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a b s t r a c t

Monolithic polymers with an unprecedented surface area of over 600 m2/g have been prepared from a
poly(styrene-co-vinylbenzyl chloride-co-divinylbenzene) precursor monolith that was swollen in 1,2-
dichloroethane and hypercrosslinked via Friedel-Crafts reaction catalyzed by ferric chloride. Both the
composition of the reaction mixture used for the preparation of the precursor monolith and the condi-
tions of the hypercrosslinking reaction have been varied using mathematical design of experiments and
the optimized system validated. Hypercrosslinked monolithic capillary columns contain an array of small
pores that make the column ideally suited for the high efficiency isocratic separations of small molecules
such as uracil and alkylbenzenes with column efficiencies reproducibly exceeding 80,000 plates/m for
hloride-co-divinylbenzene)
eversed phase chromatography
ize-exclusion chromatography
mall molecules

retained compounds. The separation process could be accelerated while also improving peak shape
through the use of higher temperatures and a ternary mobile phase consisting of acetonitrile, tetrahydro-
furan, and water. As a result, seven compounds were well separated in less than 2 min. These columns also
facilitate separations of peptide mixtures such as a tryptic digest of cytochrome c using a gradient elution
mode which affords a sequence coverage of 93%. A 65 cm long hypercrosslinked capillary column used
in size exclusion mode with tetrahydrofuran as the mobile phase afforded almost baseline separation of

ene s
toluene and five polystyr

. Introduction

Monolithic columns with excellent permeability to flow
merged in the early 1990s and enabled rapid chromatographic
eparations at high flow velocities [1–4]. Theoretical models devel-
ped later by Liapis, Guiochon, Desmet, and others assigned their
nhanced performance to low resistance to mass transfer enabled
y morphological features of their internal structure [5–9]. Detailed
verview of the characteristics and applications of polymer-based
onolith is presented in many review articles [10–22]. Typical
onolithic columns prepared from porous polymers [3] comprise

ggregated nonporous microglobules and exhibit modest surface
reas in the range of tens of m2/g. Since these monolithic columns

ompletely lack mesopores, they are almost ideally suited for the
ast separation of molecules such as proteins [23], nucleic acids
24], and synthetic polymers [25] using the gradient elution mode.

hile the small surface area of current polymer monoliths provides
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distinct advantages in the separations of large molecules for which
diffusional mass transport is slow, it does not provide the desirable
high number of interaction sites required for the separation of small
molecules in isocratic mode. For example, in our early experiments,
we found that monolithic poly(styrene-co-divinylbenzene) column
separated alkylbenzenes with an efficiency of only 18,000 plates/m
[26]. Several recent attempts to optimize the porous properties
of methacrylate polymer monoliths have led to columns afford-
ing 35,000–50,000 plates/m for benzene as the retained analyte
[27–31]. In addition, several new approaches have also been
explored including the polymerization of a crosslinking monomer
[32–35], the termination of the polymerization reaction at an early
stage [36–38], and the use of polymerization at high temperatures
[39–41]. In spite of all of these efforts, it has always proven difficult
to prepare polymer monoliths possessing both large through pores
and a multiplicity of small pores in a single step and alternative
approaches to do so are highly desirable.
Several decades ago, Davankov prepared large surface area
materials from preformed polymer precursors in a technique
termed “hypercrosslinking” [42–45]. The original implementation
involved linear polystyrene crosslinked via a Friedel-Crafts alky-
lation with bis-electrophiles to afford materials containing mostly

dx.doi.org/10.1016/j.chroma.2010.10.100
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:frechet1@gmail.com
dx.doi.org/10.1016/j.chroma.2010.10.100


ogr. A

s
p
c
c
p
w
a
p
a
c
[

h
f
s
c

f
l
t
e

2

2

4
a
b
c
o
a
(
N
b
r
(
r
t
w

2

2
e
m
u
a
w

p
d
t
w
p
fi
c
p
2
a
n
g
l

2.6. Chromatographic characterization
J. Urban et al. / J. Chromat

mall pores [42,46]. Davankov later extended hypercrosslinking to
reviously crosslinked polystyrene copolymers [44]. Other groups
arried out hypercrosslinking using porous poly(vinylbenzyl
hloride-co-styrene-co-divinylbenzene) resins [47–50]. For exam-
le, Sherrington and coworkers have prepared polymer beads
ith a bimodal pore size distribution and surface areas as high

s 1055 m2/g [48]. Similarly, we hypercrosslinked macroporous
oly(vinylbenzyl chloride-co-divinylbenzene) to obtain beads with
surface area exceeding 2000 m2/g [51,52]. Small diameter hyper-
rosslinked beds have also been used as stationary phase in HPLC
53–55].

Recently, we have demonstrated for first time the preparation of
ypercrosslinked porous polymer monoliths exhibiting a large sur-

ace area and their use in capillary columns for the fast and efficient
eparation of small molecules as well as for rapid size-exclusion
hromatography [56].

In this report we focus on the optimization of reaction conditions
or the preparation of highly performing hypercrosslinked mono-
ithic capillary columns. We also explore the factors that affect
he formation of network of small pores within the monolith for
nhanced column efficiencies.

. Experimental part

.1. Materials

Styrene (99%), vinylbenzyl chloride (mixture of 3- and
-isomers, 97%), divinylbenzene (80%, technical grade), 2,2′-
zobisisobutyronitrile (98%), acetonitrile (HPLC grade), uracil,
enzene, ethylbenzene, amylbenzene, ribonuclease A, cytochrome
, myoglobin, �-chymotrypsinogen A and albumin were all
btained from Sigma–Aldrich (St. Louis, MO, USA). Propylbenzene
nd butylbenzene were purchased from Matheson Coleman & Bell
Los Angeles, CA, USA), toluene from EMD Chemicals (Gibbstown,
J, USA). The monomers styrene, vinylbenzyl chloride, and divinyl-
enzene were purified by passage through a bed of basic alumina to
emove the inhibitors. Ferric chloride was purchased from Fisher
New Jersey, NJ, USA). Polystyrene standards with molar masses
anging from 580 to 1,870,000 were obtained from Viscotek (Hous-
on, TX, USA). Polyimide-coated 100 �m I.D. fused silica capillaries
ere purchased from Polymicro Technologies (Phoenix, AZ, USA).

