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Abstract

A series of micro-monolithic columns with different porosities were prepared for capillary electrochromatography (CEC)
by in-situ copolymerization of butyl methacrylate, ethylene glycol dimethacrylate, and 2-acrylamido-2-methyl-1-propane-
sulfonic acid in the presence of a porogen in fused-silica capillaries of 100 mm I.D. Different column porosities were
obtained by changing the ratios of monomers to porogenic solvents. Columns were investigated and evaluated under both
pressure-driven (high-performance liquid chromatography, HPLC) and electro-driven (capillary electrochromatography,
CEC) conditions. Each column exhibited different efficiency and dependency on flow velocity under electro-driven
conditions. Abnormally broad peaks for some relatively bulky molecules were observed. Possible explanations are discussed.
The differences in column efficiency and retention behavior between the two eluent-driven modes were studied in detail. In
addition, other column properties, such as morphology, porosity, stability and reproducibility, were extensively tested.
 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction implementation [31,32]. Most columns used nowa-
days in CEC are packed in a similar way as in

Capillary electrochromatography (CEC) has micro-HPLC. High experimental skill and experience
emerged as a promising micro-separation technique is required to reproducibly pack micron-sized par-
that combines chromatographic selectivity with high ticles into a narrow-bore tube and to prepare a solid
efficiency and miniaturization potential of capillary and stable frit at both ends of the column. Addition-
electrophoresis (CE) [1–6]. To date, a number of ally, it is extremely difficult to avoid side effects
papers have been published on the theoretical and arising from frits [17], i.e. bubble formation and
practical aspects of CEC [3,7–30]. However, some heterogeneity of the electrical field across the col-
technical problems including column preparation umn. Furthermore, there are only a few commercial-
have slowed down its development and widespread ly available stationary phases dedicated for CEC

which are expected to provide sites for the required
interactions as well as the charged group for gene-*Corresponding author. Tel.: 131-40-247-3012; fax: 131-40-
ration of the electroosmotic flow, EOF [30]. All245-3762.
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velopment of various alternative approaches [33– all the analytes and other chemicals were from
48]. Among these, one competing strategy is to Merck (Darmstadt, Germany). Fused-silica tubing
prepare monolithic media by in-situ polymerization (100 mm I.D.) was purchased from Polymicro Tech-
within the confine of a mold. This approach has nologies (Phoenix, AZ, USA). The mobile phase was
recently attracted substantial attention in view of its composed of 20% (v/v) sodium phosphate buffer (5
capability to eliminate the difficulties described mM, pH 7) and 80% (v/v) ACN. It was degassed by
above for making packed columns [37–49]. Pres- ultrasonication and filtered through a filter (pore size,
ently, there exist two main types of monolithic 0.45 mm) before use.
materials, silica sol–gels [37–40] and porous organic
polymers. In principle, the polymeric approach ex- 2.2. Column preparation
hibits more potential advantages and a more promis-
ing future compared to its silica-based counterparts. The monomers (60.0 wt% BMA, 39.7 wt%
This is due to the simpler preparation process, higher EGDMA and 0.3 wt% AMPS), azobisisobutyro-
efficiency, easier pore size control, and more facile nitrile (AIBN) used as a polymerization initiator (1
adaptability to adjust column selectivity, as well as wt% with respect to the total monomer amount) and
the direction and the speed of the electro-osmotic porogen (1-propanol, 1,4-butanediol and 10 wt%
flow (EOF) offered by polymer rods. Several groups water) were mixed ultrasonically into a homogenous
have spent considerable effort in this field [41–49]. solution [50–52]. For different columns, different
However, this technique is still virtually in its porogen concentrations and volume fractions were
infancy. Until now, most applications have concen- used, as detailed in Table 1. Subsequently, the
trated on simple small neutral compounds. Moreover, reactant solution was purged with nitrogen for 3 min
the physico-chemical properties of these porous before a small part of the reactant mixture was
polymers under electric field conditions are still not introduced into a capillary (unmodified or silanized)
straightforward to be explained. by a 10-ml syringe. The capillary was either filled

