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The separations of small molecules using columns containing porous polymer monoliths invented two
decades ago went a long way from the very modest beginnings to the current capillary columns with
efficiencies approaching those featured by their silica-based counterparts. This review article presents a
variety of techniques that have been used to form capillary formats of monolithic columns with enhanced
separation performance in isocratic elutions. The following text first describes the traditional approaches
used for the preparation of efficient monoliths comprising variations in polymerization conditions includ-
ing temperature as well as composition of monomers and porogenic solvents. Encouraging results of these
experiments fueled research of completely new preparation methods such as polymerization to an incom-
plete conversion, use of single crosslinker, hypercrosslinking, and incorporation of carbon nanotubes that

are described in the second part of the text.
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1. Introduction

As of today, the modern monoliths are just out of their teens
age since this new family of stationary phases was conceived at
the verge of 1990. First monolithic columns were polymer-based
discs and columns [1-3] followed by monolithic columns made
of silica [4]. The former has proven to be an excellent stationary
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phase for the rapid separation of large molecules such as proteins,
nucleic acids and synthetic polymers while the latter enabled fast
separations of small molecules. However, none of these monolithic
columns worked well for both types of analytes. For example, Fig. 1
shows application of monolithic poly(styrene-divinylbenzene) col-
umn for a rapid gradient elution of four proteins that was achieved
in less than 30 s at a very high flow velocity of 10 mm/s. In contrast,
the column efficiency in the isocratic separation of three alkylben-
zenes that had to be carried out at a flow velocity of only 0.4 mm/s
and required almost 15 min to be complete was poor and did not
exceed 13,000 plates/m. This result was surprising since columns
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Fig. 1. Reversed-phase separations of proteins (A) and alkylbenzenes (B) using
monolithic poly(styrene-co-divinylbenzene) columns. Conditions: (A) column
50 x 8 mm LD., mobile phase linear gradient from 20 to 60% acetonitrile in 0.1%
aqueous trifluoroacetic acid in 24s, flow rate 25 mL/min; (B) column 100 x 8 mm
L.D., mobile phase 70% aqueous acetonitrile, flow rate 1 mL/min. Peaks: ribonucle-
ase A (1), cytochrome c (2), myoglobin (3), ovalbumin (4), benzene (5) ethylbenzene
(6), butylbenzene (7).

packed with porous poly(styrene-divinylbenzene) beads possess-
ing the same chemistry performed reasonably well. We found that
pore size distributions of both formats were actually entirely dif-
ferent [5].

Soon after our failed experiments with the separation of small
molecules using polymer-based monoliths, Tanaka’s group demon-
strated the separation of five alkylbenzenes using C18 silica
monolith shown in Fig. 2 that was easily achieved at a flow veloc-
ity of 5mm/s in about 30s and afforded a column efficiency of
100,000 plates/m [4]. The reason for the superior performance of
silica-based monolithic columns appears to be again morphology
of this monolith. While silica-based monolith with a bi-continuous
structure was composed of mesoporous skeletons and possess a
surface area of several hundred m2/g, polymer-based monolith
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Fig. 2. Reversed phase separation of alkylbenzenes using monolithic C18 silica col-
umn. Conditions: column 8.3 cm x 7 mm L.D., mobile phase 80% aqueous methanol,
linear flow velocity 4.99 mmy/s. Peaks (1) benzene, (2) toluene, (3) ethylbenzene, (4)
propylbenzene, (5) butylbenzene, (6) pentylbenzene.

Adapted from Ref. [4] with permission.

were formed from interconnected non-porous microglobules and
their surface area typically lies in the range one order of magnitude
smaller. Fig. 3 compares morphologies of both types of monoliths
and demonstrates their significant structural differences. However,
both types of monoliths have one feature is common - presence of
large through pores.

The initial poor results have led to a conclusion that morphol-
ogy of the microglobules must be changed to increase the surface
area and to obtain organic polymer monoliths with a separation
performance for small molecules matching that of silica monoliths.
We knew that large through pores did not contribute dramatically
to the overall surface area. However, these pores are essential in
monoliths since they permit liquids to permeate through the mate-
rial at a high flow velocity yet keeping the back pressure reasonably
low. Therefore, procedures that have to be developed to create
monoliths with desired porous properties must be selected in a
way that the advantageous flow properties will be preserved while
the surface area will be significantly enhanced. This easy sounding
task represents a major challenge [6]. Numerous studies focused on
development of polymer monoliths for efficient isocratic HPLC sep-
arations of small molecules and used multiplicity of methodologies
that is discussed in detail in this review. It is worth noting that the
best results have always been achieved with capillary columns in
which the contribution of radial diffusion to the peak broadening
is much smaller compared to the 4.6 and 8 mm L.D. analytical size
columns.

2. Optimizing polymerization conditions

The early works aiming at the preparation of porous polymer
beads identified key variables such as temperature, chemistry of
monomers and content of crosslinking monomer, as well as type
and composition of the pore-forming compounds (porogens) to be
essential for control of porous properties [7]. All these variables
are related to the polymerization conditions. They have also been
found to enable tuning of porosity in monoliths [8,9].

2.1. Temperature

We observed early on that temperature affects the kinet-
ics of polymerization, thus being an efficient tool enabling the
preparation of porous polymers widely varying in pore size dis-
tributions from a single polymerization mixture [10]. Fig. 4 shows
the typical sharp pore size distribution profile for poly(styrene-co-
divinylbenzene) monolith prepared at a temperature of 70 °Cwith a
maximum centered around 1000 nm [11]. As we already know, this
monolith is not suitable for the separation of small molecules. Using
the same polymerization mixture, an increase in temperature to
130°C affords monolith exhibiting a surface area of 300 m?/g with
avery broad pore size distribution curve with no distinct maximum.
This value is similar to that of silica monoliths. Unfortunately, these
polymerization conditions also lead to disappearance of most of the
large pores that are critical for flow of the mobile phase through the
monolith. As a result, the high pressure resistance of the 8 mm L.D.
column allows flow at a rate of only 0.2 mL/min, which makes this
column useless for any rapid separations.