.2. Preparation of capillary columns

The fused-silica capillaries were rinsed with acetone, water,
00 mmol/L sodium hydroxide, water, 200 mmol/L HCl, and
thanol. Then, a 20% (v/v) solution of 3-(trimethoxysilyl)propyl
ethacrylate in ethanol with an apparent pH value of 5 adjusted

sing acetic acid, was pumped through the capillary for 1 h using
syringe pump. After this vinylization procedure, the capillaries
ere rinsed with ethanol, and dried with a stream of nitrogen.

Generic monoliths were prepared in capillaries using in situ
olymerization of mixtures of styrene, vinylbenzyl chloride, and
ivinylbenzene dissolved in binary porogen solvent containing
oluene and 1-dodecanol. 2,2′-Azobisisobutyronitrile (AIBN) (1%,
/w, with respect to monomers) was used as the initiator. The
olymerization mixtures were purged with nitrogen for 10 min and
lled in the vinylized capillaries using a syringe. Both ends of the
apillary were sealed with rubber stoppers and the capillary was
laced in a water bath. Polymerization was carried out at 70 ◦C for

0 h. Both ends of the capillary were then cut to adjust its lengths
nd the monolithic column was washed with acetonitrile. Simulta-
eously, excess of the polymerization mixture was polymerized in a
lass vial under the same conditions. The vial containing the mono-
ith formed from the bulk polymerization mixture was carefully
1217 (2010) 8212–8221 8213

crushed, the polymer cut into small pieces, Soxhlet extracted with
methanol for 12 h to remove any soluble compounds, and vacuum
dried at 60 ◦C overnight. This polymer was used for the porosimetric
measurements.

2.3. Hypercrosslinking

The hypercrosslinking reaction in batch was carried out
using 1.70 g monolithic material pre-swollen in 20 mL of 1,2-
dichloroethane for 2 h. The Lewis acid catalyst FeCl3 (1 g) was then
added to the slurry cooled in an ice bath. Once the catalyst was
homogeneously dispersed, the mixture was allowed to come to
the room temperature. The hypercrosslinking reaction was then
allowed to proceed at 80 ◦C for 24 h, unless mentioned otherwise.
The resulting polymer was separated and washed with methanol,
then 0.5 mol/L HCl in acetone, and then again with methanol
followed by drying in vacuo. Hypercrosslinking of monoliths in cap-
illary columns followed a similar procedure. The columns were
flushed with 1,2-dichloroethane at a flow rate of 0.25 �L/min
for 2 h. The filtered solution of 1 g of FeCl3 in 20 mL of 1,2-
dichloroethane was pumped through the columns at a flow rate
of 0.25 �L/min for 2 h and the columns were held in an ice bath
for 1 h. Unless otherwise mentioned, the reaction was carried out
at 80 ◦C for 2 h. The hypercrosslinking columns were then washed
with water overnight and tested.

2.4. Instrumentation

A Dionex Ultimate 3000 HPLC system (Sunnyvale, CA, USA)
equipped with a 3-nL UV detection cell and an external micro-valve
injector with a 4-nL inner sampling loop (Valco, Houston, USA)
was used for the chromatographic experiments. Typically, isocratic
reversed-phase chromatography was carried out using a mixture
of 80% acetonitrile and 20% water as the mobile phase. Solutions of
0.1% formic acid in acetonitrile and water, respectively, were used
as the mobile phases for elution in the gradient mode. Tetrahydro-
furan at a flow rate of 0.5 �L/min and polystyrene standards were
used for size-exclusion chromatography.

Nitrogen adsorption/desorption isotherms were measured
using a Micromeritics ASAP 2010 surface area and porosimetry ana-
lyzer (Norcross, GA) and used for the calculation of surface areas.

2.5. Separation of tryptic digest

Cytochrome c (2.5 mg/mL) was diluted with a 100 mmol/L
ammonium bicarbonate solution, trypsin added at a substrate-to-
enzyme ratio of 50:1 (w/w) and the solution was incubated at
37 ◦C for 20 h. The proteolysis was terminated by lowering the
pH via addition of formic acid to the solution. Chromatographic
experiments with mass spectrometric (MS) detection were per-
formed using a liquid chromatography system consisting of an
Agilent 1200 Series capillary pump and external Valco injector
with 4 nL injection loop. Linear gradient of 5–40% acetonitrile
with 0.1% formic acid in 0.1% aqueous formic acid was used at
a flow rate of 0.5 �L/min. MS detection was carried out using a
micrOTOF-Q (Bruker Daltonics, Fremont, CA, USA) equipped with
nanospray interface in positive ion mode with a m/z range of
400–1500.
The effect of linear velocity of the mobile phase, u, on efficiency
of hypercrosslinked monolithic capillary columns defined as height
equivalent to theoretical plate, HETP, was determined from plots
described by van Deemter equation [57].
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Fig. 1. Effect of hypercrosslinking of poly(styrene-co-vinylbenzyl chloride-co-
divinylbenzene) precursor monolith on the specific surface area. Conditions:
polymerization mixture used for the preparation of precursor monolith: 16%
214 J. Urban et al. / J. Chroma

The flow resistance of the columns is characterized by the col-
mn permeability, KF, that is calculated using the Darcy’s equation
58]:

F = Fm�L

�p�r2
(1)

here Fm is the flow rate, � is the mobile-phase viscosity, �p is the
ressure drop across the column, and r is the column inner radius.
he total porosity, εT, was determined using equation:

T = VM

VC
(2)

here VM is the elution volume of the non-retained uracil and VC
s the overall volume of the empty cylindrical column. The inner or

esopore porosity, εi, defined as

i = VM − V0

VC
(3)

as determined from the results of inverse size-exclusion chro-
atography and calculated as the difference of the elution volume

f uracil that permeates all pores and elution volume V0 of the
olystyrene standard with a molar mass of 1,870,000 which was
ssumed to be totally excluded from the mesopores. This difference
s normalized by the empty column volume. Extra column volume
f 0.24 �L was subtracted from both elution volumes.