In this study, we prepared a series of poly- completely or to a certain distance from one end.
alkylmethacrylate-based monolithic capillary col- After both ends of the capillary were sealed in a
umns with different permeabilities. The column micro-connector, it was kept at 608C in an oven for
performances under both CEC (electro-driven, ED) 24 h. All columns were conditioned by mobile phase
and HPLC (pressure-driven, PD) were evaluated and using a syringe pump prior to HPLC and CEC
compared in detail. In addition, the micropore size experiments.
distributions in these polymeric monoliths were To investigate eventual wall effects, the inner wall
investigated, and some practical and theoretical of some capillaries was modified before the intro-
problems associated with these types of rods are also duction of the reactant mixture [53]. The procedure
discussed. was as follows: the unmodified fused-silica capillary

was first washed then filled with 1 M sodium
hydroxide solution, both ends were put in a sealed

2. Experimental vial filled with sodium hydroxide solution, and the
capillary was then kept at 958C for 2 h in an oven.

2.1. Chemicals Thereafter, the capillary was washed with ca. 60
column-volumes of deionized water and then with

Butyl methacrylate (BMA), ethylene glycol di- the same volume of acetone. The capillary was dried
methacrylate (EGDMA), 2-acrylamido-2-methyl-1- at 608C under purging nitrogen for 1 h, followed by
propanesulfonic acid (AMPS) and 3-(trimethoxy- rinsing with 10 column-volumes of a silanizing
silyl)propyl methacrylate were obtained from Al- solution, a solution of 50% (v/v) of 3-(trimethoxy-
drich. Acetonitrile (ACN) and tetrahydrofuran (THF) silyl)propyl methacrylate in N,N-dimethylformamide
with HPLC grade purity were from Biosolve (Val- (DMF) containing 0.02% (w/v) of hydroquinone (an
kenswaard, The Netherlands). Polystyrene standards inhibitor). After both ends of the capillary were
were obtained from DuPont (Wilmington, DE) and sealed, it was heated in an oven at 1008C for about 8
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Table 1
Characteristics of different columns

a dColumn Porogen Conc. of 1- Capillary Globule Porosity C% H in
bfraction propanol in size (e ) CECT

e(vol%) porogen (nm) (mm)
(wt%)

a 47 62 Unmodified 150 0.50 0.0 6.7
b 52 62 Unmodified 250 0.56 0.0 8.3
c 57 62 Unmodified 300 0.61 0.3 10.0
d 62 62 Unmodified 800 0.67 2.0 11.0
e 67 62 Unmodified 1200 0.72 3.2 33.3

cf 62 60 Unmodified 1200 NM NM 30.0
g 62 63 Unmodified 450 NM NM 12.0
h 57 62 Modified 300 NM 0.1 10.0

a Porogen volume fraction in reactant solution.
b Microglobule size estimated from SEM pictures.
c NM, not measured.
d Compressibility, C%51003 (L 2L ) /L . L : initial column length; L : column length after high pressure was applied.0 1 0 0 1
e Plate height (H ) under CEC conditions. Column efficiency was calculated by half peak-width method.

h, and then washed with DMF and acetone. Finally, rod pieces were cut from the columns, placed on an
the capillary was again dried with a nitrogen stream. aluminum stub via a double-sided carbon tape, and

sputter-coated with a gold /palladium alloy using SPI
2.3. Instrumentation Sputter for 4 min at 30 mA. The measurements were

carried out at 10 kV at a filament current of 40 mA.
3DCEC experiments were performed on a CE According to SEM pictures the macropore sizes in

system (Agilent Technologies, Waldbronn, Germany) the capillary rods were estimated. The micropore
equipped with a DAD 1050 UV detector and an size distribution of the polymer was measured by
external pressure device for CEC. Control of the BET nitrogen sorption method on an ASAP 2010
chromatographic system and data acquisition were instrument (Micromeritis, Norcross, GA, USA). The
carried out by a Chemstation system. Samples were equilibrium interval was 30 s, and the low-pressure

3injected electrokinetically. The cassette temperature dose was 0.5 g /cm STP. The calculation for the
was set at either 21 or 308C. The detection wave- micropore size is based on the slit pore model. The
length was 205 nm. During each run 8 bar pressure samples were polymers made in a 2-ml bottle by the
was applied at two ends of the column. same polymerization process as used for the corre-

The m-HPLC system was composed of an ISCO sponding columns. Before measurement, the bulk
model 100 DM syringe pump (Isco, Inc., Lincoln, polymer was cut into small pieces, Soxhlet-extracted
NE, USA), a microUV–Vis SSI 500 detector (Sci- with methanol for 12 h, vacuum-dried for 2 days and
entific Systems, Inc., State College, PA, USA) and a degassed for 5 h at 658C.
Rheodyne injector (VICI AG, Valco Europe, Schen-
kon, Switzerland) with a 100-nl internal loop. A
TEE-piece after injector with a 1 m325 mm (I.D.) 3. Results and discussion
capillary was used as a splitter. The split ratio was
typically 100:1. All the experiments were performed 3.1. Column efficiency in CEC
at room temperature (ca. 218C).

