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ARTICLE INFO ABSTRACT

Article history: The porous polymer monoliths went a long way since their invention two decades ago. While the first

Available online 2 October 2009 studies applied the traditional polymerization processes at that time well established for the prepara-
tion of polymer particles, creativity of scientists interested in the monolithic structures has later led to

Keywords: the use of numerous less common techniques. This review article presents vast variety of methods that

Monolith have meanwhile emerged. The text first briefly describes the early approaches used for the preparation

Polymerization

of monoliths comprising standard free radical polymerizations and includes their development up to

Egﬁ:s;; densation present days. Specific attention is paid to the effects of process variables on the formation of both porous
Grafting structure and pore surface chemistry. Specific attention is also devoted to the use of photopolymeriza-
tion. Then, several less common free radical polymerization techniques are presented in more detail such
as those initiated by y-rays and electron beam, the preparation of monoliths from high internal phase
emulsions, and cryogels. Living processes including stable free radicals, atom transfer radical polymeriza-
tion, and ring-opening metathesis polymerization are also discussed. The review ends with description of
preparation methods based on polycondensation and polyaddition reactions as well as on precipitation
of preformed polymers affording the monolithic materials.
© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Monolithic columns in their current incarnation have been
known for about two decades. Although this age is short com-
pared to over 100 years of chromatography [1], they have already
made a significant impact on the separation science. Meanwhile,
tens of review articles e.g. [2-26] and one book [27] have been
published on this topic. Guiochon published recently an excel-
lent overview describing the use of monolithic columns in liquid
chromatography [21]. Despite the large number of these reviews
compiling various aspects of the monolithic technology, none of
them focuses in detail on the vast variety of methods enabling the
preparation of monoliths the less then of monoliths based on syn-
thetic polymers. This review article is written to fill this gap and to
arm those who are entering this field with ammunition for a rapid
success. In addition, representing a number of papers published
in journals that are typically below the radar screen of chro-
matographers, the following text may also become an inspiration
for them since many interesting and sometimes exotic tech-
niques and monolith did not materialize in any separation device
yet.

2. Short excursion in history

The attempts at separation media formed from a single piece
of material percolate through the scientific literature for more
than 50 years. They were first mentioned in the early 1950s as
emanating from theoretical discussions of Nobel Prize laureates
Synge, Martin, and Tiselius [28] but soon disappeared from the
screen since gel-like materials that were available at that time
would collapsed under hydrostatic pressure needed to achieve
flow [29]. Less successful experiments with synthetic hydrogels
were carried out later, and confirmed these theoretical assump-
tions [30]. More rigid open pore polyurethane foams exhibited a
certain potential in both LC and GC separations [31-33] but did
not find any resonance within the chromatographic community.
Thus, the legitimate “monolithic age” starts at the verge of the
1990s.

Hjertén prepared a highly swollen crosslinked gel by polymer-
ization of aqueous solutions of N,N’-methylenebisacrylamide and
acrylic acid in the presence of a salt, typically ammonium sulfate,
in an aqueous medium. The next step was a compression of this
polymer to a small fraction of its original volume in order to com-
pletely fill the cross section of the column. Surprisingly, this column
exhibited very good permeability to flow [34]. He then called this
separation medium continuous bed. In reality, the gel obtained by
polymerization does not appear to be a real monolith, i.e. a single
piece of material, since one of his next reports described prepara-
tion of the gel polymer in a test tube. The product was then diluted
with water prior to “packing” in the column tube and compression
[35]. Since continuous crosslinked gel cannot be dispersed in a lig-
uid, this fact indicates that the product of this polymerization had a
particulate character and only the compression affords the desired
monolith-like structure.

At the same time, we were copolymerizing glycidyl methacry-
late and ethylene dimethacrylate mixed with porogenic solvents in
amold and obtained monolithic blocks of porous highly crosslinked
polymers. Although the first monoliths of this type were pro-
duced from mixtures typical of the preparation of macroporous
beads, surprisingly their pore size distribution was completely dif-

ferent. Discs cut from these monolithic plates and modified with
diethylamine were highly permeable and allowed the very fast sep-
arations of proteins [36,37]. This layer-like technology was then
extended to an entirely new format—monolithic chromatographic
columns prepared in situ within the confines of standard stainless
steel columns [38].

The final contribution to the family of different monolithic tech-
nologies has been added by Tanaka in the mid 1990s [39,40].
Knowing well silica, the most popular inorganic material widely
used in liquid chromatography, and in collaboration with mate-
rials scientists in Kyoto, they designed a process that afforded
silica-based monoliths with controlled porous properties. The in
situ preparation of typical analytical size columns is difficult due
to the significant shrinkage of silica occurring during the poly-
condensation reaction, aging, and heat treatment. Therefore, they
encased the preformed monolith in a plastic holder to obtain chro-
matographic column. Fields was the first to prepare a silica-based
capillary column via in situ solidification of formamide solution of
potassium silicate [41].

All three approaches shown in this section have later been
adopted by the industry and the monolithic columns are now
commercially available. More importantly, these early efforts
also inspired a large number of groups worldwide to innovative
research thus moving the field rapidly forward.