.7. Design of experiments

The experimental region of composition of the polymeriza-
ion mixture is irregular. Hence, we applied the D-optimal design
sing a home-written routine in MATLAB (MathWorks, Natick, MA,
SA). Five variables included in the experimental design were the
ercentages of styrene (ST), vinylbenzyl chloride (VBC), divinyl-
enzene (DVB), toluene (TOL) and 1-dodecanol (DOD). The sum of
he volume fractions of all these components in the polymeriza-
ion mixture equaled 100%. As AIBN was the only component for
hich concentration was kept constant in the preparation of mono-

ithic columns, the compositions of the polymerization mixtures do
ot include AIBN. The concentration limits of the polymerization
ixture space were adjusted using subsequent mixture designs in

hree steps with gradually narrowing concentration ranges of the
ve components. The final design range for the mixture covered
pace defined within 10–24% ST, 4–23% VBC, 7–24% DVB, 7–21%
OL, and 38–55% DOD. The HETP for benzene at a linear flow veloc-
ty of 0.5 mm/s (HETPBE) and mesopore porosity εi were used as the
esponse factors. Another home-written routine in MATLAB was
sed for the non-linear evaluation of multivariate data. By remov-

ng insignificant variables, a model describing the effects of the
xperimental parameters on the efficiency and mesopore porosity
f hypercrosslinked capillary columns was improved and its pre-
ictive power increased. The number of parameters used in the

nitial model was gradually reduced, depending on the value of the
alculated probability factors f, which is a measure of the relevance
f the experimental variables on the response. Probability factors
igher than 0.05 mean that the parameter does not affect signifi-
antly the system response. The terms related to these parameters
re then removed from the model in several subsequent steps. Only
single parameter with the highest calculated f value is removed

n each step.

. Results and discussion
.1. Preparation of hypercrosslinked monoliths

In contrast to general perception, even highly crosslinked
opolymers of styrene, vinylbenzyl chloride, and divinylbenzene
styrene + vinylbenzyl chloride, 24% divinylbenzene, 18% toluene, 42% 1-dodecanol,
1% (with respect to monomers) AIBN; hypercrosslinking 24 h at 80 ◦C.

may swell in thermodynamically good solvents. Due to its higher
reactivity, the divinylic crosslinker polymerizes faster [59] thus
becoming more rapidly depleted from the polymerization mixture
than its monovinyl counterparts. As the polymerization reaction
approaches completion, the chains created from the remaining
mixture poor in crosslinking monomer are sparsely crosslinked and
form a swellable layer. Jerabek suggested the existence presence of
such layers based on inverse size-exclusion chromatography data
[60,61]. These layers containing chloromethyl groups are amenable
to hypercrosslinking via Friedel-Crafts alkylation. To carry out this
reaction, the monolith is filled with a solvent that swells the sur-
face layer followed by addition of the catalyst, which initiates
the hypercrosslinking process immobilizing the polymer chains in
their solvated state and forming small pores that persist even after
removal of the solvent. It is the creation of these new pores that
leads to a high surface area monolith better suited for the separation
of small molecules.

As might be expected, the extent of hypercrosslinking depends
on the percentage of divinylbenzene in the monomer mixture and
the ratio of functional vinylbenzyl chloride and inert styrene [56].
In our current study, we first varied the percentages of monovinyl
monomers styrene and vinylbenzyl chloride in the polymerization
mixture while keeping constant the percentages of divinylbenzene,
toluene, and 1-dodecanol at 24, 18, and 42%, respectively. Fig. 1
shows that while the precursor monoliths only exhibited a specific
surface area of 17–56 m2/g, the hypercrosslinked monoliths had
surface areas of up to 631 m2/g. This value compares favorably to
other polymer-based monoliths [37,62–65] and even significantly
exceeds the surface area of 300 m2/g measured for the silica mono-
liths developed by Tanaka [4,66].

The porous properties of bulk monoliths prepared in glass
vials shown in Fig. 1 were measured using nitrogen adsorp-
tion/desorption in the dry state. While these surface areas are a
good indication of the presence of mesopores, pore volumes calcu-
lated from these data are less realistic since they do not represent
the large through pores. In addition, the monoliths prepared within
capillary columns operate in a solvating mobile phase, which may

also change the porous properties of the monoliths [67]. In contrast,
chromatographic methods enable the monitoring of the elution vol-
ume of a small unretained probe molecule such as uracil or toluene,
which affords a value of the total pore volume present in the col-
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Table 1
Effect of hypercrosslinking time on surface area and column efficiency for uracil
HETPUR. Conditions: monolith prepared from polymerization mixture contain-
ing 12% styrene, 12% vinylbenzyl chloride, 16% divinylbenzene, 18% toluene, 42%
1-dodecanol. Hypercrosslinking: swelling in dichloroethane for 2 h followed by
addition of FeCl3, and reacted at a temperature of 80 ◦C. HETPUR determined at a
linear velocity of 0.5 mm/s.

Hypercrosslinking time, h

0 0.5 1 2 18 24
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and a multiparameter statistical analysis must be used. We applied

T
E

ε
ε
K
H
C

Surface area, m2/g 21 222 283 408 418 424
HETPUR, �m 34.8 27.5 23.7 15.5 15.5 16.1

mn. Therefore, this technique was used in all of our subsequent
xperiments.