The column morphology was studied by a Model The lowest plate height (H ) at the test alkyl
JSM-840A scanning electron microscope (SEM) benzenes for each column is presented in Table 1.
(JEOL, Inc., Tokyo, Japan). Samples of 5-mm long From comparing the efficiencies of columns d, f and



923 (2001) 215–227218 T. Jiang et al. / J. Chromatogr. A

g with different 1-propanol content but the same reversed-phase liquid chromatography (RPLC) of
porogen volume fraction, it is clearly shown that benzene derivatives for these polymer monoliths has
column efficiency is very sensitive to the amount of been described in literature [50–52]. In the first
1-propanol. This is consistent with earlier reported instance, reversed-phase retention of neutral com-
results [50–52]. The column with 62 wt% 1-pro- pounds is determined by the hydrophobicity of the
panol provided the highest efficiency. Therefore, for stationary phase, which can be estimated by the
all other columns in this study, the porogen with 62 intercept of the linear plot of carbon numbers of
wt% 1-propanol was chosen. alkyl substitutes of alkylbenzenes as their log k-

Fig. 1 shows the plots of plate height as a function values under similar eluent conditions. For example
of eluent velocity for alkyl benzene compounds on from Fig. 3 column a clearly is more hydrophobic
columns a–e prepared using different porogen vol- compared to column b. Furthermore, in Fig. 3, the
ume fractions. As porogen volume fraction decreases plots for all columns have the same slope, suggesting
from 67% (column e) to 47% (column a), the column that all the columns made from different ratios of
efficiency increases from about 30 000 to 150 000 porogen to monomers show similar CH -selectivity2

plates /m (Table 1), the steepness of all plots de- [54].
creases, and the optimal flow velocity increases from Fig. 4 presents the effect of porogen content on
less than 1 to about 6 cm/min. In addition, it is the distribution constant (K) of each test compound
interesting to note that, for columns a and b with a on the different columns. K-values were calculated
lower porogen content, the column efficiency re- using the experimentally obtained retention factors
mains almost constant, regardless of the different and the phase ratios (b ) of the columns (K5kb,
retention factors (k) for all of the test compounds b-values were calculated from column porosity, e ).T

with retention factor (k) up to 6.5. This suggests that Obviously, the tested mono-substituted benzene de-
with such columns rapid separations can be obtained rivatives have similar K-values on the different
without loss in resolution. columns. As a result, the retention mechanism for

In order to understand the differences in column these mono-substituted benzene compounds is the
efficiency in columns a–e, the polymer morphology same. In contrast, for multi-substituted benzenes,
in the capillaries was examined by scanning electron especially with bulky groups, e.g. 1,3,5-triiso-
microscope (SEM). As an example, some SEM propylbenzene (TIPB, compound No. 7), a large
photos are shown in Fig. 2. According to the SEM difference in retention between column e and col-
pictures, the connecting microglobule size of the umns a–d is observed. On column e, TIPB is eluted
polymer was estimated, and presented in Table 1. extremely quickly, even earlier than benzene; 1,3-
The structures of the various monolithic columns diisopropylbenzene (DIPB) is also eluted earlier in
differ significantly, and strongly depend on the comparison with the other columns. It appears that,
porogen content in the reactant solutions. With the besides the reversed-phase retention, column e
decrease in the porogen content, the microglobules simultaneously exhibits size exclusion retention for
become smaller (from about 1 mm for column e relatively bulky compounds.
down to 150 nm for column a), and the globule The micropore size distribution of the polymers
stacking and the channel distribution become more was investigated by BET nitrogen sorption method
uniform. Obviously, for the columns with lower as described in the Experimental section. As shown
porogen concentration, the Eddy diffusion is smaller in Fig. 5, the size range of micropores is similar for

˚and the mass transfer is faster, resulting in higher columns a–d, around 10 A. Column e, however, has
efficiencies and less steep Van Deemter curves. a wider range of pore size distribution ranging from

˚8 to 30 A. Furthermore, the total amount of micro-
3.2. Selectivity and retention in CEC pores in columns a–e is significantly different.