Polymerizations carried out later at a temperature of
130°C in the presence of stable free radicals such as
functionalized 2,2,6,6-tetramethylpiperidinyl-1-oxy and 2,2,5,5-
tetramethylpyrrolidinyl-1-oxy afforded monoliths with a large
surface area and better permeability but their performance for the
separation of small molecules have never been specifically tested
[12]. However, some of these columns enabled decent separation
in SEC mode with rather sharp peaks monitored for the smallest
polystyrene standards.
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Fig. 3. SEM micrographs showing difference in morphology of monolithic capillary columns prepared from silica (left, courtesy of E. Machtejevas, Merck KGaA, Germany)

and poly(butyl methacrylate-co-ethylene dimethacrylate) (right).

While typical thermal initiators require high temperature to
decompose and initiate the polymerization process, UV initia-
tion can be carried out at any temperature even at temperatures
below ambient. Szumski and Buszewski [13] used a poly-
merization mixture developed in our group previously [14]
comprising butyl methacrylate, ethylene dimethacrylate, and
2-acrylamido-2-methyl-1-propanesulfonic acid (monomers), 1-
propanol, 1,4-butanediol, water (porogens), and benzoin methyl
ether (UV initiator) to prepare monolithic capillary columns at tem-
peratures ranging from —15 to 75 °C. As expected from an earlier
report [10], an increase in temperature led to a decrease in perme-
ability. The best performance in the separation of small molecules
characterized by an efficiency of 47,500 plates/m for unspecified
analyte (most likely for unretained thiourea) was observed with
monolithic column prepared at —15 °C. Unfortunately, both perme-
ability and column efficiency shown in this work did not follow any
specific patterns and some results do not make much sense. Thus,
a clear picture of the effect of temperature could not be obtained.
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Fig. 4. Integral pore size distribution profiles of poly(styrene-co-divinylbenzene)
monoliths prepared by a polymerization at different temperatures. Conditions:
(A) polymerization mixture styrene 20 wt.%, divinylbenzene 20 wt.%, 1-dodecanol
40 wt.%, toluene 20 wt.%, benzoyl peroxide 0.5 wt.% (with respect to monomers),
temperature 70 °C, reaction time 24 h; (B) polymerization mixture styrene 20 wt.%,
divinylbenzene 20wt.%, 1-dodecanol 60wt.%, benzoyl peroxide 0.5wt.% (with
respect to monomers), temperature 130°C, reaction time 8 h.

It is likely that a simpler system using a binary mixtures of both
monomers and porogens producing well defined monolith such
as poly(butyl methacrylate-co-ethylene dimethacrylate) would be
more suitable for such study.

This is exactly what Hirano et al. did [15]. They used
the polymerization mixture consisting of butyl methacry-
late, ethylene dimethacrylate, 1-dodecanol, cyclohexanol, and
2,2-dimetoxyphenyl-2-acetophenone (UV initiator) to prepare
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Fig. 5. Reversed phase separation of alkylbenzenes using monolithic poly(butyl
methacrylate-co-ethylene dimethacrylate) capillary column prepared by UV ini-
tiated polymerization at 0°C. Conditions: column 100 mm x 100 wm L.D.; mobile
phase 50% aqueous acetonitrile, UV detection at 217 nm. For flow rate and back
pressure see inserts. Peaks: uracil (1), toluene (2), ethylbenzene (3), propylbenzene
(4), butylbenzene (5), pentylbenzene (6).

Reproduced from Ref. [15] with permission.
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Fig. 6. General chemical structure of a series of dimethacrylate crosslinkers
and the lengths of the alkyl bridge. (1) Ethylene dimethacrylate, (2) 1,3-
butanediol dimethacrylate, (3) 1,4-butanediol dimethacrylate, (4) 1,6-hexanediol
dimethacrylate, (5) neopentyl glycol dimethacrylate, (6) 2-methyl-1,8-octanediol
dimethacrylate, (7) 1.9-nonanediol dimethacrylate.

Adapted from Ref. [25] with permission.

columns at 0, 10 and 20°C [15]. Although the authors claim that
“the composition was decided empirically”, it is an almost verba-
tim copy of the mixtures used elsewhere [16,17]. They found that a
decrease in temperature affords monolithic column with enhanced
permeability and efficiency. For example, a column prepared at 0°C
featured an efficiency of 45,000 plates/m for retained naphthalene.
The low back pressure permitted use of very high flow velocities
enabling the separation of five alkyl benzenes to be achieved in less
than 8 s (Fig. 5)

Quite different results were obtained by Li et al. [18]. They
found that permeability of monolithic columns prepared from
hydrophilic poly(ethylene glycol) diacrylates using UV initiated
polymerization at 0 °C exhibited significantly higher back pressure
than the counterparts prepared at room temperature. This might be
the effect of entirely different polarity of the monomer compared
to all previously studied systems.

2.2. Monomers

Use of different monomers including both monovinyl functional
monomer and the crosslinker is another common approach to con-
trol of porous properties of monoliths [9]. Interestingly, the arsenal
of monomers used for the preparation of monolithic columns for
the separations of small molecules is limited by the fact that
vast majority of these columns is designed for the separations
using reversed phase chromatography. Therefore, hydrophobic
monomers are mostly used with butyl methacrylate together with
ethylene dimethacrylate [19-21] and styrene with divinylbenzene
[22-24] appear to dominate the field (vide infra).

For example, Coufal et al. targeted the preparation of monolithic
poly(butyl methacrylate-co-ethylene dimethacrylate) column in a
larger 320 pwm 1.D. capillary better suited for use with common HPLC
systems [19]. After varying the percentages of both monomers in
the polymerization mixture and the percentage of porogenic sol-
vent (6:3:1 1-propanol, 1,4-butanediol, and water), they achieved
a column efficiency of 37,000 plates/m for benzene at a flow rate of
1 pL/min.