The extent of hypercrosslinking is also affected by reaction
ime and the results presented in Table 1 demonstrate that a
apid increase in surface area occurs during the first two hours.
xtending the reaction time beyond 2 h does not lead to any
ppreciable further increase in surface area. This finding corre-
ates well with the results of Ahn et al. [48] who also noticed

rapid increase in surface area only during the first 2 h of the
ypercrosslinking reaction of porous beads of poly(vinylbenzyl
hloride-co-styrene-co-divinylbenzene). This was attributed to the
wo-step reaction mechanism involving first the generation of an
internal” electrophile followed by intramolecular formation of
ihydroanthracene structures. The column efficiencies also shown

n Table 1 follow the same path as the surface area reaching their
aximum after 2 h with no further change observed for longer

eaction times.
In order to better describe the overall effect of the polymeriza-

ion mixture used for the preparation of the precursor monolithic
olumns on column efficiency, porosity, permeability, and mass
ransport resistance, we systematically changed the composition
sing the mixture-design approach. The composition space was
djusted in three steps using subsequent mixture designs with
radually narrowing concentration ranges of all five components.

Table 2 confirms the strong correlation between the compo-
ition of the polymerization mixture and the porous as well as

ydrodynamic properties of hypercrosslinked monolithic columns.
otal porosity, εT, correlates well with the volume percentage of
orogens in the polymerization mixture. Hypercrosslinking should
ot lead to any appreciable change in total porosity since the reac-

able 2
ffect of composition of the polymerization mixture on characteristics of hypercrosslinke

Column ST, % VBC, % DVB, % TOL, % DOD, %

1 11.7 13.7 16.5 8.9 49.1
2 14.8 14.9 11.1 20.7 38.5
3 11.0 22.6 9.1 8.9 48.4
4 13.0 12.8 9.8 10.0 54.4
5 9.8 22.2 15.2 8.4 44.3
6 19.6 19.9 7.7 7.6 45.3
7 16.2 16.7 16.2 11.0 39.9
8 11.9 12.0 17.2 17.0 41.9
9 17.1 12.2 17.3 12.0 41.4

10 17.0 12.6 11.8 16.8 41.7
11 17.7 18.3 9.1 9.0 45.9
12 10.1 19.2 10.1 10.2 50.4
13 19.8 10.1 10.0 19.7 40.5
14 12.0 4.2 23.4 17.5 42.8
15 12.1 12.1 16.0 18.0 41.8
16 18.1 6.0 16.2 17.9 41.9
17 23.7 8.4 7.9 18.3 41.6

T = VM/VC , where VM is the elution volume of uracil and VC is the geometrical volume of t
i = (VM − V0)/VC , where V0 is the elution volume of polystyrene standard with M = 1,870,0
F – column permeability calculated using Eq. (1).
ETPBE – height equivalent to theoretical plate for benzene at a linear velocity of 0.5 mm
– mass transport kinetics parameter from C-term of van Deemter equation.
1217 (2010) 8212–8221 8215

tion does not add any significant mass to the original polymer,
which would then decrease the pore volume [56]. In contrast, col-
umn permeability, KF, decreases with increasing mesopore content
in the monolithic bed, εi. The mesoporous polymer layer created
from expanded polymer chains occupies some space in the large
through pores and decreases their size. The larger the volume of the
newly created mesoporous polymer layer, the lower the column
permeability. Importantly, the larger volume of the mesoporous
polymer layer also affords a larger surface area available for inter-
actions during the chromatographic separation, which results in
better column efficiency expressed as HETP. The efficiency also cor-
relates well with resistance to the mass transfer. The most efficient
columns feature the lowest values of the C coefficient in the van
Deemter equation.

3.2. Repeatability of hypercrosslinking

While we have already demonstrated excellent repeatability
of porous polymer monolithic columns [68], hypercrosslinking
adds a new step and both column-to-column and run-to-run
repeatability need to be revisited. Three separate batches of three
hypercrosslinked columns were prepared at different days using
polymerization mixture of column 15 (Table 2). Column efficiency
was determined for all nine hypercrosslinked monolithic capil-
lary columns using uracil and benzene at different flow rates. The
van Deemter plots coincided well as evidenced by relative stan-
dard deviation (RSD) values of 2.3 and 1.5% for uracil and benzene,
respectively. The average RSD for retention times in ten runs using
three different columns were 2.7 for both uracil and benzene, and
2.6 for ethylbenzene.

3.3. Design of experiments to improve efficiency

The results collected in Table 2 do not allow the direct evaluation
of the effects of the individual experimental factors, i.e. percentages
of the individual components in the polymerization mixture, on the
efficiency and mesopore porosity of hypercrosslinked monoliths
a D-optimal design of mixtures for all 17 hypercrosslinked mono-
lithic columns we prepared with defined efficiency and mesopore
porosity shown in Table 2. We deleted all constant and quadratic
terms from the general second-order polynomial model to obtain

d monolithic capillary columns.

εT , % εi , % KF , m2 HETPBE, �m CBE, 10−3 s

57.8 15.8 1.4E−14 595 934.0
58.8 16.4 7.3E−15 170 118.3
55.1 13.3 2.4E−14 371 523.8
59.0 14.6 1.6E−14 363 596.6
52.1 10.5 1.9E−14 763 1036.2
51.4 17.3 1.3E−14 637 1138.0
55.7 24.1 4.3E−15 198 98.1
54.6 14.4 9.9E−15 144 133.5
49.6 18.2 4.1E−15 82 42.1
54.0 12.6 7.9E−15 297 389.3
52.3 16.2 5.6E−15 278 341.7
58.1 12.8 9.5E−15 322 441.0
57.8 16.8 8.4E−15 54 50.8
57.3 22.5 3.2E−15 83 24.2
59.4 22.8 1.6E−15 38 22.5
60.1 21.2 4.6E−16 48 26.0
59.7 16.2 1.1E−14 49 13.5

he empty cylindrical column.
00.