Generally, at higher porogen contents a lower
Apart from column efficiency, column selectivity amount of micropores is formed. For example, from

and the retention mechanism for columns a–e were Fig. 5, column a contains the highest amount of
investigated as well. The retention mechanism of micropores while column e has almost no micro-
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Fig. 1. Plots of plate height as a function of flow velocity in CEC mode for columns a–e. Conditions: the active lengths of column a–e are
40, 40, 40, 25, 21 cm, respectively; sample: thiourea (t marker), toluene, propylbenzene, amylbenzene and octylbenzene; injection: 5 kV foro

3 s; applied voltages: for columns a–d, 30, 25, 20, 15, 10, 5 and 2.5 kV, for column e, 20, 15, 10, 5, 2.5 and 1.5 kV; cassette temperature,
308C; eluent: 20% (v/v) sodium phosphate buffer (5 mM, pH 7) and 80% (v/v) ACN.
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Fig. 2. Scanning electron microscope (SEM) pictures of columns a, d and e.

2pores and its surface area is only 4.6 m /g (column a
2 241.3 m /g; column b 33.9 m /g; column c 13.6

2 2m /g; column d 5.4 m /g). Theoretically, micro-
pores in monolithic column have the same function
as the inner pores in conventional porous packing
particles, viz. they are the main areas where chro-

Fig. 4. Effect of porogen content on the distribution constant (K)
of each test compound. Solutes are thiourea, benzylalcohol (1),
benzene (2), propylbenzene (3), butylbenzene (4), 1,3-diiso-

Fig. 3. Plots of the carbon numbers of the alkyl substitutes of propylbenzene (5), amylbenzene (6) and 1,3,5-triisopropylbenzene
alkylbenzene versus their log k-values for the columns a–e. (7). Phase ratios were calculated from: b5e /(12e ) where e isT T T

Applied separation voltage is 25 kV. Other conditions as in Fig. 1. porosity, see Table 1. Other conditions as in Fig. 1.



923 (2001) 215–227 221T. Jiang et al. / J. Chromatogr. A

Fig. 6. Dt-values (retention time of analyte minus the retention
time of polystyrene MW 2 700 000, t2t ) for different analytese

under SEC conditions on columns b–e. Samples: 1, polystyrene
Fig. 5. Micropore size distribution for columns a–e measured by (MW, 540); 2, TIPB; 3, o-terphenyl; 4, DIPB; 5, triphenylene; 6,
BET nitrogen sorption; slit pore model is used for micropore biphenyl; 7, 1,3,5-trimethylbenzene. Mobile phase: THF.
calculation.

columns, which also is in good agreement with the
matographic retention occurs. However, if the ana- BET results. Additionally, from the smaller Dt-value

˚lytes are relatively large compared to the micropores, of TIPB (93934.5 A) compared to triphenylene
˚ ˚such as TIPB with sizes of 93934.5 A, the prob- (9.239.232 A), it can be concluded that the micro-

ability of these compounds to enter micropores pores in the polymer rods are of a slit rather than a
becomes smaller due to steric hindrance and thus cylinder type of shape. Therefore, the slit model was
bulky analytes are prone to partial exclusion, which chosen to calculate the micropore size of our rod
is more obvious on columns with lower amount of columns.
micropores. To illustrate this, on column e, TIPB is As discussed above, columns a–d primarily show
eluted much earlier than on the other columns a reversed-phase retention mechanism. As an exam-
containing more micropores (Fig. 4). Considering ple, a chromatogram of alkylbenzenes on column c is
that the polymers in the measurements of BET given in Fig. 7. Interestingly, abnormally broad
nitrogen sorption were in the dry state, size exclusion peaks for DIPB and especially TIPB were obtained;
liquid chromatography (SEC) was used to further
investigate the size exclusion behaviors of com-
pounds such as TIPB and DIPB using tetrahydro-
furan (THF) as the mobile phase. In Fig. 6, Dt-
values of various analytes are studied where Dt
equals the value of t2t where t is the retention timee

of a specific analyte and t is the retention time ofe

polystyrene with a molecular mass of 2 700 000.
Apparently, due to size exclusion, the Dt-values of
TIPB and DIPB are smaller than those of comparable
small molecules. Obviously from Fig. 6, on columns
with decreasing porogen content (columns e.d.c.