While the monovinyl monomer is most often varied during the
search for monoliths designed for reversed phase separations [9],
systematic studies of the effect of crosslinker are much less com-
mon. One of these exceptions targeting small molecules includes
the copolymerization of hydrophobic lauryl methacrylate with
dimethacrylates shown in Fig. 6 differing in the length and branch-

ing of the fragment connecting the polymerizable units [25]. Using
a binary porogen consisting of tert. butanol and 1,4-butanediol,
all the monoliths exhibited very small extent of surface area not
exceeding 2m?/g, a value that on the first sight would disqual-
ify them from the group of monolith suitable for the separation
of small molecules. Yet, monolithic poly(lauryl methacrylate-co-2-
methyl-1,8-octanediol dimethacrylate) capillary column afforded
a notable efficiency of 83,000 and 52,000 plates/m at a flow veloc-
ity of 1 mmy/s for unretained thiourea and retained butylbenzene,
respectively. Extending the length of the alkyl bridge between
both methacrylate moieties of the crosslinker also leads to an
increase in hydrophobicity as derived from the methylene selectiv-
ity. The highest value of 1.48 was found for 2-methyl-1,8-octanediol
dimethacrylate and ascribed to the branching that exposes the
methyl groups at the pore surface. This methylene selectivity value
is similar to 1.46-1.54 found for C18 silica monoliths [21].

While most of the recent monolithic columns for the sepa-
ration of small molecules were prepared in capillaries, Smirnov
et al. used 3mm LD. glass tube and studied effect of addition
of 4-8 wt.% 2-hydroxyethyl methacrylate admixed to 34-30 wt.%
divinylbenzene (80% grade with the rest being ethylstyrenes) and
62 wt.% 1-dodecanol on the chromatographic performance of larger
I.D. columns [26]. The azobisisobutyronitrile initiated polymer-
izations were completed at 60°C in 22h. All these monoliths
exhibited large surface areas ranging from 490 to 370 m?/g due
to the high percentage of divinylbenzene in the polymerization
mixture. They found a remarkable effect of the 2-hydroxyethyl
methacrylate on permeability to flow. For example, the calculated
permeability for monolith prepared in the presence of 4wt.% 2-
hydroxyethyl methacrylate was three orders of magnitude higher
than that found for monolith containing 8 wt.% of the hydrophilic
monomer. Thus, the latter could not be used for the chromato-
graphic separations, which in contrast could be easily carried out
at a high flow velocity of 90 mm/s with the former. This significant
effect of 2-hydroxyethyl methacrylate on porosity and permeabil-
ity of monoliths was observed also in other studies [27-29]. The
best isocratic separation of aromatic compounds at a flow veloc-
ity of 1.5 mm/s was observed with monolithic column containing
5.6 wt.% 2-hydroxyethyl methacrylate [26]. However, this separa-
tion was slow and less impressive with only 16,000 plates/m for
benzene.

2.3. Porogens

The choice of porogens typically follows selection of monomers
and varies significantly for monoliths prepared from aromatic
monomers or methacrylates.

2.3.1. Poly(styrene-co-divinylbenzene) monoliths

Since poly(styrene-co-divinylbenzene) monoliths prepared in
the presence of porogen consisting of dodecanol-toluene mix-
tures did not perform well in the isocratic separations, Horvath'’s
group used a porogenic mixture of water, methanol, and ethanol
to prepare 75 pm L.D. monolithic poly(styrene-co-divinylbenzene)
capillary columns [22]. Although their target was columns for cap-
illary electrochromatography, they also evaluated the performance
in HPLC mode. The best efficiency of 43,000 plates/m for unre-
tained compound dimethylsulfoxide was observed using a column
crosslinked with 33% divinylbenzene. Monolithic capillary column
prepared elsewhere from 20% styrene and 20% divinylbenzene in
the presence of 40% 1-propanol and 20% formamide exhibited an
efficiency of 91,000 plates/m for unretained uracil according to the
vanDeemter plot [23]. However, values for retained compounds
were not published in either of these reports.

Poly(styrene-co-divinylbenzene) monoliths have also been pre-
pared in the presence of a mixture of toluene and isooctane [24]. As
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Fig. 7. Separation of small organic molecules using poly(styrene-co-
divinylbenzene) (A) and poly(styrene-co-methacrylic acid-co-divinylbenzene)
(B) columns. Conditions: mobile phase, acetonitrile/water (65/35, v/v); UV
detection at 214nm; flow rate, 4 uL/min; injection volume, 100nL; column
170 mm x 320 wm 1.D. Peaks: thiourea (1), phenol (2), aniline (3), benzene (4),
toluene (5), ethylbenzene (6), propylbenzene (7), butylbenzene (8).

Reproduced from Ref. [24] with permission.

expected, these monoliths with a barely measurable surface area
did not separate alkylbenzenes. All analytes were eluted in a single
wide peak (Fig. 7). The situation changed dramatically after prepar-
ing the monolith from a 1:1:2 mixture of styrene, methacrylic acid,
and divinylbenzene using the same porogenic mixture. Surpris-
ingly, addition of the polymerizable carboxylic acid affected both
selectivity and column efficiency. The bottom panel of Fig. 7 demon-
strates the baseline separation of all compounds with an efficiency
of up to 28,000 plates/m that could be achieved at a flow rate of
4 pL/min and a moderate back pressure of 4 MPa. The conclusions
drawn from these dramatic changes can be twofold. First, addi-
tion of methacrylic acid afforded a monolith with a surface area of
261 m?2/g. This increase indicates that the acid served as a micro co-
porogen helping to form an ample volume of 0.3 mL/g mesopores.
Second, the retention increases with increasing hydrophobicity of
the separated compounds thus confirming that the reversed phase
separation mechanism applies and the electrostatic interaction of
carboxylic functionality is not operative. This is easily understand-
able since the weak acid is not ionized in the water-acetonitrile
mobile phase.

2.3.2. Polymethacrylate-based monoliths

In parallel with the poly(styrene-co-divinylbenzene), experi-
ments were carried out to facilitate preparation of methacrylate
monoliths suitable for the isocratic separation of small molecules.
Optimization of the separation performance of these monolithic
columns is often achieved by varying composition of both monomer
and porogen mixtures. The work concerning monolithic poly(butyl
methacrylate-co-ethylene dimethacrylate) capillary columns pub-
lished by Moravcova et al. is an exception [20]. This group

Fig. 8. Scanning electron micrographs of monolithic poly(butyl methacrylate-
co-ethylene dimethacrylate) polymers prepared in a 320 wm LD. capillary using
mixtures consisting of 1-propanol 1,4-butanediol, and water as a porogen. Compo-
sitions of porogen:water 10% 1-propanol-1,4-butanediol 60:30 (A), 62:28 (B), 64:26
(©).