/s.
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Table 3
The optimization of the original model of Eq. (4) for column efficiency in reversed phase mode RP and mesopore porosity calculated from inverse size-exclusion chromatog-
raphy, ISEC using the probability factors f.

RP f

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8 Step 9

x1 0.6834 0.6133 0.5264 0.5357 0.5668 0.5718 – – –
x2 0.3381 0.2159 0.1455 0.0679 0.0404 0.0113 0.0081 0.0018 0.0010
x3 0.4430 0.1883 0.1224 0.0883 0.0723 0.0342 0.0125 0.0009 0.0006
x4 0.8443 0.8250 0.7127 – – – – – –
x5 0.8943 0.9263 – – – – – – –
x1x2 0.7220 0.6212 0.5645 0.5656 0.7398 – – – –
x1x3 0.7386 0.5549 0.4726 0.4685 0.4160 0.3921 0.4277 – –
x1x4 0.8935 0.5709 0.4949 0.4482 0.4843 0.3409 0.2852 0.4351 –
x1x5 0.6850 0.6152 0.4886 0.5019 0.4795 0.4716 0.2379 0.2974 0.0455
x2x3 0.8578 0.6555 0.5595 0.6016 – – – – –
x2x4 0.7935 0.3228 0.1884 0.1241 0.0556 0.0372 0.0285 0.0147 0.0142
x2x5 0.3310 0.2182 0.1470 0.0626 0.0392 0.0119 0.0085 0.0026 0.0013
x3x4 0.9113 – – – – – – – –
x3x5 0.3210 0.1709 0.0990 0.0638 0.0497 0.0231 0.0056 0.0008 0.0006
x4x5 0.7895 0.6027 0.4595 0.2800 0.2219 0.1318 0.0981 0.0736 0.0432
R 0.9280 0.9275 0.9272 0.9244 0.9197 0.9181 0.9139 0.9064 0.8995

SEC f

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8 Step 9 Step 10 Step 11

x1 0.686 0.617 0.427 0.382 0.478 0.231 0.016 0.026 0.003 0.001 0.000
x2 0.636 0.666 0.907 – – – – – – – –
x3 0.473 0.375 0.368 0.351 0.495 0.586 – – – – –
x4 0.506 0.329 0.174 0.149 0.100 0.101 0.015 0.022 0.031 0.001 0.000
x5 0.293 0.243 0.218 0.054 0.060 0.055 0.056 0.095 0.400 0.698 –
x1x2 0.473 0.373 0.258 0.232 0.294 0.184 0.013 0.015 0.047 0.002 0.002
x1x3 0.795 – – – – – – – – – –
x1x4 0.731 0.530 0.261 0.239 0.351 0.246 0.004 0.005 0.011 0.007 0.000
x1x5 0.608 0.595 0.519 0.412 0.491 0.240 0.063 0.121 – – –
x2x3 0.464 0.362 0.348 0.329 0.274 0.243 0.273 – – – –
x2x4 0.702 0.543 0.461 0.434 – – – – – – –
x2x5 0.640 0.676 – – – – – – – – –
x3x4 0.532 0.532 0.394 0.365 0.635 – – – – – –
x3x5 0.370 0.276 0.262 0.241 0.349 0.339 0.118 0.095 0.446 – –
x4x5 0.143 0.102 0.085 0.071 0.089 0.088 0.055 0.102 0.117 0.078 0.004
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R 0.7666 0.7647 0.7603 0.7600 0.7469

1–x5 are percentages of individual compounds in the polymerization mixture (x1 –
is correlation coefficient.

q. (4). This equation correlates the effects of five experimental
actors x1 through x5 representing percentages of ST, VBC, DVB,
OL, and DOD in the polymerization mixture, respectively, with
esponse y on plate height for benzene HETPBE and mesopore
orosity εi:

= p1x1 + p2x2 + p3x3 + p4x4 + p5x5 + p6x1x2 + p7x1x3 + p8x1x4

+ p9x1x5 + p10x2x3 + p11x2x4 + p12x2x5 + p13x3x4

+ p14x3x5 + p15x4x5 (4)

arameters p1–p5 represent the extent of effect of these individ-
al components. The cross-term interaction parameters p6–p15
ccount for combined effects of the components in the polymeriza-
ion mixture. The parameters may be either synergistic (increasing
esponse) or antagonistic (decreasing response). The significance of
he effects of the parameters p1–p15 in Eq. (4) on column efficiency
nd mesopore porosity was judged in several subsequent steps as
llustrated in Table 3. The experimental factors were removed in
teps based on the probability factors fi, which are a measure of the
ffect of experimental factors on the response. Values of probabil-

ty factors larger than 0.05 mean that the parameter does not affect
ignificantly the response at a probability level of 95%, hence the
erms with these parameters were removed from the model. Only
single parameter with the highest f value was removed in each

tep [69,70].
.7423 0.7366 0.7138 0.6657 0.6538 0.6508

ne, x2 – chloromethylstyrene, x3 – divinylbenzene, x4 – toluene, x5 – 1-dodecanol);

After cancelling the insignificant cross-term factors, we
obtained the optimized models for column efficiency and mesopore
(inner) porosity as a function of composition of the polymeriza-
tion mixture. Experimental factors with high absolute values of the
regression parameter pi affect the targeted properties most signif-
icantly. Factors pi for both original non-simplified and optimized
model are listed in Table 4. The test of accuracy of our model for
column efficiency revealed that a deviation between predicted and
experimental value exceeded 100 �m for only three columns out of
17 while the average absolute deviation was 40 �m. The accuracy
for mesopore porosity was even better since only three columns
exhibited absolute deviation higher than 4% and the average value
was 1.7%. The linear correlation confirms the good match of the
predicted and measured values with correlation coefficients R of
0.95 and 0.80 for column efficiency and mesopore porosity, respec-
tively.