3. Free radical processes
3.1. Thermally initiated polymerization

Thermally initiated free radical polymerization was the first
method used for the preparation of rigid polymer-based mono-
lith [34,36-38]. This process is very simple and its origin can be
traced down to techniques typically applied in the preparation
of porous beads using suspension polymerization. This type of
polymerization is generally treated in the literature as a “clone”
of bulk polymerization in which each droplet of the dispersed
phase containing monomer is an individual bulk reactor [42].
Therefore, one might have anticipated that the properties of the
products of both suspension and bulk polymerizations would be
nearly identical. Surprisingly, our initial experiments revealed that
this was not the case and pore size distributions of both for-
mats were actually entirely different. Fig. 1 shows the considerable
discrepancy that exists between the pore size distributions of
macroporous poly(glycidyl methacrylate-co-ethylene dimethacry-
lates) prepared in suspension and using the bulk polymerization
forming the monolith from an identical polymerization mixture.
The median pore size for the beads is 85 nm while for the mono-
lith it is 315 nm. In contrast to the pore size, the specific surface
area and the pore volume did not exhibit such marked differences.
Since the reaction conditions in both polymerizations were com-
parable, this unexpected difference in pore size has to result from
the polymerization technique itself. Clearly, there are some impor-
tant differences between the suspension polymerization used for
the preparation of beads and the bulk-like polymerization process
utilized for the preparation of molded monoliths. In the case of
polymerization in an unstirred mold, the most important differ-
ences are the lack of interfacial tension between the aqueous and
organic phases, and the absence of dynamic forces that are typical
of stirred dispersions [43].
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Fig. 1. Mercury porosimetry differential pore size distribution profiles of the
poly(glycidyl methacrylate-co-ethylene dimethacrylate) beads and monolith pre-
pared via suspension (a) and bulk (b) polymerization at a temperature of 70°C
from a polymerization mixture comprising azobisisobutyronitrile(1% with respect to
monomers), 24% glycidyl methacrylate, 16% ethylene dimethacrylate, cyclohexanol
48%, and dodecanol 12%. Reproduced from Ref. [43] with permission.

3.1.1. Control of porous properties

Application of porous materials in chromatography relies on
intimate contact with a surface that supports the interacting
sites. In order to obtain a large surface area, a large number of
smaller pores should be incorporated into the polymer. The most
substantial contribution to the overall surface area comes from
the micropores, with sizes smaller than 2nm,! followed by the
mesopores ranging from 2 to 50 nm. Even larger macropores and
gigapores make only an insignificant contribution to the overall
surface area. However, these pores are essential in monoliths to
allow liquid to flow through the material at a reasonable pressure.
This pressure, in turn, depends on the overall porous properties
of the material. Therefore, the pore size distribution of the mono-
lith should be adjusted properly already during their preparation
to fit the desired application. Key variables such as temperature,
composition of the pore-forming solvent mixture, and content of
crosslinking monomer allow the tuning of the pore size within a
broad range spanning at least two orders of magnitude from tens
to thousands of nanometers.

3.1.1.1. Temperature. The polymerization temperature, through its
effects on the kinetics of polymerization, is a particularly effec-
tive means of control, allowing the preparation of macroporous
polymers with different pore size distributions from a single poly-
merization mixture. An example that will be discussed in Section
6.1 and demonstrated in Fig. 21 clearly shows the sharp pore size
distribution profile detected for monolith prepared at a tempera-
ture of 70 °C with a maximum close to 1000 nm. In contrast, a very
broad pore size distribution curve spanning from 10 to 1000 nm
with no distinct maximum is observed for monolith prepared from
the same mixture at 130°C.

1 The nomenclature of pore size categories coined in old [UPAC recommenda-
tions [44] does not make much sense at present. Calling pores smaller than 2 nm
micropores is clearly misleading since the prefix micro implies size in micrometers.
Therefore, analogous to terms mesopores and macropores, a prefix independent of
the size unit such as minipores or similar would be more appropriate. Alternatively,
a term nanopores would also be more appropriate.
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Fig. 2. Mercury porosimetry differential pore size distribution curves of the
poly(glycidyl methacrylate-co-ethylene dimethacrylate) monoliths prepared from
mixtures containing 6 (triangles) and 12% dodecanol (squares) using polymerization
at a temperature of 55 (closed points) and 70 °C (open points). Reproduced from Ref.
[43] with permission.

The effect of temperature can be readily explained in terms of
the nucleation rates, and the shift in pore size distribution induced
by changes in the polymerization temperature can be accounted
for by the difference in the number of nuclei that result from these
changes [45,46]. In contrast, changes in the thermodynamic qual-
ity of the solvent resulting from the increase in temperature seem
to be not substantial. The temperature affects mostly the specific
surface area that is typically related to the small pores. Because the
monomers are thermodynamically better solvating agents for the
polymer than the porogen, the precipitated insoluble gel-like nuclei
swell with the monomers that are still present in the surrounding
liquid. Following the nucleation step, the polymerization continues
both within the separated phase of monomer swollen nuclei and in
the remaining liquid polymerization mixture. If the polymerization
temperature is low, the reaction rate is slow and transfer of a sub-
stantial part of monomers from solution in the nuclei can occur.
Polymerization within the nuclei is kinetically preferred because
the local concentration of the monomers is higher than in the sur-
rounding solution. As the temperature increases, the number of
polymer molecules that are formed in the solution after the origi-
nal nucleation grows. These are captured by the growing nuclei and
form larger clusters with less individualized texture. This results
in a decrease in the surface area. At even higher temperature, the
polymerization reaction is very fast and more growing chains are
transformed into individual globules rather than being captured by
the primary nuclei. These globules are small and, therefore, their
surface is larger [46].

3.1.1.2. Porogens. The choice of pore-forming solvent or porogen is
another tool that may be used for the control of porous properties
without changing the chemical composition of the final polymer.
Fig. 2 shows the massive effect of the content of thermodynamically
poorer solvent or macroporogen dodecanol in the polymeriza-
tion mixture on pore size distribution. In general, larger pores are
obtained using more macroporogen due to an earlier onset of phase
separation. The porogenic solvent controls the porous properties
of the monolith through the solvation of the polymer chains in
the reaction medium during the early stages of the polymerization
[45,47].
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Fig. 3. High-resolution of phosphorylated and non-phosphorylated
oligonucleotides in a monolithic capillary column. Conditions: poly(styrene-
co-divinylbenzene) monolith, 60 mm x 0.2 mm L.D., gradient, 1-7% acetonitrile in
water in 5min, 7-8% in 5min, 8-9% in 6 min, 9-10.4% in 14 min in 100 mmol/L
triethylammonium acetate, flow rate 2.1 pL/min, 50 °C. Reproduced from Ref. [67]
with permission.