Fig. 7. CEC chromatogram on column c. Sample is composed of
b.a), Dt becomes larger and the resolution for the thiourea (1), benzene (2), toluene (3), ethylbenzene (4), propyl-
test compounds is somewhat better. This results from benzene (5), DIPB (6), TIPB (7) and heptylbenzene (8). Applied
the gradually larger number of micropores of these voltage, 30 kV. Other conditions are as in Fig. 1.
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Fig. 8. Plots of plate height as a function of flow velocity for
column c. Sample consists of TIPB (1), DIPB (2) and heptylben-
zene (3). Other conditions are as in Fig. 1.

Fig. 9. Effect of temperature on plate height for column c.
Solutes: 1, thiourea; 2, propylbenzene; 3, DIPB; 4, TIPB. Othersimilar broad peaks were also observed on columns
conditions are as in Fig. 1.a, b and d (plate height of TIPB: column a, 24 mm;

column b, 39 mm and column d, 11 500 mm). To
illustrate this in more detail, in Fig. 8 the plate height heating affects both bulky and small compounds to
versus flow velocity for TIPB, DIPB and heptylben- the same extent. Therefore, in our opinion Joule
zene are plotted. The Van Deemter C-term values for heating did not cause the abnormal broadening peaks

24these compounds are 109.1, 6.4 and 2.4310 min, of bulky molecules.
respectively, which were calculated from the fitted As a result, it is obvious that for bulky molecules
curve. TIPB shows an extremely slow mass transfer, mass transfer is the predominant factor to plate
which leads to a substantial dependence of H on flow height. Under high temperature, the mass transfer
velocity of these compounds. In contrast, the small can be greatly speeded up by the increase in their
molecule heptylbenzene shows very low velocity diffusion coefficients, and consequently the column
dependence. As a consequence, H-values are satis- efficiency can be enhanced substantially.
factory and between 21 and 35 mm in the optimal
velocity span. Similar plate height function was also 3.3. Comparison between HPLC and CEC
observed on the other columns. We assume that the
slow mass transfer of TPIB results from the small Columns were also investigated under pressure-
micropores (ca. 1 nm) in the polymer rod that are too driven mode. Fig. 11 shows the Van Deemter curves
small for TIPB to easily enter and exit. Further for thiourea under both CEC and m-HPLC conditions
evidence can be obtained from Fig. 9 of the plots of on column c. The calculated Van Deemter parame-

24plate height versus temperature. For TIPB, there is a ters A and C are 6.0 mm and 5.7310 min under
24strong dependency of the plate height (H ) on tem- pressure- and 5.6 mm and 1.7310 min under

perature: H decreases dramatically with increasing electro-driven conditions, respectively. As expected,
temperature, and the plate height of DIPB also shows the plate height under electro-driven conditions is
similar tendency. However, the temperature depen- much lower than that in the pressure mode. Further-
dency of H, for the small compounds, is very small. more, the plate height differences between the two
It must be emphasized here that the linear relation- modes become larger with the increase in the flow-
ship between voltage and current suggests that Joule rate due to the flat flow profile under electro-driven
heating is negligible (Fig. 10). We believe that Joule mode.
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Fig. 10. Plot of voltage versus current for column d. Conditions are as in Fig. 1.

As an example, a comparison of chromatograms 105 000 under CEC conditions. The retention factors
on column c for various test compounds under both of each compound in CEC (k ) and m-HPLCCEC

modes is shown in Fig. 12. From the peak widths, (k ) and their ratios (k /k ) are listed inHPLC HPLC CEC

the difference in column efficiency obtained under Table 2. For the apolar and polar compounds in the
two eluent driven modes can be easily seen. The test (Fig. 12A), the k /k and the peak symme-HPLC CEC

plate number under electro-driven conditions in Fig. try values (not shown) are close to one. These
12A is more than twice that in the pressure-driven compounds show similar retention behaviors under
mode. Typical values for the plate numbers (plates both HPLC and CEC conditions. However, for
per m) of peaks 2–12 are 40 000 under HPLC and compounds with higher polarity, e.g. benzylamine in

Fig. 12B, the columns show completely different
performance under the two eluent driven modes.
Under CEC conditions, the benzylamine peak is
extremely broad and tailing and it elutes later than
under HPLC conditions. It is noteworthy to see that
under the same conditions, the other basic com-
pounds such as pyridine and p-ethylaniline show
high-efficient and symmetric peaks (Fig. 12A).
Clearly, this must be attributed to the pK -values ofa

these compounds. The pK values of p-ethylanilinea

and pyridine are approximately 5; the pK -value ofa

benzylamine is significantly larger (9.3). In the
mobile phase of 80% acetonitrile and 20% phosphate
buffer of pH 7 benzylamine is partly positively
charged, which has been verified by capillary zone
electrophoresis (CZE) experiments. Due to its elec-
trophoretic mobility superimposition on the liquid

