produced

by a 60Co to determine the resin pore size

[8]. Peter and Svec et al. developed a

ternary porogenic system of solvents to

enable the precise control of porous

properties over a broad range [15].

Poly (acrylamide) has been used as a

useful resin in separation field. Hjertén

first described the monoliths in term of the

total monomer concentration and the

cross-linking degree [16]. When the

monomer concentration and cross-linking

degree were increased, a transition from

gel type domain to macro porous domain

could be observed [17]. Fujimoto [18]

prepared a low cross-linked polyacryl-

amide gel for CEC. In this study, they

observed the effect of cross-linking degree

onmigration and separation of solutes and

concluded that the separation mechanism

in their system was controlled by sieving

rather than an interaction of the solutes

with thematrix. On the other hand,Hjerén

reported the original study of highly cross-

linked acrylamide polymers for CEC by

several steps preparation [19]. However,

the complex method was later simplified

and developed by this group and other

groups. [20–21]. Freitag et al. prepared

highly cross-linked C6 monoliths in an

aqueous solution, adjusting pore size of

the monoliths by varying amounts of

ammonium sulfate [20]. In order to im-

prove the solubility of monomers and

introduce the more hydrophobic func-

tional group to column, Novotny et al.

prepared highly cross-linked monoliths in

organic media. In their method, poly eth-

ylene glycol was used as porogen to adjust

the size pore ofmonoliths. Thismonolithic

column demonstrated very high separa-

tion efficiency [21].

Decreasing cross-linking degree and

increasing concentration of monomers,

rigid monoliths can ever be obtained by

Svec and co-workers [11, 13]. The macro

porous acrylamid based monolithic col-

umn with pore size of up to 1000 nm

exhibited good permeability properties

for separation of biological polymer by

HPLC.

The aim of this work is to investigate

the effect of various alcohols on porous

properties of monoliths and develop an

easy and facile method to prepare macro

pore, high efficiency and good selectivity

monolithic columns for CEC. In our re-

search, a series of moderately cross-link-

ing degree, C14, methacrylamide based

with negative charged monolithic column

was prepared in situ thermal initiated

polymerization by a simple method. Ef-

fects of various aliphatic alcohols as

porogens on porous properties and elec-

trochromatographic behaviors of mono-

lithic column have been investigated. The

EOF and separation were further studied

by varying organic additions in the mo-

bile and operational voltage. Moreover,

the baseline separation of 6 neutral

compounds was obtained easily by re-

versed phase separation mechanism. The

column demonstrated high separation

efficiency and good reproducibility.

Experimental

Instrumentation

CEC separation were performed using a

P/ACE system MDQ capillary electro-

phoresis instrument (Beckman-coulter,

Fullerton, CA, USA) with a UV detector

coupled to an IBM personal computer,

and controlled by Beckman P/ACE

MDQ system CE software. The porous

properties of the polymers were measured

using a mercury porosimeter (Auto Pore

IV 9510, Micromeritics Company, USA).

Scanning electron micrographs (SEM)

pictures of the monolithic columns were

taken with a SEM S3500 instrument from

Hitachi (Japan).

The column first rinsed with mobile

phase at 20 psi pressure, then equilibrate

with mobile phase at a potential of 5 kV,

with 20 psi pressure on both vials, until a

stable baseline was obtained. A pressure

of 20 psi pressure was applied to both end

of the capillary during the experimental

runs to minimize air bubble formation.

The temperature was held constant at

35 �C except for experiment of tempera-

ture. Mobile phase was a mixture of

phosphate buffer and acetonitrile, Mobile

phase solution was degassed in an ultra-

sonic bath for 10 min before use. Samples

were first dissolved in acetonitrile to ob-

tain a solution containing 1 mg mL)1 of

each peptide; then were further diluted

with mobile phase to give the peptide an

approximate. All samples were injected

under pressure (0.3 psi · 3 s). All mobile

phase and sample solution were filtered

through a 0.22 lm micro filter.