The choice of porogens for the preparation of porous poly-
mer monoliths remains an art rather than science. This is
why not that many porogens have been used and most often
proven porogen mixtures are applied. For example, the ini-
tially used mixture of cyclohexanol and dodecanol was adopted
from our previous work directed towards porous poly(glycidyl
methacrylate-co-ethylene dimethacrylate) beads [48]. And yet,
these porogens are used over and over again even today and
not only by us [49-57]. Similarly, a mixture of toluene with
higher alcohols remains popular for the preparation of mono-
lith from styrene and divinylbenzene [45]. Santora et al. carried
out experiments with single solvent porogens including tetrahy-
drofuran, acetonitrile, toluene, chlorobenzene, hexane, methanol,
dimethylformamide, and methyl-t-butyl ether, and prepared
series of poly(divinylbenzene), poly(styrene-co-divinylbenzene),
poly(ethylene dimethacrylate), and poly(methyl methacrylate-co-
ethylene dimethacrylate) monoliths [58]. Although some of these
solvents afforded polymers with a surface area as large as 820 m2/g,
it is unlikely that they would be permeable to flow since the pores
were rather small.

Zhu et al. used another set of single porogens compris-
ing cyclohexanol, 1-propanol, dodecanol, dimethylsulfoxide, and
1,4-butanediol for the preparation of monolithic poly(glycidyl
methacrylate-co-ethylene dimethacrylate) columns [59]. Once
again, none of these porogens enabled formation of monolith with
the desired porous properties. In contrast, use of a binary porogens
such as a mixture of 1,4-butanediol and dimethylsulfoxide led to
monolithic capillaries with excellent permeability.

Toluene and its mixtures with higher alcohols are often used
for the preparation of poly(styrene-co-divinylbenzene) monolith
[60-63]. In contrast, Huber’s group used a mixture of decanol and
tetrahydrofuran as a porogen while focusing on the preparation
of poly(styrene-co-divinylbenzene) monoliths [64-66]. Their capil-
lary columns separated well oligo- and polynucleotides and nucleic
acids as demonstrated in Fig. 3 [67]. The same mixture of porogens
was also used for the preparation of poly(glycidyl methacrylate-co-
divinylbenzene) columns [68].

A new challenge arrived in the arena of porogens with the
“reinvention” of capillary electrochromatography in the late 1990s
[69]. The monolith had to contain both hydrophobic moieties pro-
viding the reversed phase retention and ionizable functionalities
required for electroosmotic flow. In addition, the polymeriza-
tion mixture had to be homogeneous to facilitate handling.

We designed a unique porogenic system comprising water, 1,4-
butanediol, and 1-propanol that dissolved hydrophobic alkyl
methacrylate monomer, ethylene dimethacrylate 1 crosslinker,
highly hydrophilic 2-acrylamido-2-methyl-1-propanesulfonic acid
11, as well as the azobisisobutyronitrile initiator and enabled to
obtain monoliths with the desired porous structure [70-72]. Once
again, this mixture remains quite popular even in the current liter-
ature [73-75].

Another family of porogens is represented by solutions of poly-
mer in a solvent. In a very thorough study of effects of poly(ethylene
glycol) (PEG) dissolved in 2-methoxyethanol on the porous proper-
ties of copolymer of glycidyl methacrylate-co-trimethylolpropane
trimethacrylate-co-triethylene glycol dimethacrylate) monoliths,
Irgum’s group found that the larger the molecular weight of
PEG, the larger the pores [76]. They also monitored effect of
numerous solvents used as a co-porogen on the porous prop-
erties. Novotny’s group used a solution of poly(ethylene oxide)
in N-methylformamide to prepare homogeneous polymerization
mixture consisting of acrylamide 9, methylene-bisacrylamide 3,
acrylic acid, and alkyl acrylates and obtained columns for capillary
electrochromatography [77]. Aqueous solution of poly(ethylene
glycol) was later used as porogen for the preparation of
monoliths from poly(ethylene glycol diacrylates) [78]. Li et al.
described monolithic poly(ethylene glycol methyl ether acrylate-
co-polyethylene glycol diacrylate) capillary columns prepared
using poly(propylene glycol)-block-poly(ethylene glycol)-block-
poly(propylene glycol) triblock copolymer and diethyl ether as
porogen. These columns were tested for size exclusion chromatog-
raphy [79]. A combination of high molecular mass polystyrene
and chlorobenzene was used for the preparation of poly(glycerol
dimethacrylate) monoliths with an interesting morphology shown
in Fig. 4 [80]. This monolith contained certain amount of meso-
pores and was used for the separation of small molecules with an
efficiency of up to 34 000 plates/m. Sinitsyna et al. tested a series of
porogens including solutions of polystyrene in toluene-dodecanol
mixture and poly(dimethylsiloxane) in hexane-dodecanol mix-
ture for the preparation of poly(glycidyl methacrylate-co-ethylene
dimethacrylate) monolithic layers. They found that the monolith
prepared in the presence of polystyrene was best suited for the
immobilization of antibodies and suitable for the fabrication of
protein microarrays [81].

