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a b s t r a c t

A chiral capillary monolithic column for capillary electrochromatography (CEC) was prepared by covalent
bonding of cellulose tris(3,5-dimethylphenylcarbamate) (CDMPC) on the silica monolithic matrix within
the confine of a 50-�m i.d. bare fused silica capillary. Several pairs of enantiomers including neutral and
basic analytes were baseline resolved on the newly prepared chiral capillary monolithic column in CEC
eywords:
apillary electrochromatography
ellulose
ris(3,5-dimethylphenylcarbamate)

with aqueous mobile phases. Fast enantioseparation was achieved due to the favorable dynamic properties
of silica monolith. The covalent bonding of CDMPC as the chiral stationary phase for CEC also enabled the
use of THF in mobile phase for enantioseparation of prazquantel by overcoming the incompatibility of
THF and the physically coated CDMPC on a column.

© 2008 Published by Elsevier B.V.
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. Introduction

Capillary electrochromatography (CEC) has attracted increas-
ng interest as it combines the high selectivity of HPLC and the
igh efficiency of CE. In addition, as a miniaturized separation
echnique, it shows a number of advantages such as the low
onsumption of stationary phases and solvents, need of smaller
amples, environmental safety, and easy coupling to mass spec-
rometry, etc. Traditionally, enantiomer-selective stationary phases
r chiral selectors used in HPLC have been transferred to CEC, result-

ng in the current use of three column technologies: open-tubular,
onventionally particulates packed, and monolithic columns.

For open-tubular columns, the chiral selectors [1] are coated
r immobilized on the inner surface of the capillaries, thus there

Abbreviations: CBMPC, cellulose 2,3-bis(3,5-dimethylphenylcarbamate);
DMPC, cellulose tris(3,5-dimethylphenylcarbamate); CSP, chiral stationary phase;
PM, mobile phase modifier; THF, tetrahydrofuran.

� This paper is part of the special issue ‘Enantioseparations’, dedicated to W.
indner, edited by B. Chankvetadze and E. Francotte.
∗ Corresponding author. Tel.: +86 411 84379576; fax: +86 411 84379620.

∗∗ Corresponding author. Tel.: +86 411 84379610; fax: +86 411 84379620.
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re no packing materials in the capillaries and no frits are needed.
hese columns suffer from low phase ratio, ease of overloading,
nd low sensitivity in UV detection. In particulates packed col-
mn, the CSPs were packed into the capillaries and restricted by
he retaining frits, such as CD and its derivatives [2–4], protein [5],

acrocyclic antibiotic [6], chiral polyacrylamides [7], and Pirkle-
ype CSP [8]. These columns have a high-phase ratio and high
nantioselectivity, but the bubble formation and poor repeatability
aused by the supporting frits retarded the application of partic-
late packed column in CEC for the practical routine analysis of
nantiomers. The problems encountered in these columns led to
he development of a new concept of packed CEC columns, i.e.,

onolithic columns. It can be prepared by in situ polymerization
ithin the confines of capillaries, thus avoiding the end-frits which

equired for particulate columns to secure the packing materials in
lace [9]. Chiral stationary phases based on the monoliths for CEC
ave been prepared by immobilization of diverse chiral selectors
uch as proteins [10–12], cyclodextrins [13–15], ligand-exchange
ype phase [16], macrocyclic antibiotics [17–20], crown ethers

17], and “Pirkle”-selector [21] onto the silica or polymer-based
ods.