Fig. 11. Comparison of Van Deemter curves under electro- and
chromatographic elution, benzylamine was expectedpressure-driven conditions on column c. Column c: 41.5 cm (8.5
to leave the column earlier under CEC conditioncm from detection window to outlet); sample, thiourea; tempera-

ture, 218C; Other conditions are as in Fig. 1. compared to HPLC mode. However, this was not
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Table 3 shows the retention factor values of
benzylamine on different columns under CEC and
m-HPLC. For columns d and e with higher phase
ratios, the retention factor values are negative under
CEC conditions; the higher the phase ratio, the
smaller the retention factor. In contrast, on columns
b and c with lower phase ratios, benzylamine has a
positive retention factor and k is larger for theCEC

column with a smaller phase ratio. As discussed
above, under the conditions used in this study
benzylamine exists predominantly as a cation, so its
retention is expected to be determined by both the
electrophoretic migration and the interaction with the
chromatographic stationary phase. On columns with
a higher phase ratio, the retention of benzylamine is
controlled by the electrophoretic effect but not by
chromatographic influences; cations elute faster. In
contrast, on columns with lower phase ratios, the
retention of benzylamine is mainly attributed to
reversed-phase chromatographic effects. Obviously,
the strong interaction of benzylamine with polymer
is responsible for the longer retention of benzylamine
on columns b and c under CEC conditions.

3.4. Porosity

Total porosity (e ) is another important parameterT

for column evaluation. Various methods are available
to measure e , such as the flow method [55],T

applying chromatographic pressure-driven condi-
tions, the conductivity method using electro-driven
conditions [56], and the gravimetric method [57]. In
this study, the flow method was used to measure
e -values. The calculation of e was based on theT T

2equation e 54Ft /(d pL), where F is the volu-T oFig. 12. Comparison of chromatograms on column c under
metric flow-rate, t the retention time of an unre-electro- and pressure-driven conditions. Column c, 41.5 cm (8.5 o

tained marker (thiourea), d the column inner diam-cm from detection window to outlet). Sample: 1, thiourea; 2,
pyridine; 3, benzylalcohol; 4, phenol; 5, aniline; 6, p-ethylaniline; eter, and L the column length. The average e valuesT
7, nitrobenzene; 8, benzene; 9, hexanophenone; 10, chloro- at different flow-rates are given in Table 1. Consider-
benzene; 11, propylbenzene; 12, biphenyl; 13, benzylamine.

ing the possible compressibility of some columnsSeparation conditions: temperature, 218C; m-HPLC, pressure drop:
(see next section), a flow-rate lower than 0.5 ml /minA, 150 bar; B, 185 bar. CEC, applied voltage: A, 111.5 kV; B,
was applied for e -measurements. The relative stan-115 kV. T

dard deviation (RSD) of the measurement was less
observed in our experiments. We speculate that than 1.5%. Ideally, the porosity of a column is equal
charged groups on the polymer were polarized and to the porogen volume fraction in the reaction
orientated in the electrical field. Under such a solution. However, it is possible that some mono-
condition, the polymer may become more polar, and mers may remain unreacted, some small polymer
the interaction between benzylamine and polymeric pieces may be soluble, and normally after poly-
stationary phase may be much stronger. merization the volume of highly cross-linked poly-
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Table 2
Values of k , k and k /k of the test compounds in Fig. 11HPLC CEC HPLC CEC

Compounds

2 3 4 5 6 7 8 9 10 11 12 13

k 0.14 0.20 0.32 0.38 0.50 0.62 0.87 1.08 1.26 1.54 1.79 0.11HPLC

k 0.13 0.19 0.30 0.37 0.48 0.60 0.84 1.04 1.22 1.48 1.72 0.20CEC

k /k 1.05 1.04 1.04 1.03 1.04 1.04 1.04 1.04 1.03 1.04 1.04 0.55HPLC CEC

Table 3 aged from the results of 10 continuously repeating
k and k of benzylamine in CEC and micro-HPLCHPLC CEC injections. Obviously, from Table 4, the reproduci-