Adapted from Ref. [20] with permission.

used porogenic mixture consisting of water, 1-propanol, and 1,4-
butanediol that have been developed earlier for the preparation
of columns for capillary electrochromatography (CEC) [14,30] and
only varied percentage of 1-propanol and 1,4-butanediol in a nar-
row range of 60:30, 62:28 to 64:26 while keeping percentage of
water at 10%. Despite these minuscule changes in the composition,
the effect on the morphology presented in Fig. 8 was significant.
This change was also reflected in column efficiency for benzene
that increased from 5100 to 33,000 and 35,000 plates/m, respec-
tively. The difference in efficiency for higher alkylbenzenes was
pronounced even more. Further refining efforts included changes
in monomer and porogen composition as well as in the propor-
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Fig. 9. Separation of alkyl phenyl ketones using monolithic poly(glycerol
dimethacrylate) capillary column prepared with ultra high molecular weight
polystyrene/chlorobenzene porogen. Conditions: column 400 mm x 200 wm L.D.;
mobile phase 60:40 methanol-water; flow rate 2.5 pL/min. Peaks: thiourea (1),
acetophenone (2), ethyl phenyl ketone (3), propyl phenyl ketone (4), butyl phenyl
ketone (5), amyl phenyl ketone (6), hexyl phenyl ketone (7). Inlay SEM micrograph
shows morphology of the monolith.

Adapted from Ref. [39] with permission.

tion of monomers to porogens but did not lead to any additional
increase in column efficiency [21].

Eeltink et al. studied effects of percentage of porogenic solvent in
the polymerization mixture on efficiency of a 100 wm I.D. capillary
column [31]. They also used porogenic mixture of water, 1,4-
butanediol, and 1-propanol. While poly(butyl methacrylate-co-(2-
methacryloyloxyethyl) trimethylammonium chloride-co-ethylene
dimethacrylate) “high density” monolith prepared in the presence
of 60% porogen afforded about 13,000 plates/m, the column effi-
ciency found for monolith with the same chemistry prepared from
a mixture containing 80% porogenic solvent and featuring higher
pore volume (“low density”) increased to 67,000 plates/m. Both
values are reported for a non-disclosed analyte. Later, part of the
butyl methacrylate in the “low density” monolith was replaced
with lauryl methacrylate to achieve a 15% increase in retention in
the reversed phase separations of aromatic hydrocarbons [32]. This
column separated non-retained thiourea and retained naphthalene
with efficiencies of 50,000 and 29,500 plates/m, respectively.

Use of polymers as porogens is known from the “ancient” times
of the macroporous beads [7,33]. They were also used for the prepa-
ration of monoliths [34-38]. However, use of polymeric porogen for
the preparation of methacrylate-based monoliths is less frequent. A
combination of high molecular mass polystyrene (M, =3,840,000)
and chlorobenzene was used for the preparation of monoliths from
glycerol dimethacrylate 1 with an unusual morphology [39]. This
monolith contained certain volume of mesopores and was used for
the separation of small molecules with an efficiency of up to 34,000
plates/m for retained benzene. Fig. 9 shows the isocratic separation
of alkyl phenyl ketones as an example.

All the studies presented above demonstrate that fine-tuning
of the polymerization mixture together with the preparation of
monoliths in capillaries helped to increase the efficiency in isocratic
separations of small molecules. However, it appears that these
efforts enable to reach efficiencies not exceeding about 50,000
plates/m, which remain inferior to those measured for both packed
and monolithic silica-based columns [20,21].

3. Other means of control
3.1. Polymerization time

While the typical means enabling modification of porous
properties presented above did not afford monoliths with a sig-
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Fig. 10. Separation of phenol derivatives using monolithic poly(4-methylstyrene-
co-1,2-bis-(4-vinylphenyl)ethane) capillary column polymerized for varying times.
Conditions: column 80 mm x 0.2 mm I.D., mobile phase A: 0.1% aqueous trifluo-
roacetic acid, B: 0.1% trifluoroacetic acid in acetonitrile, gradient 0-50% B in A in
5 min, flow rate 10 wL/min, UV detection at 210 nm.

Adapted from Ref. [40] with permission.

nificantly improved performance in the isocratic separation of
small molecules, less common approaches have to be pursuit. For
example, we observed a significant effect of polymerization time
on porous properties of poly(glycidyl methacrylate-co-ethylene
dimethacrylate) monoliths described in one of our early publica-
tions [5]. For example, a monolith resulting after polymerization
for 1h at a temperature of 55°C exhibited a surface area of
over 500 m?/g. Since the conversion was only 18%, most of the
monomers remained unpolymerized and this initial monolith had a
remarkably high pore volume of 3.8 mL/g. None of these monoliths
was used for chromatography.

The control of porous properties via reaction time was recently
adopted by other groups in order to prepare monolithic columns for
the separation of small molecules. Trojer et al. prepared monolithic
poly(4-methylstyrene-co-1,2-bis(4-vinylphenyl)ethane) capillary
columns using polymerization times varied from 30 min to 24h
[40]. Most appealing is the high column efficiency of 65,000
plates/m calculated from results of the isocratic separation of alkyl-
benzoates using a column polymerized for only 45 min at which
time the conversion was 39%. However, the quality of separa-
tion gradually deteriorated with the increase in polymerization
time. It was poor after 2h and completely unacceptable with
columns polymerized for 12 and 24h as shown in Fig. 10. The
same group refined this approach using the single crosslinker 1,2-
bis(4-vinylphenyl)ethane 2 for the preparation of monoliths [41].
They found that monolith resulting from polymerization carried
out for 60 min had a surface area of 102 m2/g while this value is
only 32 m?/g after 10 h.Fig. 11 shows an excellent isocratic reversed
phase separation of aromatic ketones with an efficiency reaching
to 72,000 plates/m for butyrophenone on column prepared using
60 min long polymerization. Interestingly, separations of several
other families of small molecules were carried out in the gradient
mode.