Polysaccharide derivative CSPs have been widely applied in
PLC [22] with good chiral selectivity. In CEC, polysaccharide
erivatives including cellulose tris(3,5-dimethylphenylcarbamate)

http://www.sciencedirect.com/science/journal/15700232
mailto:wurenan@dicp.ac.cn
mailto:hanfazou@dicp.ac.cn
mailto:zouhfa@mail.dlptt.ln.cn
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CDMPC) [7,23–26], cellulose tris(4-methylbenzoate) [27,28], cel-
ulose tris(3,5-dichlorophenylcarbamate) [29–31], and amylose
ris(3,5-dimethylphenylcarbamate) [27,28] have also been used
or the enantioseparation by coating or bonding on silica-based
articulate packed columns or monolithic column. For polysac-
haride derivatives coated column, some solvents, such as THF
r chloroform, could swell or dissolve the polysaccharide deriva-
ives. Thus, these solvents could not be used as components of
he mobile phase [32]. This restriction could be overcome by
he development of chemically bonded CSPs [24,25,33], and it
as observed that the separation of some enantiomers could
enefit from the adoption of THF in the mobile phase [25].

nterestingly, no attention has been paid to the covalently
onded polysaccharide derivative-based capillary monolithic CSPs
or CEC, although a promising application of such kinds of
olumns was reported by Chankvetadze et al. [34] for HPLC. In
LC, silica monoliths modified with polysaccharide derivatives
ave been used for the enantioseparation. Amylose tris(3,5-
imethylphenylcarbamate) (ADMPC) [35] and CDMPC [36] have
oth been successfully coated on to silica monoliths by Chankve-
adze et al. Crosslinked amylose and cellulose derivatives were also
mmobilized on to silica monoliths via radical polymerization [37]
n their group.

In our work, a bonded-type of CDMPC CSP was synthesized for
nantioseparation in CEC. Enantiomer separations by CEC using the
repared CSP were performed under aqueous mobile phases. Par-
icularly, the advantages of the broadened choice of solvents offered
y the bonded CSP were discussed.

. Experimental

.1. Chemicals and reagents

Tetramethoxysilane (TMOS) was obtained from Chemical Fac-
ory of Wuhan University (Wuhan, China). Poly-(ethylene glycol)
PEG, MW = 10,000) was purchased from Aldrich (Milwaukee, WI,
SA). 3-Glycidoxypropyl trimethoxysilane (3-GPTS) was purchased

rom Acros (NJ, USA). Microcrystalline cellulose and acetonitrile
ACN) were purchased from Merck (Darmstadt, Germany). Trityl
hloride, 3,5-dimethylphenyl isocyanate, boron trifluoride ether-
te, racemic benzoin, indapamide, praziquantel, Tröger’s base,
nd pindolol were obtained from Sigma–Aldrich (Gillingham,
orset, UK). Methanol (HPLC grade) was obtained from Yuwang
hemical Company (Shandong, China). Water was purified by a
illi-Q system (Millipore, Milford, MA, USA). Cellulose 2,3-bis(3,5-

imethylphenylcarbamate) (CBMPC) was home made as described
n literature [34].

.2. Preparation of chiral silica monolithic column with
ovalently bonded CDMPC

.2.1. Preparation of silica monolithic capillary column
The bare fused silica capillary (50 �m i.d. × 365 �m o.d.) was

urchased from Yongnian Optic Fiber Plant (Hebei, China), and
sed to prepare the silica monolithic capillary columns using the
ol–gel process as described in the literature [38]. After the syn-
hesis of the silica monolith within the confine of a capillary, an in
itu re-hydroxylation process was carried out to maximally gener-
te the silanol groups on the surface of the silica monolithic matrix.

amely, a 1-M HCl solution was continuously pumped through the

ynthesized monolithic matrix within a capillary for 3 h at room
emperature. And then, the column was flushed with water until
he pH of effluent was ca. 7. Followed by a subsequent methanol
inse, the silica monolithic capillary column was purged with nitro-

f
h
a
i

B 875 (2008) 317–322

en overnight to dryness. Lastly, both ends of the prepared column
ere capped with two GC septa for further modification.

.2.2. In situ covalent bonding of CDMPC onto a silica monolith
The in situ covalent bonding of CDMPC onto the prepared sil-

ca monolithic capillary column was carried out with the approach
escribed by Chankvetadze et al. [34] with appropriate modifi-
ation. Briefly, 20 �L of 3-GPTS was firstly dissolved in 200 �L of
oluene, which was then pumped into a pre-prepared silica mono-
ithic capillary column for introducing the epoxy groups onto the
ilica monolith by a 10-h reaction at 110 ◦C. After the completion
f the reaction, the 3-GPTS modified silica monolithic column was
espectively rinsed by toluene and methanol, and dried by a stream
f nitrogen at room temperature for 3 h.