Chemicals and Materials

1-Hexadene, 3-(trimetnoxysilyl) propyl

methacrylate and 2-acryl-amido-2-me-

thyl-1- propanesulfonic acid (AMPS)

were purchased from Acros (Geel,

Belgium). Methacrylamide and N,N0

– methylenbisacrylamide, acetonitrile,

n-propanol, n-butanol, n-octanol, iso-

octanol, dodecanol and cyclohexanol

were purchased from Tianjin Chromato-

graphic Company (Tianjin, China),

2’2-azobisisoutyronitrile (AIBN) and

N,N’-dimethylformamide (DMF), thio-

urea, naphthene, fluorene, phenanthrene,

anthracene and pyrene were from Tianjin

Chemical Reagents Company. A poly-

mide -clad fused-silica capillary tubing

(100 lm i.d. and 375 lm o.d.) was

purchased from Hebei Yongnian Optical

Filter Factory (Hebei, China).

Preparation of C14-Monolithic
Columns

The capillaries were internally treated

with 3-(trimethoxysilyl)propyl methcry-

late in the manner described by Hjertén

[17]. Briefly, Methacrylamide, N, N0 –

Methylenbisacrylamide and Octadecene

were first dissolved in 1 mL DMF, then

0.3 mL various alcohol as porogen was

slowly admixed to the monomers solu-

tion, as shown in Table 1. After 40 mg

AMPS and 6 mg AIBN were added to

solution, the mixtures were mixed into

homogeneous solution by ultrasonica-

tion. The homogeneous mixtures were

sparged with nitrogen for 5 min. A piece

of silanized capillary was attached to

syringe and filled with polymerization

solution to desired length. The both ends

of the capillary were pluged with a piece

of rubber tubing, and the reminder was

sealed within a glass vial. Both the cap-

illary and vial were submerged into a

water bath at 70 �C for over night.

The resulting monolithic column was

washed with acetonitrile, water and mo-

bile phase with a syringe pump. A

detection window was created at 2 mm

Table 1. Type of porogen in various columns

Column Porogen

P1 n-Propanol
P2 n-Butanol
P3 Iso-Octanol
P4 n-Octanol
P5 n-Dodecanol
P6 Cyclohexanol

56 Chromatographia 2005, 61, January (No. 1/2) Original



after the end of the polymer bed using

thermal wire stripper. Both ends of

monolithic column were cut to fit a

Beckman P/ACE system MDQ cartridge.

The total length of column was 300 mm,

and the effective length of polymer based

stationary phase was 200 mm. The

monolith formed from the bulk poly-

merization mixture was removed, ex-

tracted and dried for the porosimetric

measurements, according to Peter’s

method. [15].

Results and Discussion

Monoliths Synthesis

Basing on Svec’s preparation method

[13], we prepared a series of moderately

cross-linking degree, macro porous

monoliths by in situ polymerization.

However, the procedure was modified as

follows: In order to generate enough

EOF, the AMPS moiety is used to pro-

vide the monolith with charge which has

also effect on the pore sizes of monolith

[15]; 1-hexadene moiety (with a C14 alkyl

chain) acts as the retentive ligand, and

alkyl makes the monolith to be hydro-

philic; various aliphatic alcohols as por-

ogens were further used to adjust the pore

sizes of monoliths. Fig. 1 shows the SEM

of monolithic columns prepared with

various porogens. It can be seen that the

monolithic pore sizes increase with

increasing alcohol alkyl chain length

from n-propranol to n-octanol, and de-

crease with further increase from n-octa-

nol to n-dodecanol. Measurement of

porous properties for dry monoliths also

supported the results as shown in Table 2.

The result demonstrates that the rela-

tionship between the porous properties of

the monoliths and type of porogens in

mixture of polymerization. Similar results

had been ever observed for the HPLC

monoliths in the absence of AMPS and

alkyl group [11, 13]. Svec et al. thought

that the simultaneous decrease in solu-

bility of monomers and the polymer in

polymerization solution with the increase

of alcohol alkyl chain length. As a result,

the nuclei preferentially extract the

monomers from the surrounding poly-

merization mixture duo to effect of the

polarity, further form enlarged nuclei.

However, a further decrease in the

polarity of porogen lead to even earlier

phase separation with a very large num-

ber of small nuclei formed [11]. Com-

pared with the reported results, it can be

noted in Table 1 that the pore size further

increases and density decreases for

monoliths in the presence of AMPS and

1-hexadene. It showed that difference in

composition of the polymerization solu-

tion resulted from changes in porous

properties, and the two functional

monomers had also significant effect on

form of porous structures from the dif-

ference in polarity.