Inspired by the above results, Nischang and Bruggemann
tested the effect of polymerization time on performance of
monolithic poly(butyl methacrylate-co-ethylene dimethacrylate)
columns [42]. Fig. 12 demonstrates again that monolithic column
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Fig. 11. Isocratic separation of phenol derivatives using monolithic poly(1,2-bis-(4-
vinylphenyl)ethane) capillary column polymerized for 60 min. Conditions: column
80 mm x 200 wm L.D., mobile phase 66% acetonitrile in water, flow rate 10 pL/min,
UV detection at 210 nm. Inlay SEM micrograph shows morphology of the monolith.
Adapted from Ref. [40] with permission.
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Fig. 12. Isocratic separation of alkylbenzenes using monolithic poly(butyl
methacrylate-co-ethylene dimethacrylate) capillary columns polymerized for 48
(A) and 0.5h (B) in a 100 wm LD capillary. Conditions: column 200 mm x 100 wm
.D.; mobile phase: 50% aqueous acetonitrile; flow rate: 1.6 wL/min; linear flow
velocity 4.6 mm/s (A) and 3.6 mm/s (B); back pressure 3.92 (A) and 1.14 MPa (B).
Peaks: (1) uracil, (2) benzene, (3) toluene, (4) ethylbenzene, (5) propylbenzene, (6)
butylbenzene, (7) pentylbenzene. Inlay SEM micrographs show morphology of the
monoliths.

Adapted from Ref. [42] with permission.
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prepared under conditions of incomplete conversion separates
alkylbenzenes with sufficient resolution and exhibits an efficiency
of about 67,000 plates/m at the minimum of the vanDeemter plot
while similar column polymerized for 48 h completely fails. The
authors also observed a significant decrease in permeability with
increasing polymerization time which is supported by SEM micro-
graphs also shown in the figure that point to some changes in the
morphology.

The less common approach to control of porous properties
described in this section excels in its simplicity. Certain problem
is seen in fact that the conversion of polymerization is not con-
trolled directly but indirectly through the time of polymerization.
This makes termination of the polymerization process at specific
conversion less accurate since the reaction kinetics is affected by
many other factors. For example, the temperature ramp to a value
at which the initiation and polymerization proceeds, cooling speed
to terminate the reaction, as well as the presence of compounds
acting as inhibitors are difficult to control exactly. All these effects
may decrease the batch-to-batch repeatability. However, a short
batch-to-batch study with three experiments carried out by Bonn’s
group indicated good repeatability of their process [43].

All these studies have some features in common. The authors
always observed a decrease in both surface area and pore volume
(Fig. 13). For example, the surface area of poly(4-methylstyrene-
co-1,2-bis(4-vinylphenyl)ethane) monoliths dropped from 76 to
23m?2/g and pore volume from 70% to 40% with polymerization
time varied from 30 min to 24 h, respectively. Likewise, poly(1,2-
bis(4-vinylphenyl)ethane) monolith resulting from polymerization
carried out for 60 min has a surface area of 102 m?/g while this
value is only 32m?2/g after 10h. Similarly, the surface area of
poly(butyl methacrylate-co-ethylene dimethacrylate) decreased
from 5.9 to 1.2 m2/g upon extension in polymerization time from
0.5 to 48 h. These typically threefold changes are surprisingly small
and indicate absence of any large volume of mesopores. This is not
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Fig. 14. Chemical structures of crosslinkers. Divinylbenzene 1, glycerol methacrylate 2, 1,2-bis(4-vinylphenyl)ethane 3, tetrakis(4-vinylbenzyl)silane 4, poly(ethylene glycol)
diacrylates 5, bisphenol A dimethacrylate 6, bisphenol A ethoxylate diacrylate 7, and pentaerythritol diacrylate monostearate 8.

unexpected since the initial monolithic structure is less crosslinked
despite the higher rates of incorporation of crosslinker in the poly-
mer. For example, the higher rate of incorporation of ethylene
dimethacrylate [42] results from its higher molar concentration of
double bonds compared to butyl methacrylate. The fact that the
crosslinker is incorporated in the monolithic structure does not
mean that both of its double bond reacted forming a crosslink. Just
in opposite, most of the polymer chains are not crosslinked to any
significant extent yet and therefore collapse on drying the mono-
liths prior to the nitrogen adsorption measurement. However, these
chains can swell with the mobile phase. This solvation/swelling
opens the structure, liberates pores providing the desired surface
area thatis then instrumental for the separation of small molecules.
As the polymerization time increases, more monomers and/or
pending double bonds polymerize thus creating more crosslinks.
The rigid structure formed cannot swell any longer and the only
accessible external surface of the microglobules is not large enough
to enable good separation of small molecules. Experimental evi-
dence supporting these assumptions could be probably obtained
using inverse size exclusion chromatography.

3.2. Single crosslinker

Use of single crosslinker for the preparation of porous polymer
monoliths has been reported by several groups. Li et al. claimed

recently in this journal that using a single crosslinker provides
for several advantages including straightforward optimization of
the polymerization mixture, improved column-to-column repro-
ducibility, better mechanical stability, and higher surface area due
to the highly crosslinked network [44].

The first two studies of this kind emerged in 2006. One of them
concerned preparation of monoliths from divinylbenzene 1 [45].
However, the technical grade of this crosslinker contains 45% of
monovinyl monomers and disqualifies this work from the “single
crosslinker” category. Although the second report from the same
group describes use of the 80% grade, the resulting product is still
a copolymer [46]. Thus, the Hosoya’s group was the first to pre-
pare monoliths from a single crosslinker. In their two initial papers,
they used glycerol dimethacrylate 2 (for structures see Fig. 14),
nonaethylene glycol diacrylate and 2,18-dihydroxy-4,7,10,13,16-
pentaoxanonadecane-1,19-diacrylate and polymers as a part of
the porogenic systems [35,39]. The poly(glycerol dimethacrylate)
monolith was used for the separation of small molecules and an
efficiency of 34,000 plates/m was observed for retained benzene
(vide supra).