Then, the afore-dried 3-GPTS modified silica monolithic column
as filled with a solution of 60 mg/mL CBMPC in acetone by a 10-
Pa pumping pressure as described in the literature [26]. After

he complete filling of CBMPC solution, the monolithic capillary
olumn was removed from the pumping platform, and first left to
ry at ambient pressure and temperature for 7 days and then was
urther dried in a vacuum oven at 40 ◦C overnight. At last, an on-line
etection window was created by removing ∼5 mm of polyimide
oating at an appropriate position outside the capillary column.
he obtained CBMPC-coated silica monolithic capillary column as
SP(1) was evaluated for enantioseparation in CEC.

For the preparation of CDMPC covalently bonded silica mono-
ithic capillary column, a pre-prepared CBMPC-coated silica

onolithic capillary column was filled with a solution of 10% (v/v)
F3 etherate in dry toluene, and sealed with two GC septa to avoid
he evaporation of the reagent from the column and left overnight at
oom temperature. After the above treatment, the column was then
ushed with acetone to remove the unreacted cellulose derivative
nd dried in vacuum oven at 40 ◦C for 12 h. Moreover, the prepared
DMPC silica monolith capillary column was filled with a solution
f 15 �L 3,5-dimethylphenylisocyanate in 35 �L of pyridine, and
eacted at 80 ◦C for 12 h. And, subsequently, the column was respec-
ively washed by pyridine and methanol to remove the unreacted
socyanate and finally dried at 80 ◦C for 12 h in vacuum oven. The
nal CDMPC-bonded silica monolithic capillary column as CSP(2)
as also evaluated in CEC for enantioseparation.

.3. Separation conditions in CEC

The enantioseparation in CEC was carried out on a CE
nstrument-P/ACETM MDQ System (Beckman, Fullerton, CA, USA)
quipped with a UV diode-array detector, while the temperature
or column was set at 25 ◦C and wavelength for detection was set at
14 nm. All analytes were dissolved in running mobile phase to give
nal concentrations ranged from 0.5 to 1.0 mg/mL. Electrokinetic

njection was adopted to load samples by applying 10 kV voltage
or 1 s. The chiral resolution factor (Rs) were calculated from the
quation Rs = 2[tR2 − tR1]/[W2 + W1], where tR1 and tR2 are the reten-
ion times of the first and second eluted enantiomers, respectively,
hile W1 and W2 are the peak widths of these two enantiomers in

lution order.

. Results and discussion

.1. Characteristics of CDMPC-bonded silica monolith
Fig. 1 shows the SEM photographs of the monolithic silica rod
unctionalized with CDMPC. It can be seen that the monolithic rod
as morphology of continuous skeleton and large through-pores,
nd the monolithic rod is tightly bonded to the inner wall of cap-
llary column. The large through-pores diameter is around 2 �m.
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ig. 1. SEM photographs of monolithic silica inside a capillary at magnifications of
500×.

hese characters lead to favorable dynamic properties of the mono-
ithic silica capillary columns, and no frits are needed to retain the
tationary phase. The permeability changed little after modified
ith CDMPC, which suggested that the covalent bonding process
ad little effect on the dynamic property of the column.

.2. Enantioseparation on CBMPC-coated monolithic column

For finally obtaining the CDMPC-bonded chiral stationary
hases on the silica monolithic capillary column, the pre-coating of
BMPC on the silica monolith as the intermediate stationary phase
as necessary for further conversion from CBMPC to CDMPC cat-

lyzed with BF3 etherate. Also, as mentioned by Chankvetadze et
l. [34], the CBMPC could provide good enantiomeric resolving per-
ormance as well. Thus, the CBMPC-coated chiral stationary phase
CSP1) on a silica monolithic matrix as the intermediate product of
he final CSP2 was first evaluated in CEC for the confirmation of the
uccessful coating of cellulose derivatives.