Supercritical carbon dioxide is another contribution to the broad
family of porogenic solvents [82-85]. This type of porogen pio-
neered by Cooper is attractive since it is non-toxic, non-flammable,
and inexpensive. In addition, the properties of this “solvent” can
be tuned by varying the pressure. Once the polymerization is com-
pleted, the porogen simply evaporates with no need for washing
and with no residual solvents in the monolith. Using ethylene
dimethacrylate 1 and trimethylolpropane trimethacrylate 5 (Fig. 5)
as monomers, a broad range of materials with typical macroporous
structures and pore sizes in a range of 20-8000 nm were pre-
pared and their porous properties characterized. This approach was
later repeated by other authors [86]. Alternatively, they success-
fully used 1,1,1-2-tetrafluoroethane that can be liquefied at much
lower pressure than CO, [86,87]. However, none of these interest-
ing approaches have yet been transferred to the chromatographic
column technology.

3.1.1.3. Crosslinking monomer. In contrast to temperature and
porogenic solvent that affect the porous properties of the
resulting material but not its composition, variations in the
monovinyl/divinyl monomer ratio not only induce the formation
of different porous structures but also lead to materials with dif-
ferent compositions. A higher content of divinyl monomer directly
translates into the formation of more crosslinked polymers in the
early stages of the polymerization process and therefore lead to
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Fig. 4. Morphology of poly(glycerol dimethacrylate) monolith prepared using
solution of polystyrene with a molecular mass of 3 840 000 in chlorobenzene. Repro-
duced from Ref. [80] with permission.

earlier phase separation. Although this is similar to the effect
of poor solvent, the nuclei are more crosslinked and since this
crosslinking negatively affects their swelling with the monomers,
they remain relatively small in size. The pre-globules can still cap-
ture the nuclei generated during the later stages of polymerization,
but true coalescence does not occur. Since the final macroporous
structure that results consists of smaller globules, it also has
smaller voids. Thus, this approach is useful for the preparation
of monoliths with very large surface areas [45,58]. Experiments
with various monomer mixtures containing increasing percent-
age of ethylene dimethacrylate and divinylbenzene, respectively,
clearly documented the shift in the pore size distributions toward
smaller pore sizes as the percentage of crosslinker was increased.
These results imply that in this case the pore size distribution is con-
trolled by the swelling of crosslinked nuclei. Because this approach
to the control of the porous structure is accompanied by changes
in polymer composition, it may not be suitable for the preparation
of monoliths in which both the highest possible content of a func-
tional monovinyl monomer and a large surface area are desirable
[45].

The morphology of the monoliths is closely related to their
porous properties, and is also a direct consequence of the quality
of the porogenic solvent as well as the percentage of crosslink-
ing monomer and the ratio between the monomer and porogen
phases. The presence of interactive effects between these reaction
conditions was verified using multivariate analysis [88].

\

®)

Fig.5. Examples of crosslinking monomers used for the preparation of porous poly-
mer monoliths.

Similar to the situation with porogens, the number of most
often used crosslinkers is limited (Fig. 5). One of the reasons is
commercial availability of these compounds. Ethylene dimethacry-
late 1 is most often used in the acrylate/methacrylate family of
monoliths, divinylbenzene 2 typically with styrenic monomers
and methylenebisacrylamide 3 in aqueous systems [27]. This does
not mean that other crosslinkers were not used. For example El
Rassi’s group introduced pentaerythritol diacrylate monostearate 4
that combines both crosslinking and hydrophobic functionalities in
the preparation of monoliths for capillary electrochromatography,
affinity chromatography and HPLC [52,89,90]. This monomer was
later used by others [91,92]. Trimethylolpropane trimethacrylate 5
is another crosslinker often used for the preparation of monoliths
[93-97].

An interesting study was published by Xu et al. [98]. They
copolymerized several dimethacrylates differing in the length
and branching of the connecting hydrocarbon chain with stearyl
methacrylate in capillaries while keeping the molar ratio of both
monomer and crosslinker constant. They observed the significant
effect of the crosslinker chemistry on chromatographic perfor-
mance in the separation of small molecules thanks to the changes
in the volume of small pores. For example, a column containing
copolymer of 2-methyl-1,8-octanediol dimethacrylate 6 exhibited
aremarkable efficiency of 83 000 plates/m for unretained thiourea.
However, the surface area measurement using nitrogen adsorp-
tion/desorption revealed only about 2 m?2/g, a value that does not
support the claimed effect of an increased volume of mesopores on
column efficiency.

In pursuit of higher hydrophilicity to prevent non-specific inter-
actions of a hydrophobic type, several hydrophilic acrylate and
methacrylate-based crosslinkers such as 1,3-glycerol dimethacry-
late 7 were also used. Li et al.,, applied poly(ethylene glycol)
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Fig. 6. Separation of phenol derivatives using 80 mm x 0.2 mm LD. monolithic
poly(4-methylstyrene-co-1,2-(4-vinylphenyl)ethane) capillary column polymer-
ized for 45min. Conditions: column 80mm x 0.2 mm LD., mobile phase 25%
acetonitrile in 0.1% aqueous trifluoroacetic acid, flow rate 4 wL/min, UV detection at
210 nm. Reproduced from Ref. [100] with permission.

diacrylate 8 as crosslinker and prepared monolithic capillary
columns for strong cation-exchange chromatography of peptides
and proteins [99] and monoliths for size exclusion chromatogra-
phy of proteins [79]. Kubo et al. used this crosslinker as the single
monomer and studied the effect of polymerization conditions on
the morphology of the monolithic polymer [78].