Table 4 clearly shows that two main factors affect the column
efficiency: synergistic percentage of the vinylbenzyl chloride (x2)
and antagonistic percentage of crosslinker divinylbenzene (x3). This
means that HETP increases at a higher concentration of vinylben-
zyl chloride in the polymerization mixture, which equals reduction
in the column efficiency. In contrast, a higher concentration of

divinylbenzene affords columns with higher efficiency. It is also
apparent that porogenic solvents alone contribute little to the col-
umn efficiency. As anticipated, these results confirm that the extent
of hypercrosslinking depends on the percentage of divinylbenzene
in the monomer mixture, which controls the number and length of
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Table 4
Regression coefficients p1–p15 for non-optimized (A) and optimized (B) models of column efficiency in reversed phase mode RP and mesopore porosity calculated from
inverse size-exclusion chromatography, ISEC.

p1 p2 p3 p4 p5 p6 p7 p8 p9 p10 p11 p12 p13 p14 p15

RP
(A) 353.0 781.0 −802.0 −183.0 36.0 −4.0 2.3 −4.6 −7.5 −1.8 −5.4 −15 4.8 15.1 4.8
(B) – 386.0 −366.0 – – – – – −0.5 − −4.9 −7.1 − 8.1 1.1

ISEC
(A) 3.75 2.59 9.13 7.20 1.89 −0.09 −0.04 −0.13 −0.07 −0.15 −0.06 −0.05 −0.15 −0.17 −0.15
(B) 2.32 – – 2.99 – −0.05 – −0.12 – – – – – – −0.04

Table 5
Composition of the polymerization mixtures and efficiency HETPBE,calc of hypercrosslinked monolithic columns for benzene calculated according to the optimized model for
column efficiency shown in Table 4 and comparison values measured for the prepared column. Conditions: mobile phase acetonitrile–water (80:20), linear flow velocity
0.5 mm/s.

Column ST, % VBC, % DVB, % TOL, % DOD, % HETPBE,calc, �m HETPBE,exper, �m �, �ma

h
b
r

b
t
e
c
e
a
s

t
c

F
h
(

C1 16.8 8.2 15.0 18.8
C2 20.7 7.2 12.3 18.9

a � Absolute deviation between the predicted and experimental value.

ypercrosslinkable loose chains, and the ratio of functional vinyl-
enzyl chloride and inert styrene that affects the frequency of
eactive sites along the loose chains.

Table 4 also shows that mesopore porosity is mostly controlled
y two different synergistic factors: percentage of styrene (x1) and
oluene (x4). Three other parameters are antagonistic but their
ffect is much smaller. The difference in the factors affecting the
olumn efficiency and mesopore porosity can result from differ-
nt degree of solvation of the hypercrosslinked layer in aqueous

cetonitrile and tetrahydrofuran mobile phase used for the mea-
urements of efficiency and mesopore porosity.

The optimized model described above was developed to enable
he preparation of columns with the desired predetermined effi-
iency. Using this model for column efficiency we calculated two

ig. 2. Effect of percentage of tetrahydrofuran in the mobile phase on the separation o
ypercrosslinked for 2 h at 90 ◦C; ternary mobile phase 20% water, 80% THF + ACN, flow ra
1), benzene (2), toluene (3), ethylbenzene (4), propylbenzene (5), butylbenzene (6), and
41.3 20 46 26
40.9 11 39 28

polymerization mixtures to obtain HETPBE equal to 20 and 11 �m
while keeping the percentage of all monomers at 40%. Interest-
ingly, the percentages of toluene and 1-dodecanol varied within a
narrow window of 18–20% and 41–42%, respectively. Table 5 shows
the polymerization mixtures used and the difference between the
set and actual values of the column efficiency. Although the results
confirm the validity of our model, the differences between the pre-
dicted and experimental efficiency are 20 and 11 �m. These values
remain within the deviation range of 40 �m found during optimiza-

tion of the model but are rather large. This finding indicates that
the prediction power of the model is reduced in the range of low
values of HETP and thus, another variable needs to be taken into
consideration to achieve a better match between prediction and
experiment.

f small molecules. Conditions: precursor column (C2, Table 5) 100 �m × 130 mm;
te 0.5 �L/min. UV detection at 254 nm; column temperature 20 ◦C. Analytes: uracil
pentylbenzene (7).
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Table 6
Peak asymmetry for pentylbenzene ASPB and resolution for peak pairs
benzene–toluene RBE,TO and toluene–ethylbenzene RTO,EB at various percentages of
tetrahydrofuran in the mobile phase containing acetonitrile and 20% water.

Tetrahydrofuran, %
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Fig. 3. Effect of temperature on the separation of small molecules using hyper-

represents the enthalpy change accompanying the transfer of the
analyte from the mobile to the monolithic stationary phase. Table 8
presents the actual values of the enthalpies, which are commensu-
rable with those found for typical reversed phase packings [75].

Table 7
Effect of column temperature on peak asymmetry of pentylbenzene ASPB and reso-
lution for peak pairs benzene–toluene RBE,TO and toluene–ethylbenzene RTO,EB.

Column temperature, ◦C
ASPB 3.88 2.55 2.10 1.66 1.59 –
RBE,TO 2.33 2.38 2.28 2.04 1.87 –
RTO,EB 2.25 2.00 1.79 1.39 1.06 –

.4. Temperature of hypercrosslinking

In contrast to the previous mapping of the experimental space
vailable for the preparation of the precursor monolith, we focused
n the next step, hypercrosslinking with two variables: reaction
ime and temperature. While, as mentioned earlier, a reaction time
f 2 h was found to afford a monolith with the largest surface
rea, reaction temperature is also significant. Using precursor col-
mn C2 from Table 5 hypercrosslinking at 80 ◦C affords a column
ith HETPBE of 39 �m. An increase in temperature to 90 ◦C results

n a column with a significantly lower HETPBE of 29 �m, a value
hat is much closer to the predetermined target. However, further
ncreases in temperature do not lead to any improvement in column
fficiency.