Because the electroosmotic flow (EOF) generated on the sil-
ca monolithic column was from anode to cathode and also the
DMPC chiral stationary phase showed good resolution perfor-
ance to racemates [32], the basic (tetrahydropalmatine) and

eutral (Tröger’s base) racemates were selected as the standard
nalytes for testing the enantioseparation capability of the CSP1
olumn under aqueous mobile phases containing 40% acetonitrile
nd phosphate buffer or triethylamine phosphate buffer at pH 6.8.
ypical electrochromatograms were presented in Fig. 2a and b for
etrahydropalmatine and Tröger’s base, respectively. It can be seen
hat, two pairs of enantiomers as basic (tetrahydropalmatine) and
eutral (Tröger’s base) analytes were successfully baseline resolved
ith these aqueous mobile phases. Because the basic enantiomers

tetrahydropalmatine) were positively charged under this pH value,
competing base (TEA) was added to the mobile phase to weaken

he peak tailing caused from the electrostatic interaction between
he analytes and partially dissociated hydroxyl groups on the sil-
ca monolith. The obtained Rs values for tetrahydropalmatine and

röger’s base were 3.36 and 1.3, respectively. This result confirmed
hat the coating of the cellulose derivative, CBMPC, on the silica

onolithic capillary column was successful, which thus ensured
he further covalently bonding of CDMPC on silica monolithic

atrix.

w
l
t
C
a

ig. 2. Enantioseparation on CBMPC-coated silica monolithic capillary column.
xperimental conditions: column, 50 �m i.d. silica monolithic capillary column
oated with 50 mg/mL of CBMPC in acetone; solutes: (a) tetrahydropalmatine; (b)
röger’s base; other conditions were the same as in Table 1.

.3. Enantioseparation on CDMPC-bonded monolithic column

After the treatment of CBMPC-coated silica monolithic capil-
ary column with BF3 etherate, the CDMPC was finally covalently
onded onto the silica monolithic matrix within the confine of
he capillary column. For investigating the chiral resolving perfor-

ance of the finally obtained CDMPC-bonded stationary phases
CSP2) in CEC, six pairs of basic and neutral enantiomers were
ested using aqueous mobile phases, which contained 40% acetoni-
rile and phosphate buffers. The obtained electrochromatographic
esults were listed in Table 1. Most of enantiomers were success-
ully resolved with the enantiomeric resolution factors (Rs) ranged
rom 0.58 to 3.07. In Table 1, four pairs of neutral enantiomers were
ested with a neutral mobile phase, and three of them were suc-
essfully resolved. Typical electrochromatograms of Tröger’s base
nd indapamide were presented in Fig. 3b and d. Here, one thing
as to be mentioned is that the detection sensitivity for analytes
n the polysaccharide derivative-bonded silica monolithic column

as impaired. This probably resulted from the absorption of UV

ight by either the silica matrix or the bonded cellulose deriva-
ives on silica. Nevertheless, the enantioseparation on the prepared
SP silica monolithic column still could be realized in CEC with an
cceptable response in this work.
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Table 1
Electrochromatographic data obtained on the CDMPC-bonded silica monolithic capillary column.

Racemates Mobile phase t1 (min) t2 (min) Rs N1 (plates/m) N2 (plates/m)

Tröger’s base b 7.67 9.07 3.07 7,100 8,800
Tetrahydropalmatine a 7.80 9.45 2.12 9,700 12,700
Pindolol a 5.55 5.98 1.81 42,700 50,540
Indapamide b 8.09 9.05 1.55 14,000 14,200
Benzoin b 6.35 7.29 1.38 7,100 9,300
Prazquantel b 9.73 10.20 0.58 20,100 16,400

E ith co
c 6.8; a
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F
(

xperimental conditions: column, 50 �m i.d. silica monolithic capillary column w
ontaining 40% ACN at pH 6.8; (b) 4 mM phosphate buffer containing 40% ACN at pH
ffective length, 20 cm.