3.1.1.4. Polymerization time. We observed a significant effect
of polymerization time on porous properties of poly(glycidyl
methacrylate-co-ethylene dimethacrylate) monoliths already in
one of our early publications [43]. For example, a monolith prepared
after 1 h long polymerization at a temperature of 55 °C exhibited a
surface area of over 500 m2/g. Since the conversion was only 18%,
most of the monomers remained unpolymerized and this initial
monolith had a high pore volume of 3.8 mL/g. Although the conver-
sion of monomers to polymer was close to quantitative after about
10 h, some additional structural changes still occurred if the system
was kept longer at the polymerization temperature. However, no
significant changes are observed at reaction times exceeding 22 h.
Both surface area and pore volume were after this time significantly
lower reaching 120 m?/g and 1.1 mL/g, respectively.

The control of porous properties via reaction time was recently
adopted by Bonn'’s group [100]. They prepared monolithic poly(4-
methylstyrene-co-1,2-(4-vinylphenyl) ethane) capillary columns
using polymerization times varied from 30 min to 24 h. Once again,
the surface area dropped from 76 to 23 m2/g and pore volume
from 70 to 40%. Most interesting is the high column efficiency
of 65000 plates/m calculated from results of the isocratic sepa-
ration of small aromatic molecules using a column polymerized
for only 45min at which time the conversion was 39%. Fig. 6
shows an excellent separation of phenol derivatives using this
column. The separation gradually deteriorates with the increase
in polymerization time and is completely unacceptable in col-
umn polymerized for 24 h. Although this less common approach
to control of porous properties appears inspiring, the batch-to-
batch repeatability needs to be demonstrated to make it even more
convincing.

3.1.2. Surface chemistries
Obviously, the monolithic material may serve its purpose
only if provided with surface chemistry that in turn depends on
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Fig. 7. Examples of monomers used for the preparation of porous polymer mono-
liths.

the desired application. For example, hydrophobic moieties are
required for reversed phase chromatography, ionizable groups
must be present for the separation in ion-exchange mode, reactive
for affinity modes, and chiral functionalities are the prereq-
uisite for enantioselective separations. Several methods have
been developed and are now available for the preparation of
polymer-based monolithic stationary phases with desired surface
chemistry.

3.1.2.1. Preparation from functional monomers. The number of
monomers that may be used in the preparation of polymer mono-
liths is much larger than those used for classical suspension
polymerization because there is only one phase in the mold. There-
fore, almost any monomer, including water-soluble hydrophilic
monomers, which are not suitable for standard polymerization
in aqueous suspensions, may be used to form a monolith. This
greatly increases the variety of surface chemistries that can be
obtained directly. However, the polymerization conditions opti-
mized for one system cannot be transferred immediately to another
without further experimentation, and the use of new monomer
mixtures always requires optimization of polymerization condi-
tions in order to achieve sufficient permeability of the resulting
monolith [101]. A few examples of monomers that have been
used for the preparation of porous rigid monoliths are shown in
Fig. 7. The list of monomers includes a broad variety of chemistries
varying from hydrophilic (acrylamide 9, 2-hydroxyethyl methacry-
late 10), ionizable (2-acrylamido-2-methyl-1-propanesulfonic
acid 11, (methacryloyloxy)ethyltrimethylammonium chloride 12,
acrylic acid 13), reactive (glycidyl methacrylate 14, 2-vinyl-4,4-
dimethylazlactone 15, ¢ 16), protected (4-acetoxystyrene 17),
hydrophobic (styrene 18, butyl methacrylate 19) to zwitterionic
20 functionalities, and also chiral monomers [88,101-106]. For
example, directly polymerized poly(styrene-co-divinylbenzene)
monoliths have proven to be an excellent stationary phase for the
very fast separation of peptides and proteins shown in Fig. 8 [107].
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Fig. 8. Rapid reversed-phase separation of proteins at a flow rate of 10 mL/min using
50 mm x 4.6 mm L.D. poly(styrene-divinylbenzene) monolithic column. Conditions:
mobile phase gradient: 42-90% acetonitrile in water with 0.15% trifluoroacetic acid
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Fig. 9. Examples of modification of typical porous polymer monoliths containing
glycidyl methacrylate (A) and chloromethylstyrene (B) units.

3.1.2.2. Modification of reactive monoliths. Another option, the
preparation of a monolith with reactive functionalities and
its subsequent modification, increases the number of available
chemistries to afford stationary phases for a variety of separation
modes. In this technique, each single reactive site affords one new
functionality. Among others, glycidyl methacrylate-based mono-
liths have been widely used in these applications [108].

Typically, pores of a monolith prepared from monomers con-
taining reactive group are filled with the reagent and allowed
to react. Once the reaction is completed, the monolith is flushed
with a solvent to remove all unreacted components and is
ready for application. For example, Fig. 9 shows the reaction of
glycidyl methacrylate-based monolith with diethylamine, which
leads to a widely used anion exchanger [38]. The reaction
of poly(chloromethylstyrene-co-divinylbenzene) with ethylenedi-
amine and then with y-gluconolactone completely switches the
surface polarity from hydrophobic to hydrophilic [109]. The major
benefit of this modification is simplicity of the single step polymer-
ization process that was previously optimized.