EOF

In our experiment, the EOF was gen-

erated from AMSP group on the poly-

mer. Thiourea was used as neutral

Fig. 1. (a) SEM of the monolithic column P1 (· 800); (b) SEM of the monolithic column P1
(·4000); (c) SEM of the monolithic column P3 (· 4000); (d) SEM of the monolithic column P4 (·
4000); (e) SEM of the monolithic column P5 (· 4000); (f) SEM of the monolithic column P6 (·4000)

Table 2. Measurement of porous properties for dry monoliths by mercury porosimeter

Median Pore
Diameter
(Volume) (nm)

Median Pore
Diameter
(Area) (nm)

Average Pore
Diameter
(4V/A) (nm)

Bulk Density
at 0.18 psia
(g mL)1)

P1 3176.8 783.5 1580.2 0.6231
P3 3410.4 2204.3 2881.1 0.4703
P4 3722.6 2527.7 3466.9 0.4845
P5 3759.1 2075.1 2619.4 0.6565
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Fig. 2. Effect of voltage on EOF on different columns. Capillary column:
P1, P2, P3, P4, P5, 300 mm (effective length 200 mm) · 100 lm (I D);
Buffer: 35% (v/v) CH3CN, 20 mM KH2PO4(pH 4.18); Voltage: 25 kV

Fig. 3. Effect of acetonitrile on retention factors of solutes on column
P1. Mobile phase: 45, 40, 35, 30% (v/v) CH3CN–10 mM KH2PO4(pH
4.18); voltage: 15 kV; samples: S1 ¼ naphthene, S2 ¼ fluorine,
S3 ¼ phenanthrene, S4 ¼ anthracene, S5 ¼ pyrene

Fig. 4. Electrochromatogram of 6 neutral solutes on column P1. Buffer: 35% (v/v) CH3CN, 10 mM KH2PO4(pH 4.18); voltage: 20 kV; both pressure:
40 psi; sample: S0 ¼ thiourea, S1 ¼ naphthene, S2 ¼ fluorine, S3 ¼ phenanthrene, S4 ¼ anthracene, S5 ¼ pyrene

Fig. 5. Effect of acetonitrile on retention factors of solutes
on various columns. Capillary column: P1, P2, P3, P4, P5;
Buffer: 45, 40, 35, 30% (v/v) CH3CN–10 mM KH2PO4(pH
4.18); Voltage: 15 kV; Sample: Pyrene

Fig. 6. Effect of voltage on plate height. Capillary column: P1,
P2, P3, P4, P5; Buffer: 35 % (v/v) CH3CN)10 mM
KH2PO4(pH 4.18); voltage: 5, 10, 15, 20 kV; sample: fluorene
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marker to measure EOF. A study of the

EOF of various monoliths was con-

ducted for applied voltages from 5 kV

to 25 kV. The monolithic columns from

column P1 to P5 exhibited good per-

meability properties in our experiment.

However, liquid hardly passed through

column P6 due to too small porous size.

Fig. 2 shows the magnitude of EOF in

various monoliths. It can be seen that

EOF increases linearly with increasing

operational voltage. However, the

dependence of EOF mobility on the

monolithic pore sizes seems insignifi-

cant.

The effect of pH on EOF mobility

were further investigated on column P1.

In the set of experiments, the acetoni-

trile content was kept constant (35%)

while the pH of 10 mM phosphate was

varied from 2.5 to 9.0. No substantial

change in mobility of EOF was

observed in this pH range. The mobility

of EOF increased appreciably with

increasing pH from 2.5 to 7 but

decreased rarely with increasing from 7

to 9. It implies that the EOF for col-

umn P1 is strong enough and satisfac-

tory in a broad range of pH. Compared

with traditional silica based column, the

advantage of the column in EOF is

significant.

The effect of ionic strength on EOF

was also studied using different concen-

tration of buffer in the mobile phase, 5,

10, 15, 20 mM. The EOF velocity de-

creased nonlinearly with increasing ionic

strength. It is well known that the double

layer get thin and EOF velocity is in-

versely proportional to the square root of

ionic strength [22].