The other two pairs of basic racemates (tetrahydropalmatine
nd pindolol) were also successfully resolved as shown in Fig. 3a
nd c by using TEA as a competitive additive in mobile phase. By
omparing to the results obtained on CSP1 and CSP2, the Rs value
f tetrahydropalmatine was decreased from 3.36 on CSP1 to 2.12
n CSP2, while the Rs value of Tröger’s base was increased from 1.3
n CSP1 to 3.07 on CSP2. These results indicated that the covalent
onding of cellulose derivative on a silica monolithic capillary col-

mn as chiral stationary phase was successful in this work for CEC.
owever, due to the modification of hydroxyl groups of cellulose
erivative and other unclear change of the cellulose derivative dur-

ng the covalent bonding, the enantiomeric resolving performance
as thus slightly differed from the coated cellulose derivative.

o
a
a

w

ig. 3. Enantioseparation on CDMPC-bonded silica monolithic capillary column. Experim
d) indapamide; other conditions were the same as in Table 1.
valently bonded CDMPC; mobile phase, (a) 4 mM triethylamine phosphate buffer
pplied voltage, 10 kV; injection, 10 kV × 1 s; total length of capillary column, 31 cm,

Recently, fast enantiomer separations are becoming more
romising because the modern synthesis, such as combinato-
ial chemistry, can generate numbers of enantiomers in short
ime. Increasing the mobile phase flow rate is a direct way to
horten the analysis time. Thereafter, we tried to realize faster
nantioseparation via applying high voltage. Fig. 4 shows the elec-
rochromatogram for fast separation of indapamide. It can be seen
hat the enantiomers were separated in an even shorter time,

nly about 4 min. The highly effective enantioseaparation could be
ttributed to the favorable dynamic properties of silica monolith
nd strong driving force offered by CEC.

The enantioseparation on the silica monolithic column coated
ith polysaccharide derivatives including ADMPC [35] and CDMPC

ental conditions—solutes: (a) tetrahydropalmatine; (b) Tröger’s base; (c) pindolol;
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Fig. 5. The enantioseparation of praziquantel on a CDMPC-bonded silica monolithic
capillary column with THF as MPM. Experimental conditions: mobile phase, 40% THF
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was also investigated to evaluate the preparation variation of CSP
ig. 4. Electrochromatogram for fast separation of indapamide. Experimental con-
itions: applied voltage, 25 kV; other conditions were the same as described in
able 1.

36] has been achieved in CLC. The cellulose and amylose
erivatives-bonded CSP silica monolithic column via the radical
olymerization was reported by Chankvetadze et al. [37]. The sep-
ration efficiencies on our prepared CSP in CEC mode were not
uch higher than those in CLC by Chankvetadze et al. [37]. How-

ver, in our experiment, the obtained resolutions for Tröger’s base
nd benzoin were both higher. Other racemates were also differ-
nt from that in literature [37] and good recognition ability was
btained too. The fast separation on our bonded-type CSP in CEC
ould be conveniently realized without the loss of enantioselec-
ivity by simply increasing the applied voltage. While, the fast
eparation in CLC will require the rise of the flow rate with the
ncrease of the column pressure, which will consequently result
n the problem of system stability. Additionally, the method for
he immobilization of CSP in this work was different from that
escribed by Chankvetadze et al. [37], where the polymerization of
rosslinked polysaccharide derivatives and vinyl groups on the sur-
ace of the silica monolith was applied for immobilization. In this
ork, the approach for the covalent bonding of cellulose deriva-

ive on the silica monolithic matrix represents an efficient way
or obtaining a chiral stationary phase with a good stability, and
lso it is the first trial to use this covalently bonded CSP in CEC for
nantioseparation.