3.1.2.3. Grafting. The preparation of functionalized monoliths by
copolymerization of functional monovinyl and divinyl monomers
requires re-optimization of the polymerization conditions for each
new set of functional monomers and crosslinkers in order to
obtain monoliths with the desired properties. Since the functional
monomer constitutes both the bulk and the active surface of the
monolith, a substantial percentage of the functional units remains
buried within the highly crosslinked polymer matrix and is inac-
cessible for the desired interactions. A better utilization of a rare
functional monomer might involve its grafting polymerization on
pore surface of a “generic” monolith. Using the simple modifica-
tion process shown in Section 3.1.2.2, only a single functionality is
obtained by reacting each functional site of the surface. In contrast,
the attachment of chains of a functional polymer to the reactive
site at the surface of the pores would provide multiple functionali-
ties emanating from each individual surface site, and dramatically
increases the density of group located at the pore surface. Such
materials, which possess higher binding capacities, are attractive
for use in chromatography, ion-exchange, and adsorption. Miiller
has demonstrated that the cerium (IV) initiated grafting of polymer
chains onto the internal surface of porous beads afforded excellent
separation media for biopolymers [110]. We used similar reaction
to graft poly(2-acrylamido-2-methyl-1-propanesulfonic acid) 11
onto the internal surface of hydrolyzed poly(glycidyl methacrylate-
co-ethylene dimethacrylate) monoliths [111]. Unfortunately, this
grafting reaction carried out in concentrated nitric acid is sensitive
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Fig. 10. Scheme of the two-step sequential photografting procedure. Reproduced
from Ref. [121] with permission.

to oxygen and works best with primary alcohols while diols like
those obtained via hydrolysis of epoxide are less suitable.

Extending our original work concerned with functionalization of
channels in microfluidic chips fabricated from thermoplasts using
photografting [112], we have developed procedure enabling func-
tionalization of monoliths [113]. We adopted the mechanism that
was first used by Ranby et al. [114] for photografting onto poly-
mer films applying aromatic ketones such as benzophenone as
photoactive component. According to Ranby’s mechanism, exci-
tation of the photoinitiator by UV light at 200-300 nm ultimately
leads to hydrogen abstraction and formation of a free radical on the
polymer substrate. This energy rich radical then initiates propaga-
tion reaction leading to grafting from the surface. The counterpart
semipinacol radical formed simultaneously from the initiator does
not have sufficient energy to initiate polymerization in solution
to any significant extent and is mostly quenched by combination
leading to its dimerization or termination of the growing polymer
chains. Since the growing polymer chains grafted to the surface also
contain abstractible hydrogen atoms, these new chains then serve
as loci from which new chains can grow, ultimately leading to a
branched polymer architecture. This technique became a topic of
several studies [50,115-121].

Photografting also enables control of porous properties of the
monolith independently from management of its surface chem-
istry. In other words, this process makes possible to perfect porous
structure of the “generic” monolithic first and then prepare a vari-
ety of functionalized monoliths from it via the photografting step.
This is useful while studying effects of surface chemistry alone
on separation since the monoliths possess the same porous struc-
ture. This process also has a number of other advantages. It allows
preparation of monoliths that would be difficult to obtain using
single step copolymerization. For example, it is difficult to create
a homogeneous polymerization mixture from monomers differ-
ing largely in polarity such as hydrophobic alkyl methacrylate and
hydrophilic 2-acrylamido-2-methyl-1-propanesulfonic acid [71]. It
is also known that a significant portion of functional monomers
may be buried within the crosslinked polymer matrix and inac-
cessible for interactions. lonizable functionalities tend to solvate in
aqueous environment which leads to swelling of the matrix and
change in its porous properties and permeability.

In addition to the single-step photografting described in the
previous paragraph, we have also investigated a sequential two-
step photografting shown in Fig. 10 [121]. In the first step, initiator
moieties are formed at the pore surface by UV irradiation of a poly-
mer monolith that is in contact with the benzophenone solution.
This compound abstracts hydrogen from the polymer surface and
creates a free radical. However, in the absence of monomers, the
surface radical and the newly formed semipinacol radical combine
to form a surface-bound initiator. The second step of graft polymer-
izationis then carried out with a solution containing only monomer.
UVirradiation liberates the immobilized latent free radicals located
on the polymer that then initiate graft polymerization from the
surface. Besides reducing the formation of non-grafted polymer
in solution (in comparison to the single-step techniques where
both initiator and monomer are present in solution), the sequen-

tial approach provides additional control over grafting because the
overall process including hydrogen abstraction and grafting poly-
merization is decoupled into two separate steps. This decoupling
also enlarges the spectrum of solvents that can be used since those
suitable for benzophenone may not be ideal for the dissolution of
monomers. Thus, this two-step sequential photografting technique
allows for a greater degree of control over the grafting process and
was also used for the fabrication of monolith resistant to adsorption
of proteins [121].

The photoinitiated process enables simultaneous grafting
of more than a single monomer. Eeltink et al. co-grafted
(2-methacryloyloxy)ethyltrimethylamonium chloride and butyl
acrylate to control electroosmotic flow in CEC columns [50]. Pho-
tografting can also proceed in sequential mode with a plurality
of monomers grafted over each other. This approach was first
used for the preparation of CEC columns with shielded ionizable
chemistries [120]. In order to avoid interaction of ionized peptides
and proteins with sulfonic acid functionalities, a layer of poly(2-
acrylamido-2-methyl-1-propanesulfonic acid) was photografted
first followed by grafting butyl methacrylate 19 on the top of the
first layer. Similar method was used to prepare reactive supports
with enhanced biocompatibility from poly(glycidyl methacrylate-
co-ethylene dimethacrylate) monoliths. After hydrolysis of the
epoxide groups to a diol, poly(ethylene glycol) methacrylate was
grafted within the pores and in the next step the pore surface was
activated by photografting 1-vinyl-4,4-dimethylazlactone 15. This
monolith was then used for the fabrication of highly active immo-
bilized enzyme microreactors [115,116]. Similarly, this grafted
support also enabled the preparation of ion-exchange columns
exhibiting high loading capacity [122].

The downturn of photografting is the need of UV transparent
“molds” and monomers. Thus, typical polyimide coated capillar-
ies and aromatic monomers such as styrene cannot be used. Also
due to UV adsorption of the polymer matrix itself, the photograft-
ing is effective only for monoliths which one dimension (typically
thickness) is short.