Mechanism of Retention

The retention factor of CEC, k*, was

defined with the following equation.

k� ¼ tr � t0
t0

ð1Þ

where tr and t0 are the retention time for

the retained solute and unretained neutral

solute respectively.

The separation of 6 neutral com-

pounds was investigated on column P1 by

changing concentration of acetonitrile in

the mobile phase, as shown in Fig. 3. The

retention factors for neutral solutes de-

creased with increasing concentration of

acetonitrile. In addition, the retention

factors for solutes increased in turn their

hydrophobility. It thus demonstrated that

separation was governed the hydrophobic

interaction of the stationary phase and

the neutral solutes. The separation ac-

cords to reversed phase mechanism simi-

lar to HPLC. It further showed that the

introduction of functional monomer is

successful in monoliths for controlling

and adjusting retention mechanism. In

this separation system, a baseline sepa-

ration of 6 neutral solutes can be ob-

tained well on the column P1 as shown in

Fig. 4.

Compared the retention behaviors of

Pyrene on 5 different pore size of mono-

liths, it can be noted that the k* increased

with decrease in pore size of monoliths, as

shown in Fig. 5. It implies that the sep-

aration mechanism may be also influ-

enced from size-exclusion effects. The

effect may be contributed from based

polymer [18].

Separation Efficiency

Fig. 6 shows the plate height in various

porous monolithic columns. The results

further demonstrated that it is related

closely between structural and porous

property of monolithic column and sep-

aration efficiency. The plate height for all

columns varied with variety in opera-

tional voltage, and the high column effi-

Fig. 7. Reproducibility of column P1 run-to-run. Mobile phase: 35% (v/v) CH3CN–10 mM
KH2PO4(pH 4.18); voltage: 20 kV; temperature: 35 �C; sample: S0 ¼ thiourea, S1 ¼ naphthene,
S2 ¼ fluorine, S3 ¼ phenanthrene, S4 ¼ anthracene, S5 ¼ pyrene

Table 3. Reproducibility of column P1

R.S.D % (run-to-run, n=10) R.S.D % (column
to column, n=4)

S0 S1 S2 S4 S5 S0 S1

Retention time 0.27 0.18 0.22 0.25 0.11 3.1 2.6
Efficiency 1.2 1.5 2.1 3.7 1.7 7.9 6.8
Retention factor 0.23 0.19 0.27 0.24 0.85

Conditions as Fig. 7
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ciency can be obtained under 15 kV of

applied voltage. Column P1 shows the

high column efficiency (up to 200,

000 N m)1). The separation efficiency is

very satisfactory.

Reproducibility

Reproducibility of preparation and oper-

ation of CEC monolithic column are very

important in development and applica-

tion for the column technology. In our

experiment, reproducibility of column P1

was estimated by run-to-run and column-

to-column as shown in Table 3. The

electrochromatograms are shown in

Fig. 7 respectively in 10 sequential run-

ning. The reproducibility of retention

time, efficiency and retention factory are

very satisfactory for measurement by

injection-to-injection on the same column

P1, meanwhile the column-to-column

R.S.D. for 4 columns can be also

accepted. It will be good for improvement

of reproducibility to further optimization

of the column preparation procedure,

improvement in uniformity and fine con-

trol of pore properties of the resulting

monolith.

Conclusion

Various aliphatic alcohols as porogens in

preparation mixtures were used and

evaluated to determine the effect of po-

rous on porous structures and chro-

matographic behaviors of monolithic

column. By optimizing condition, the

prepared macro-porous monolithic col-

umn displays good chromatographic

properties. The baseline separation of 6

neutral compounds can be obtained eas-

ily, and separation is governed by the

hydrophobic interaction between solutes

and stationary phase, as well as size-

exclusion effect. Theory plate number

may be up to 200, 000 N m-1. Moreover,

reproducibility of the retention time and

efficiency can also be satisfactory. This

paper showed that introduction of func-

tional monomer, adjusting of porous

properties of monoliths and controlling

of EOF are successful and feasible easily.

Further works on application of macro

porous, hydrophobic monoliths on bio-

molecular are in process.
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J Chromatogr A 855:273–290

11. Xie SF, Svec F, Fréchet JMJ, (1997)
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