.4. Enantioseparation in CEC with THF as mobile
hase modifier (MPM)

The drawback of cellulose derivative-coated stationary phase
or enantioseparation was the dissolving and swelling of cellulose
erivative in some solvents, such as THF, chloroform, acetone, etc.
39]. Thus, the use of these solvents was strictly limited as mobile
hase modifier. However, the restriction of using these solvents will
lso limit the further method development because they not only
osses the good solubility for many analytes but also the ability in
xpanding or alternating the chiral recognition in some cases. The
ovalent bonding of cellulose derivative on silica monolithic matrix
s expected to overcome this drawback, and the use of the above-

entioned solvents would provide better solubility of enantiomers

nd different separation selectivity [25].

In this work, the THF was used as the MPM for the enantiosep-
ration of prazquantel on the CDMPC-bonded silica monolithic
apillary column in CEC. The obtained result is illustrated in Fig. 5.

c
a
c
p

n 4 mM phosphate buffer (pH 6.8); other conditions were the same as in Table 1.

s seen in figure, the prazquantel could be partially resolved (elec-
rochromatographic data also listed in Table 1). This confirmed that
he covalent bonding of cellulose derivative on a silica monolithic
apillary column did offer a good stability for using the THF in chi-
al separation. In a comparison of using ACN and THF as MPM, the
agnitude of Rs was improved from 0.58 for ACN to 0.98 for THF.

rom Fig. 5, it can also be told that the magnitude of EOF was notably
ower with THF as MPM in mobile phase than that with ACN as MPM
s shown in Fig. 3a. This could be explained that the viscosity of THF
as higher than that of ACN, which correspondingly resulted in the
ecrease of EOF in CEC.

Although THF was effective for the enhancement of separation
electivities for some enantiomers, this could not be always suc-
essful to all cases. For example, benzoin could be well resolved
hen ACN was used as MPM, but could not be separated when THF
as used.

In addition, no significant decline of resolution factors and effi-
iencies was observed after the columns being used under mobile
hase containing THF as modifier. Also, no shrinking and swelling
f the column beds were observed. This indicated good stability
nd mechanical strength of the prepared CSP which benefited from
he nice skeleton offered by monolithic silica capillary columns and
he advantage of the immobilized CDMPC. The broadened choice of
olvents as MPM offered by the bonded CSP represents an advan-
age in method development. For the separation of enantiomers on
he bonded cellulose derivative CSP, if the frequently used MPMs
ere not effective, some unusual solvents such as THF can be used

s alternatives.
The repeatability and reproducibility of the prepared CSP were

lso examined in this work by using the Tröger’s base as the test
nalyte and the thiourea as the marker of EOF with the mobile phase
ontaining 40% ACN and 4 mM phosphate buffer (pH 6.8). The rel-
tive standard deviations (RSDs) for the EOF and the resolution of
nalyte were less than 1.8% and 4.8% (n = 3), respectively, which
ndicates the good repeatability of the prepared novel OT column in
he separation of racemate. The column-to-column reproducibility
olumns. The RSDs of EOF and resolution were less than 4.6% (n = 3)
nd 6.9% (n = 3), respectively, for estimated with three prepared
olumns, which confirmed the good reproducibility in column
reparation.
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. Conclusion

The cellulose derivative, CDMPC, could be successfully immo-
ilized on a silica monolithic capillary column via the covalent
onding modification. The CDMPC-bonded silica monolithic cap-

llary column showed favorable mass transfer kinetics and good
nantioselectivity in separation of enantiomers by CEC, such as
eutral and basic enantiomers. Six pairs of enantiomers were
ested and five of them were successfully resolved. In addition,
he CDMPC-bonded chiral stationary phase could be used to per-
orm the enantioseparation of praziquantel even using the strong
olvent-THF as the mobile phase modifier in CEC, and a better
eparation was observed when the MPM was changed from ACN
o THF. The cellulose derivatives attached silica monolith also
ppears to be stable under mobile phases containing THF or ACN.
hese confirm the advantage of using the bonded CSPs over the
oated ones.
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