Grafting can also provide the monolithic polymers with rather
unexpected properties. For example, a two-step grafting pro-
cedure which involves the vinylization of the pore surface by
reaction of the epoxide moiety with allyl amine, and a sub-
sequent in situ radical polymerization of N-isopropylacrylamide
(NIPAAm) initiated within these pores by azobisisobutyronitrile
leads to a composite that changes its properties in response
to external temperature [123]. Monolithic column based on
poly(chloromethylstyrene-co-divinylbenzene) monolith grafted
with poly(N-isopropylacrylamide) via atom transfer radical poly-
merization (ATRP) was recently used for the separation of proteins
in hydrophobic interaction mode which performance was con-
trolled by temperature [124].

The living character of some polymerization techniques used
for the preparation of monoliths and described later in Section 6
of this review also enables grafting of functional monomers and
manipulation of the pore surface chemistry.

3.1.2.4. Attachment of nanoparticles. Yet another option for the
functionalization of monoliths is attachment of nanoparticles to
the pore surface. A few decades ago, Dionex introduced very suc-
cessful column packings for ion chromatography that consisted
of non-porous micrometer sized poly(styrene-co-divinylbenzene)
beads sulfonated on their outer surface that were covered with
anionic latex nanoparticles. Inspired by this approach, we prepared
a monolith by copolymerization of butyl methacrylate, ethylene
dimethacrylate, and 2-acrylamido-2-methyl-1-propanesulfonic
acid [125]. Then, a dispersion of 60 nm latex particles bearing qua-
ternary amine functionalities was pumped through the capillary.
SEM micrographs clearly revealed nanoparticles attached to the
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Fig. 11. Separation of a mixture of carbohydrates by anion-exchange chromatog-
raphy using an optimized latex-coated polymeric monolithic capillary column.
Conditions: column size 10cm x 250 wm LD., pore size 0.97 wm. Flow rate
13 wL/min; mobile phase aqueous ammonium hydroxide 64 mmol/L (pH 12.8).
Peaks: D(+)galactose (1), p(+)glucose (2), p(+)xylose (3), b(+)mannose (4), maltose
(5), p(—)fructose (6), sucrose (7). Reproduced from Ref. [125] with permission.

pore surface. This monolith then enabled a fast separation of carbo-
hydrates such as that shown in Fig. 11. Simultaneously, Haddad’s
group used a similar process that afforded latex-coated polymer
monolith and used it for the separation of anions in capillary elec-
trochromatography and micro HPLC mode, respectively [126,127].
Although both these approaches afforded the desired separations,
the surface coating with latex particles was not complete thus lim-
iting the loading capacity. This problem was solved by Hilder et
al. recently who optimized the surface modification conditions and
achieved a homogeneous coverage of pore surface with latex par-
ticles [128].

We have recently extended this early approach to immobi-
lize gold nanoparticles on the pore surface of polymer monoliths
[129]. The procedure is simple: First, epoxy groups of poly(glycidyl
methacrylate-co-ethylene dimethacrylate) monolith react with
cysteamine to afford thiol functionalities that are known to be
well suited for the interaction with gold nanoparticles. Then, the
nanoparticles are formed in situ via reaction of chloroauric acid
with trisodium citrate at elevated temperature. Alternatively, pre-
formed dispersion of gold nanoparticles is pumped through the
functionalized monolith. The nanoparticles adhere strongly to the
pore surface and contribute significantly to the separation perfor-
mance. For example, no separation of peptides could be observed
using the poly(glycidyl methacrylate-co-ethylene dimethacrylate)
monolith and only a poor separationis achieved with its cysteamine

modified counterpart. In contrast, a good separation of peptides
was obtained with the column containing the gold nanoparticles.
This column can also be readily used for the selective “fishing out”
of peptides containing thiol group thus enabling simplification of
complex peptide mixtures such as protein digests.

3.2. Photoinitiated polymerization

Photoinitiation emerged in the arena of monoliths in 1997 [88].
A systematic study of the preparation of monoliths from glycidyl
methacrylate and trimethylolpropane trimethacrylate in a 2.4 mm
L.D. quartz tube using multivariate evaluation clearly demonstrated
the potential of photopolymerization that was found significantly
faster than the thermally initiated process. This new technique did
not initially find too much resonance since the thermally initiated
polymerization was a standard and was well suited for the prepa-
ration of monolithic structures that completely filled the entire
volume of a hermetically closed mold such as a column for HPLC.
However, completely filled devices might not always be desired.
For example, the preparation of monoliths in microfluidic chips
requires their formation in a specific location while other parts
must remain open. Therefore, a light initiated polymerization pro-
cess is very well suited to achieve monolith formation within a
specified space. Using a mask, the polymerization may be restricted
to the irradiated areas beneath the open parts of the mask while
monomers do not convert to polymer in those areas that are not
irradiated. The same technology is widely used for microelectronic
patterning.