Multiplicity of papers describing the preparation of monoliths
using a single crosslinker were published in the last 2 years. For
example, thermally and photoinitiated free radical polymerization
was used to prepare monoliths from methylene-bis-acrylamide
[47] and poly(ethylene) diacrylate [48] with poly(ethylene
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Fig. 15. Separation of alkyl benzenes using 50 mm x 0.2 mm I.D. monolithic capil-
lary prepared from tetrakis(4-vinylbenzyl)silane and morphology of the monolith.
Conditions: mobile phase 50% aqueous acetonitrile, flow rate not available; UV
detection 214 nm. Peaks: (1) toluene, (2) ethylbenzene, (3) propylbenzene, (4) butyl-
benzene, (5) pentylbenzene, (6) hexylbenzene.

Adapted from Ref. [50] with permission.

glycol) or poly(propylene glycol) as respective porogens. The
authors demonstrated specific morphological features of their
monoliths, however, without showing any chromatographic appli-
cations.

Greiderer at al. polymerized 1,2-bis(4-vinylphenyl)ethane 3
using thermally initiated polymerization in the presence of
1-decanol and toluene as porogens [41,43]. While a complete poly-
merization of all of the crosslinker afforded monolithic columns
with a poor performance, reducing the polymerization time to mere
60 min, at which the conversion of monomer to polymer was not
complete, excellent monolithic capillary columns were obtained
(vide supra).

Lubbad and Buchmeiser also used a less common crosslinker
tetrakis(4-vinylbenzyl)silane 4 they prepared in a good yield from
chloromethylstyrene [49,50]. Its mixtures with 1-dodecanol and
toluene was thermally polymerized for 24 h to complete conver-
sion at which about 75% of all double bonds were incorporated in
the monolithic polymer. The surface area of the monolithic poly-
mer ranged from 350 to 79 m2/g depending on the percentage
of crosslinker in the polymerization mixture and polymerization
temperature. Capillary columns comprising monolith with the
highest surface area exhibited excessively high resistance to flow.
The optimal polymerization mixture contained 17.5% tetrakis(4-
vinylbenzyl)silane. The back pressure for water pumped through
this 50 mm x 200 wm L.D. monolithic capillary column at a flow
rate of 2 wL/min was only 1.1 MPa. This column was then used
for the separation of a variety of small molecules such as alkyl-
benzenes, amines, carboxylic acids, phenols, phenones, and drugs
as well as peptides and proteins in reversed phase using gradient
elution. However, only one example demonstrates separation of
alkylbenzenes in isocratic mode (Fig. 15) with both modest speed
(12 min) and efficiency ranging from 17,000 to 23,000 plates/m.

The newest contribution to the monoliths prepared from a single
crosslinker emerged from Lee’s group. First they prepared mono-
lithic columns from poly(ethylene glycol) diacrylates 5 differing
in the length of the PEG bridge [18]. They experimented with
porogens using pairs cyclohexanol-decanol and methanol-diethyl
ether and a temperature of 0 and 20°C. The optimized pho-
topolymerized monoliths were excellent stationary phases for the
separation of peptides and proteins using hydrophobic interac-
tion mechanism. They recently extended their study to three more
crosslinkers bisphenol A dimethacrylate 6, bisphenol A ethoxylate
diacrylate 7, and pentaerythritol diacrylate monostearate 8 [44].
Once again, this study started with selection of binary porogens

from mixtures of tetrahydrofuran and dimethylformamide with
decanol and dodecanol for monoliths prepared from bisphenol A
derived crosslinkers. The best results in isocratic separation of ben-
zene derivatives characterized with a column efficiency of 61,500
plates/m for butylbenzene were achieved with monolith prepared
from bisphenol A dimethacrylate in the presence of dimethylfor-
mamide/dodecanol porogen.

According to the authors “the selection of suitable poro-
genic solvents to form a rigid monolith from pentaerythritol
diacrylate monostearate proved to be challenging” [44]. The con-
ditions published previously [51,52] did not lead to desirable
monoliths and numerous solvents and hydrophilic polymers just
produced gel-like structures. Eventually, they found a combina-
tion of tetrahydrofuran, 2-propanol, and triblock poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) that afforded
rigid monolith. However, these monoliths were less retentive in
the reversed phase separations most likely due to the presence
of hydroxyl group in the crosslinker structure. Also, the column
efficiency did not reach the values achieved with poly(bisphenol
A dimethacrylate) monolith and only slightly exceeded 21,000
plates/m.

A closer look at all approaches to monolithic columns using a
single crosslinker results in the following inference. Use of only
one monomer in the polymerization mixture simplifies the system.
On the other hand, variability in the composition of the mono-
liths is lost. This disadvantage can be counteracted (i) via grafting
of pore surface with monomers including the desired chemistry
provided the monolith is UV transparent or (ii) more tediously,
by designing and synthesizing crosslinkers with specific func-
tionalities. Monolithic columns prepared from single crosslinker
exhibit significantly larger surface area compared to “classical”
monomer + crosslinker monoliths. This property is assigned to the
larger volume of small pores. This in turn leads to enhanced column
efficiencies observed for separations of small molecules. Interest-
ingly, most of these columns also perform well in the separations of
peptides, proteins, and nucleic acids [18,43,49]. Low percentage of
crosslinker in the polymerization mixture, typically less than 30%,
must be used in order to obtain monoliths with acceptable perme-
ability. These mixtures then result in monoliths with high porosity.
Alternatively, polymerization is terminated before the complete
conversion of crosslinker to polymer which again results in high
porosity. Although all these monoliths are designed to enable good
separation of small molecules, vast majority of reported separa-
tions is carried out in the gradient elution mode that helps to reduce
the peak width and controls retention. In contrast, isocratic separa-
tions are rarely shown. Also these isocratic separations are typically
rather slow, which can be caused by limited permeability to flow
or poor performance at higher flow velocities due to unfavorable
shape of the vanDeemter plot and need to carry out the separations
while using flow rates at its minimum.

3.3. Hypercrosslinking

Hypercrosslinking is actually an “old news” since this pro-
cess has been pioneered by Davankov several decades ago
[53-57]. His approach enabled the preparation of large sur-
face area materials from pre-formed polymer precursors such
as high molecular weight polystyrene as well as crosslinked
poly(styrene-divinylbenzene) gels and porous particles [58-61].
Hypercrosslinked macroporous particles then contained both the
original large pores and an extensive network of additional small
pores. Despite this opportunity that would permit formation of
monoliths with a large surface area, hypercrosslinking has until
recently not been applied to that polymer format.