Column bility for both the EOF and the retention factor is
satisfactory. In addition, the RSD values for columnb c d e
efficiency are acceptable, either for one batch or

Phase ratio 1.27 1.56 2.03 2.57
different batches. However, to apply these columnsk 0.14 0.11 0.08 0.05HPLC

in daily routine practice further improvements tok 0.30 0.20 20.04 20.20CEC

decrease variation in plate number should be made.
The mechanical stability of the columns was also

studied. After using the columns for longer than 1
mer is smaller than the volume of the starting week, about 1-mm long empty parts at both ends of
monomers. As a result, the real e is larger than the the column were observed. This was more obviousT

porogen volume fraction. for columns prepared using high porogen content.
Possible factors, such as EOF, pressure, and shrink-
age that may affect the length of the polymer rod

3.5. Reproducibility and stability were systematically examined. It was found that the
shrinkage of a polymer itself and the pressure might

Reproducibility of various column parameters is a cause the polymer bed to become shorter. Under
critical consideration in the field of preparation and high pressure (up to 300 bar), columns with a
application of rod columns. Therefore, a number of porogen volume fraction of higher than 57% are
important parameters such as EOF, efficiency and compressible (Table 1). As can be concluded from
retention factors were determined to test column-to- the linear relationship between pressure drop and
column as well as batch-to-batch reproducibility. The flow-rate, the polymer bed remains stable after
results of the reproducibility of EOF evaluated by the column equilibration under high pressure. The col-
retention time of thiourea, the retention factor (k), umn efficiency, however, decreases drastically after a
and the column efficiency are summarized in Table column is compressed (Table 1). For columns d and
4. The day-to-day reproducibility of one column and e, the ratios of column efficiency after and before
the reproducibility of different columns were aver- compression are 0.78 and 0.45, respectively. Hence,

Table 4
Reproducibility of electrochromatographic properties of column c

RSD%

n EOF k (0.8–2.1) Column efficiency

Single column Run-to-run 10 0.26 ,0.35 ,1.52
Day-to-day 6 0.78 ,0.85 ,3.54

Different One batch 6 0.76 ,3.90 ,7.87
columns Different batches 4 1.28 ,1.84 ,4.07
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it is worthwhile noting that a low flow-rate should be were prepared using different ratios of monomers to
applied for conditioning these CEC columns if a porogen. Small uniformly linked polymer micro-
pump is used. However, when a modified fused- globules were obtained for the columns at low
silica capillary is used pretreated with an acrylic porogen content. High efficiency up to 150 000
double bond on the inner wall, both shrinkage and plates /m and high optimal flow velocity rates (up to
compressibility of the columns can be overcome. As |6 cm/min) were achieved for all the test com-
seen in the SEM photo in Fig. 13, the polymer pounds with a wide range of retention factors. These
monolith in this column is covalently bounded to the columns are promising for fast analysis if a high
inner wall of the capillary. There is no cleft between voltage is used.
the polymer rod and the inner wall, which sig- From the comparison of the column behavior
nificantly differs from the SEM photos in Fig. 2. under both electro- and pressure-driven modes, the
Therefore, modified capillaries may be a better higher efficiency and the flatter Van Deemter curve in
alternative than unmodified fused-silica capillaries in CEC were observed as expected. The polymeric
preparation of monolithic columns. monolith in CEC demonstrated higher polarity pos-

sibly because the charged groups on polymer are
3.6. Conclusion polarized and become oriented under the electric

field.
Capillary monolithic CEC columns based on All the columns exhibit similar reversed-phase

poly(alkylmethacrylate) with different phase ratios chromatographic retention mechanisms for most of
the tested neutral compounds. For charged analytes
under electro-driven conditions, a competition be-
tween chromatographic and electrophoretic retention
was clearly seen. Moreover, for relatively bulky
molecules columns show simultaneously size exclu-
sion retention and chromatographic retention. In such
a case, as long as the chromatographic partitioning is
the leading force in the chromatographic process, the
peaks are abnormally broad because of the slow
mass transfer of bulky molecules, resulting from the
steric resistance of micropores (,2 nm). This type of
monolith is suitable for the analysis of very small
molecules or macromolecules. In order to expand the
application of these columns, it seems critical to
enlarge the micropores to mesopore size similar to
the inner pores of normal silica-based packing
particles. Applications for the analysis of macro-
molecules and the preparation of new monoliths with
mesopores are under development.
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