.5. Effect of mobile phase

The typical mobile phase used for the separation of small
ydrophobic molecules in the isocratic reversed phase mode is a
ixture of water and acetonitrile. Fig. 2a shows the elution profile

f alkylbenzenes using 20% aqueous acetonitrile. All compounds are
aseline separated but a significant tailing is observed for the longer
etained peaks. This tailing can be attributed to the diffusional mass
ransport in micropores present in the hypercrosslinked mono-
ithic stationary phase. A similar problem noticed a long time ago
or particulate porous separation media prepared from styrene
nd divinylbenzene was partly solved by using a ternary mixture
omprising water and both thermodynamically poor and good sol-
ents for the polymer [71,72]. This approach led to a significantly
mproved peak shape and was attributed to the partial swelling of
he polymer that fills and thus “closes” the micropores.

Fig. 2 shows the effect of addition of tetrahydrofuran to the
queous acetonitrile mobile phase on peak shape and resolution of
lkylbenzenes in hypercrosslinked monolithic columns. The asym-
etry factors for amylbenzene presented in Table 6 decrease from

he original value of 3.9 to 1.6 in the ternary mobile phase contain-
ng 30% tetrahydrofuran. Addition of tetrahydrofuran increases the
trength of the mobile phase and accelerates the elution. For exam-
le, in aqueous acetonitrile amyl benzene elutes in 18 min while it
lutes in only 5 min after addition of 30% tetrahydrofuran. However,
decrease in peak resolution is the penalty that must be paid for the

aster separation. Thus, resolution decreases from 2.5 in aqueous
cetonitrile to 1.9 and 1.1 in the mobile phase with the highest per-
entage of for benzene–toluene and toluene–ethylbenzene pairs,
espectively (Table 6). The mobile phase containing 20% water, 60%
cetonitrile, and 20% tetrahydrofuran enhances the speed while
eeping sufficient resolution for baseline separation.

.6. Effect of temperature
HPLC at higher temperature is a very powerful tool for reducing
he time needed for separation. This is due to a reduction in the vis-
osity of the mobile phase, a decrease in the diffusion coefficients of
he analytes, and changes in the strength of solute–stationary phase
nteractions [73]. The effect of temperature on column efficiency
crosslinked column C2. Conditions: column 100 �m × 130 mm; ternary mobile
phase 20% water, 20% tetrahydrofuran, 60% acetonitrile; flow rate 0.5 �L/min; UV
detection at 254 nm. Analytes: uracil (1), benzene (2), toluene (3), ethylbenzene (4),
propylbenzene (5), butylbenzene (6), and pentylbenzene (7).

at isocratic separation varies case by case. Based on theoretical
assumptions, an increase in temperature is expected to improve
the plate counts [73]. For example, Antia and Horváth observed an
improvement in efficiency while separating at elevated tempera-
ture using ODS column [74]. Similar results were described by Li
and Carr for polybutadiene coated zirconia stationary phase [75].
In contrast, Vanhoenacker and Sandra demonstrated that temper-
ature does not affect the efficiency of polydentate ODS column and
only observed a shift in the minimum of the van Deemter to higher
linear flow velocities [76].

Fig. 3 illustrates the considerable effect of temperature on the
speed and resolution of the separation using a hypercrosslinked
monolith. An increase in temperature from 20 to 80 ◦C reduces
the run time from 8 to 3.5 min with a peak resolution exceeding
1.3 as documented in Table 7. It is worth noting that the higher
temperature also positively affects peak asymmetry while peak res-
olution is only slightly decreased. The higher temperature also leads
to a major improvement in column efficiency. The minima of van
Deemter curves shown in Fig. 4 for retained benzene decrease from
28 �m at 20 ◦C to 16 �m at 80 ◦C. The latter value represents an effi-
ciency of 60,500 plates/m. In addition, the minima are reached at
higher flow velocities as a result of reduced mass transfer resistance
thus enabling faster separations at higher flow rate without loss of
efficiency.

The logarithm of the retention factor vs. reciprocal tempera-
ture plotted for all alkylbenzenes are straight lines, in which the
slopes correspond to −�H/R where R is the gas constant, and �H
20 40 60 80

ASPB 1.66 1.79 1.71 1.38
RBE,TO 2.04 2.09 1.85 1.76
RTO,EB 1.39 1.53 1.40 1.30



J. Urban et al. / J. Chromatogr. A 1217 (2010) 8212–8221 8219

F
m
2

P
i
m
s
c
s

t
a
t
s
p

3

c
r
u
i
m
0
o
o
t
t
i
h
f
i

T
E
m
r

according to mass spectrometry.
Providing the monoliths with a multiplicity of small pores

via hypercrosslinking makes them also suitable for size-exclusion
chromatography. Fig. 8 presents a very good separation of four
ig. 4. Effect of temperature on van Deemter plots for benzene and hypercrosslinked
onolithic column C2. Conditions: column 100 �m × 130 mm; ternary mobile phase

0% water, 20% tetrahydrofuran, and 60% acetonitrile.

lotting the enthalpy against the number of methylene groups
n the alkyl substituent affords the enthalpy change for a single

ethylene group that equals −0.24 kcal/mol. This value is only
lightly lower than that of conventional C18 packings [75] which
an be explained by the use of the ternary mobile phase since as
hown in Fig. 2 tetrahydrofuran decreases the retention.

Styrene-based stationary phases are stable even at tempera-
ures well over 200 ◦C. Thus, use of our hypercrosslinked columns
t a temperature of 80 ◦C is safe. Although the mobile phase con-
ains solvents with a boiling point lower that this temperature at
tandard conditions, this fact does not represent a problem in the
ressurized HPLC system.