We have demonstrated the power of this approach with
hypercrosslinking of monoliths formed from styrene, vinylbenzyl
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Fig. 16. Effect of hypercrosslinking of poly(styrene-co-chloromethylstyrene-co-
divinylbenzene) precursor monolith on the specific surface area. Conditions:
polymerization mixture used for the preparation of precursor monolith: 16%
styrene + chloromethylstyrene, 24% divinylbenzene, 18% toluene, 42% 1-dodecanol,
1% (with respect to monomers) azobisisobutyronitrile; hypercrosslinking 24 h at
80°C.

Reproduced from Ref. [63].

chloride, and divinylbenzene [62,63]. The unfavorable reactivity
ratios for the monomer pairs styrene-divinylbenzene and vinyl-
benzyl chloride-divinylbenzene result in faster polymerization of
the divinyl monomer that depletes from the system while the
remaining monomer mixture becomes significantly richer in the
monovinyl monomers. As the polymerization reaction approaches
completion, only slightly crosslinked chains attached to the sur-
face of highly crosslinked microglobular scaffolds are formed. The
presence of such layers in porous poly(styrene-divinylbenzene)
polymers was suggested by Jerabek who used inverse size exclusion
chromatography measurements [64]. This structure is amenable to
hypercrosslinking via Friedel-Crafts alkylation reaction. To carry
out this reaction, pores of the monolith are filled with a solvent,
typically dichloroethane that swells the surface layer followed by
the addition of the ferric chloride catalyst, which initiates the
hypercrosslinking process immobilizing the polymer chainsin 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 well suited for the separation
of small molecules. Varying percentage of chloromethylstyrene
in the monomer mixture we obtained the precursor monoliths
exhibiting a specific surface area of only 17-56 m2/g. Fig. 16 shows
the considerable increase in the surface area to values exceeding
600 m2/g. This value compares very favorably to other polymer-
based monoliths [41,65-68] and even exceeds the surface area of
300 m2/g measured for the silica monoliths [4,69]. It is worth not-
ing, that these high surface areas measured in the dry state confirm
rigidity of the newly formed structure that does not collapse on
drying.

An extensive study using design of experiments targeting col-
umn efficiency included variations in percentages of components
of the polymerization mixture, i.e. styrene, vinylbenzyl chloride,
divinylbenzene, toluene, and 1-dodecanol. We found that two
main factors affect the column efficiency: synergistic percent-
age of the vinylbenzyl chloride and antagonistic percentage of
divinylbenzene [63]. An increase in temperature at which the
hypercrosslinking reaction is carried out is also an important fac-
tor affecting column efficiency from the material point of view.
The chromatographic conditions such as composition of the mobile
phase, flow velocity, temperature at which the separation is carried
out,and sample loading represent another set of variables that were
also optimized. For example, temperature has a significant effect
on column efficiency. At higher temperature, the vanDeemter plot
in Fig. 17 has its minimum at a smaller height equivalent to the
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Fig. 17. Effect of temperature on van Deemter plots for benzene (A) and separa-
tion of small molecules (B) using hypercrosslinked monolithic column Conditions:
column 130 mm x 100 wm LD., ternary mobile phase 20% water, 20% tetrahydro-
furan, 60% acetonitrile, (B) flow rate 0.5 wL/min; temperature 80°C; UV detection
254 nm; back pressure 26 MPa. Analytes: (1) uracil, (2) benzene, (3) toluene, (4)
ethylbenzene, (5) propylbenzene, (6) butylbenzene, (7) pentylbenzene.

Adapted from Ref. [63].

theoretical plate (HETP) and, more importantly, this minimum is
shifted to a higher flow velocity thus enabling faster separations.
This figure also demonstrates that using both optimized mono-
lith and hypercrosslinking procedure together with ternary mobile
phase consisting water, tetrahydrofuran, and acetonitrile at 80°C,
seven compounds are separated in less than 2 min with a resolution
of at least 1.0. The column efficiency for retained benzene is 83,200
plates/m.

Another interesting feature of hypercrosslinked monoliths is
their ability to separate large molecules such as proteins. We com-
pared the separation of five proteins achieved under identical
conditions using both the precursor and the hypercrosslinked col-
umn. The separation was slightly better with the precursor column
as expected from the negative effect of mesopores on the gradient
elution of large molecules. The small size of the mesopores allows
proteins to probe the pores and the slow diffusional transport in
and out of the entrance to the small pores reduces the separation
performance and impairs resolution [62].

So far, the hypercrosslinking has only been demonstrated with
styrene-based monoliths. This chemistry has proven useful for
the separations of small molecules in the reversed phase mode.
However, there is a need for chemistries that can serve other
separation modes. Several other polymers such as polyaniline,
polypyrrole, polyarylates, polyxylylene, polyamides, and polypyri-
dine have already been hypercrosslinked [61] but none of them
has been prepared in the monolithic format yet. Also, polyacrylates
and polymethacrylates that are typically used for the prepara-
tion of monoliths wait for the development of methods enabling
their hypercrosslinking and formation of monolithic columns
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exhibiting porous structure desirable for highly efficient sep-
arations using other chromatographic mechanisms such as
enantioseparations in normal phase.

3.4. Use of carbon nanostructures

While the method described in the previous section represent a
significant enhancement over the prior state of the art, itis not read-
ily applied to methacrylate-based monolithic columns. Thus, the
newest contribution to methods seeking to enhance performance
of porous polymer monoliths in isocratic separations of small
molecules emanates from nanoscience. This development can be
expected since the recent directions in many scientific fields focus
on progress in nanotechnologies. Due to unique characteristics of
nanoparticles, such as their large surface-to-volume ratio and their
properties that differ from those of corresponding bulk materials,
the application of nanomaterials in separation science is also grow-
ing [70-72]. Several groups used nanostructures, such as polymer
latex nanoparticles, fullerene derivatives, metal oxides, and carbon
nanotubes for the modifications of capillary walls and separation
media for application in gas and liquid chromatography, capillary
electrophoresis, and electrochromatography [73-83]. For example,
methacrylate-based monoliths with attached latex nanoparticles
were used for the separation of saccharides [84] and ions [85-87].
Both our and Paull’s groups have recently prepared monoliths with
pore surface coated with gold nanoparticles [88-90] suitable for the
pre-concentration of thiol containing peptides and the separation
of proteins. Monoliths with embedded hydroxyapatite nanoparti-
cles proved useful in the fishing-out of phosphorylated peptides
[91].