.7. Effect of loading

Sample loading is known to exert an effect on column effi-
iency. Indeed, a decrease in benzene loading from 17.5 to 0.14 pg
esults in an increase in efficiency. Smaller loadings cannot be
sed due to the limit of UV detection at 3�. The van Deemter plot

n Fig. 5 obtained using injection of 0.14 pg benzene and ternary
obile phase exhibits a minimum of 16 �m at a flow velocity of

.5 mm/s and 20 ◦C. This plate height corresponds to 63,200 the-
retical plates/m, i.e. the value observed for separations carried
ut with the higher loading at 80 ◦C. An increase in temperature
o 80 ◦C at the low loading enables further decrease in plate height
o 12 �m that corresponds to column efficiency of 83,200 theoret-
cal plates/m. The minimum of the plot in Fig. 5 is observed at a

igher flow velocity and represents the highest column efficiency

ound for a column comprising organic polymer monolith used in
socratic mode.

able 8
nthalpy change �H associated with transfer of the alkylbenzenes from the ternary
obile to monolithic stationary phase calculated from slope of the logarithm of

etention factor k vs. reciprocal temperature 1/T plot.

Analyte Intercept, ln(k) �H, kcal/mol R

Benzene −3.14 −1.81 0.99
Toluene −3.35 −2.11 0.99
Ethylbenzene −3.48 −2.31 0.99
Propylbenzene −3.60 −2.51 0.99
Butylbenzene −3.79 −2.77 0.99
Amylbenzene −4.00 −3.04 0.99
Fig. 5. Effect of temperature with very low concentration of benzene injected on van
Deemter plots for benzene and hypercrosslinked monolithic column C2 at a low
loading. Conditions: column 100 �m × 130 mm; ternary mobile phase 20% water,
20% tetrahydrofuran, and 60% acetonitrile; injection of benzene 0.14 pg.

3.8. Examples of separations

Combining the results of the optimization experiments
described above enables efficient separations to be carried out at
high speed. Fig. 6 demonstrates that using optimized monolith and
hypercrosslinking procedure together with ternary mobile phase
consisting 20% water, 20% tetrahydrofuran, and 60% acetonitrile at
80 ◦C, all seven compounds are separated in less than 2 min with a
resolution of at least 1.0.

The hypercrosslinked column can also be used for the rapid and
efficient separations of peptides. Fig. 7 shows the gradient separa-
tion of peptides of tryptic digest of cytochrome c. The separation
is achieved in 10 min and the protein sequence coverage is 93.3%
Fig. 6. Separation of small molecules at a temperature of 80 ◦C using the column
C2 hypercrosslinked at 90 ◦C for 2 h and the ternary mobile phase. Conditions: col-
umn 100 �m × 130 mm; mobile phase 20% water, 20% tetrahydrofuran, and 60%
acetonitrile; flow rate 1.0 �L/min; UV detection at 254 nm; back pressure 26 MPa.
Analytes: uracil (1), benzene (2), toluene (3), ethylbenzene (4), propylbenzene (5),
butylbenzene (6), and pentylbenzene (7).
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Fig. 7. Gradient elution of peptides from tryptic digest of cytochrome c using hyper-
crosslinked monolithic column C2. Conditions: column 100 �m × 130 mm; mobile
phase A: 0.1% (v/v) formic acid in water, B: 0.1% (v/v) formic acid in acetonitrile; gra-
dient 5–40% B in A in 10 min; flow rate 0.5 �L/min; back pressure 24 MPa; gradient
delay 5 min.

Fig. 8. Size-exclusion separation of toluene and polystyrene standards using
hypercrosslinked column C2 hypercrosslinked at 80 ◦C for 2 h. Conditions: col-
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mn 100 �m × 670 mm (320 + 350 mm); mobile phase tetrahydrofuran; flow rate
.5 �L/min, UV detection at 254 nm; back pressure 20.5 MPa. Peaks: polystyrene
ith a molecular mass of 1,870,000 (1), 400,000 (2), 35,000 (3), 1000 (4), and toluene

5).

olystyrene standards and toluene using two hypercrosslinked
olumns C2 connected with zero-volume union. This approach was
eeded since our current instrumentation does not allow the prepa-
ation of columns longer than 350 mm. Despite the overall length
f the column of 670 mm, the back pressure was only 20.5 MPa,
.e. within the limits easily tolerable by standard, chromatographic
quipment. Our separation is the first demonstration of the use of a
onolithic column in size-exclusion chromatography of polymers

sing an organic solvent as the mobile phase.

. Conclusions

This report clearly demonstrates that hypercrosslinking of
onolith is a powerful technique affording monolithic columns

ith unprecedented properties. We have illustrated the sig-
ificant effects of the polymerization conditions and the
ost-polymerization hypercrosslinking process on the chromato-
raphic performance of the resulting monolithic poly(styrene-
o-vinylbenzyl chloride-co-divinylbenzene) stationary phase. The

[

[
[

[
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comprehensive optimization based on mathematical design of the
composition of the polymerization mixture used to prepare the pre-
cursor monoliths, and temperature, at which the hypercrosslinking
is carried out, led to an equation which facilitated the calcula-
tion of conditions that should afford columns with predetermined
efficiencies. Specifically, this approach enabled the reproducible
preparation of a column for (i) isocratic reversed phase separa-
tion of alkylbenzenes characterized by its high plate count, (ii)
gradient elution of peptides, and (iii) very efficient size-exclusion
chromatography of polystyrene standards in organic solvent. The
use of high temperature and of a ternary mobile phase per-
mits a significant acceleration of the separations. Although the
hypercrosslinking approach was demonstrated with poly(styrene-
co-vinylbenzyl chloride-co-divinylbenzene) monoliths, we are
currently extending the hypercrosslinking process to other mono-
liths such as those based on functional polymethacrylates also
exploring new crosslinking reactions.
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