Surprisingly, only little has been done to accommodate
carbon nanostructures in liquid chromatography. To our best
knowledge, only Horvath’s group published a single paper con-
cerned with carbon nanotubes entrapped into a monolithic
poly(chloromethylstyrene-co-ethylene dimethacrylate) capillary
columns and tested them mostly in capillary electrochromatog-
raphy and briefly in HPLC applications [92]. We have very
recently demonstrated the use multiwalled carbon nanotubes
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Fig. 18. SEM image of pristine 1-2 wm long dry carbon nanotubes aggregated after
exposure to water (A) and SEM micrograph of nanotubes oxidatively cut using
treatment with a mixture of concentrated sulfuric and nitric acids (B).

Adapted from Ref. [93].

entrapped within or attached to the pore surface of poly(glycidyl
methacrylate-co-ethylene dimethacrylate) monoliths [93].

The simplest approach to a monolith containing carbon nan-
otubes comprises their admixing in the polymerization mixture
followed by polymerization [93]. A homogeneous system could
only be obtained if the nanotubes were added to the complete
mixture containing both monomers and alcohol-based porogen.
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Fig. 19. Separation of uracil and alkylbenzenes using a monolithic poly(glycidyl methacrylate-co-ethylene dimethacrylate) capillary column (A), the previous column reacted
with ammonia (B), and column modified with oxidized carbon nanotubes (C). Conditions: (A) column, 180 mm x 100 wm L.D., mobile phase 45% acetonitrile-5% THF-50%
water, flow rate 1.00 wL/min, back pressure 16 MPa; (B) column, 200 mm x 100 wm LD., mobile phase 50% acetonitrile-50% water, flow rate 1.00 wL/min, back pressure
17 MPa; (C) column, 170 mm x 100 wm L.D., mobile phase 47.5% acetonitrile-2.5% THF-50% water mixture; flow rate 0.25 pL/min, back pressure 30 MPa. Peaks: uracil (1),
benzene (2), toluene (3), ethylbenzene (4), propylbenzene (5), butylbenzene (6), and amylbenzene (7).

Adapted from Ref. [93].
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Although addition of mere 0.25wt.% of nanotubes did not result
in any apparent change in the porous properties, the column effi-
ciency increased from 1800 plates/m found for the parent monolith
to 15,400 plates/m for benzene under the same separation condi-
tions. This encouraging result demonstrated the enormous effect
of carbon nanotubes on performance of the monolithic column.

Alternatively, we tried to attach the pristine carbon nanotubes
to the pore surface using pumping their dispersion through the
monolith. However, the length of the native 1-2 wm nanotubes
shown in Fig. 18 prevented them from perfusing through the tor-
tuous pores of the monoliths, which had pore sizes not exceeding
1.9 wm. Shorter fragments were then prepared via oxidation of
tubes using a mixture of sulfuric and nitric acids [94,95] that
in addition to the reduction in length also provides their tips
with carboxylic acid functionalities. Simultaneously, the epoxy
groups of the poly(glycidyl methacrylate-co-ethylene dimethacry-
late) monolith were treated with ammonia to afford primary amine
functionalities [96]. This monolith is useless for isocratic separa-
tions (Fig. 19). However, the ionizable functionalities can interact
with the oxidized nanotubes through electrostatic interactions
between their carboxylic acid moieties and the surface amino
groups. The oxidized nanotubes were strongly retained within the
monolith and did not elute even when pure acetonitrile was used
as a mobile phase. Fig. 19 illustrates the significant improvement
in performance of the monolithic column on separation of alkyl-
benzenes with an efficiency of 44,000 plates/m. The mechanism
responsible for these effects is not completely clear. Previous stud-
ies with silica beads suggest that the cause may be a high affinity
of the immobilized nanotubes for aromatic compounds [97] and/or
-1 interaction at the large contact area [82].

4. Conclusions

The research presented above clearly demonstrates that the
challenge of preparing porous polymer monoliths for the rapid
and efficient separation of small molecules in isocratic mode is
taken seriously. The traditional means of manipulation of porous
structure of monoliths such as modulation of polymerization condi-
tions improved the performance. Yet they did not afford monolithic
columns with efficiencies competing with those featured by silica-
based monoliths. Therefore, several novel approaches have been
developed including polymerization to an incomplete conversion,
use of single crosslinker, and hypercrosslinking. Our attempts to
fabricate monoliths with incorporated carbon nanotubes were also
successful. All these studies led to monoliths with some signif-
icantly enhanced efficiency exceeding 80,000 plates/m. We are
currently experimenting with monomers based on functionalized
C60 fullerenes. These monoliths appear to be very promising since
we are reproducibly preparing capillary columns with an efficiency
of almost 110,000 plates/m that is on par or better compared to the
typical commercial silica-based monolithic columns.

It is worth noting that the less efficient early columns had an
internal diameter of 8 or 4.6 mm while all the monoliths with
enhanced characteristics were prepared in capillaries. This finding
indicates that the decrease in radial diffusion of separated com-
pounds plays indeed an important role in the chromatographic
process carried out in monolithic columns.

It is likely that new discoveries will appear in the future provid-
ing polymer-based monolithic columns with even higher efficiency
in isocratic elution mode. For example, reactive gelation process
recently introduced by Morbidelli’s group [98,99] for separation of
proteins may, after some modifications, have a potential for the sep-
aration of small molecules. All reports summarized in this review
concern monolithic columns for separations utilizing reversed
phase mechanism. Monolithic columns enabling highly efficient

separations via other mechanisms are also emerging. For exam-
ple, Dionex Corp. launched recently monolithic capillary columns
for the separation of ions. In contrast, monoliths for the isocratic
separation of small molecules using other modes such as normal
phase or HILIC have yet to be demonstrated.
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