The concept of photopolymerization is simple. A mixture sim-
ilar to that typically used for the thermally initiated process is
introduced in the mold and irradiated with UV light to initiate
the polymerization. Compared to thermally initiated polymer-
ization, photopolymerization is significantly faster even at room
temperature and can be completed in minutes rather than in
hours. Since it runs at room temperature, a number of less com-
mon porogens including those with low boiling point such a
methanol, ethanol, chloroform, ethyl acetate, and hexane can
also be used [130]. The only limitations of this technique are
in the use of UV transparent molds with a small size in one
dimension and UV transparent monomers. The former is readily
achieved using Teflon coated capillaries and glass chips, the latter
excludes aromatic monomers such as styrene and divinylbenzene
but leaves available a plethora of other monomers and crosslinkers
including a large number of various acrylates and methacrylates
such as glycidyl methacrylate, butyl acrylate and methacrylate,
sulfobetaines, butanediol diacrylate, and ethylene dimethacry-
late shown in Figs. 5 and 8. For example, Daley and Oleshuk
developed monolithic columns from fluorinated monomers 1H,1H-
heptafluorobutyl acrylate and 2,2,3,3-tetrafluoro-1,4-butyl diacry-
late and used them for the separations of fluorous tagged molecules
using aqueous acetonitrile as the mobile phase [131]. Lee’s
group copolymerized 2-acrylamido-2-methyl-1-propanesulfonic
acid, 2-(diethylamino)ethyl methacrylate and 2-(acryloyloxy)ethyl
trimethylammonium chloride with triethylene glycol diacrylate
as the crosslinker [132]. The latter impaired the monoliths with
enhanced hydrophilicity and reduced undesired hydrophobic
interaction of proteins with the monolith during the ion-exchange
chromatography. Recent introduction of the UV light emitting
diodes represents a new twist in the field of photopolymerized
monoliths [133,134].

An important part of the polymerization mixture is the pho-
toinitiator. Azobisisobutyronitrile is quite popular. It decomposes
while irradiated at 365 nm to afford free radicals [130,135-140].
Since this initiator can also be used for the thermally initiated
polymerization, comparative studies of both these approaches
have been carried out [141,142]. They found only small differ-
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Fig. 12. Chromatographic separation of three model proteins using monolithic poly(butyl methacrylate-co-ethylene dimethacrylate) capillary column prepared by thermally
(A) and photochemically (B) initiated polymerization. Conditions: column 20 cm x 100 wm L.D.; mobile phase A 2% formic acid in 98:2 water:acetonitrile mixture, mobile
phase B 2% formic acid in acetonitrile; gradient from 100% A to 50% B in A in 4 min; flow rate 4 pwL/min. Peaks: (1) ribonuclease A (2 pmol), (2) cytochrome c (1 pmol), and (3)
myoglobin (0.3 pmol). Dashed line represents the overall back pressure in the system. Reproduced from Ref. [141] with permission.

ences in chromatographic performance of both types of monolithic
capillary columns as demonstrated with separations of proteins
shown in Fig. 12. However, the photoinitiated monoliths exhib-
ited about twice as high back pressure thus indicating a difference
in the porous structure. Another initiators specifically designed for
photopolymerization are aromatic ketones such as 2-methoxy-2-
phenylacetophenone (benzoin methyl ether) [88,102,143,144] and
2,2-dimethyl-2-phenylacetophenone [99,132,145-148] that work
at different wavelengths.

3.3. Radiation polymerization

3.3.1. Use of y-rays

Polymerizations initiated using high energy radiation such as y-
rays or electron beam belong to the group of “exotic” approaches
to monoliths. The major advantages of this method are no need
for an initiator and thus absence of any functional groups at the
chain ends, polymerizations can be carried out at any tempera-
ture, and in almost any container including stainless steel tubes. A
certain drawback is the limited access to the source of the y-rays
for majority of scientists and significant safety requirements while
working with the radiation. Although the ionizing radiation also
creates ions that may initiate the polymerization reaction, it creates
much larger number of free radicals. Therefore the typical reaction
mechanism is free radical polymerization. Since the radicals can
be formed from all components of the polymerization mixture, the
organic solvents used as porogen may play a significant role. Keep-
ing a constant temperature during this type of polymerization is a
challenge since the polymerization itself is an exothermic reaction
and a part of the radiation is adsorbed and converted to heat.

Interestingly, an early report describing preparation of mono-
lithic hydrogel from hydrophilic acrylates and methacrylates in a
18 mm LD. glass tube using y-rays from 59Co source has been pub-
lished already in 1989 [149]. Similar to hydrogel monolith prepared
by Kubin et al. earlier [30], these monoliths were not very perme-
able for liquids and several hours were needed to flow through
mere 1 mL of water.

Useful monoliths were prepared much later. Grasselli et al.
used 60Co source to polymerize a mixture of diethylene glycol
dimethacrylate and glycidyl methacrylate dissolved in variety of
solvents including methanol, ethanol, tert-butanol, acetone, and
ethyl acetate, respectively, placed in a 4mm ID. Teflon tube
[150]. A dose exceeding 15 kGy was needed to achieve 100% con-
version of monomers to polymer. Fig. 13 shows effect of the
porogenic solvents on the porous structure. Permeability of the
monoliths depended on the percentage of monomers in the mixture
since monoliths prepared from more dilute monomer solutions
exhibit higher porosity. An increase in the proportion of glycidyl
methacrylate led to reduction in permeability. Also, more perme-
able monoliths were formed at higher polymerization temperature.
A detailed study confirmed these findings [151] that contrast those
observed for typical thermally initiated polymerizations [45,46].

The +-rays initiated polymerization process affords monolith
with pores sized at 3-5 pm with surface areas around 1 m?2/g. Use
of these monolithic columns for the isocratic separation of amino
acids with water as the mobile phase was less successful. Yet, it
concluded that the separation mechanism was combination of size
exclusion, gel sieving, and hydrophobic interactions [152].

Using a similar approach, Vizioli at al. filled fused silica capillar-
ies with a mixture of diethylene glycol dimethacrylate and glycidyl
methacrylate dissolved in methanol and irradiated them with y-
rays at room temperature for 5h at a dose rate of 5kGy/h [153].
After reacting the monolith with iminodiacetic acid and loading
with copper ions, the capillary was used for separation of peptides
in IMAC mode. They also attached iron protoporphyrin IX to the
monolith and used it for preconcentration of peptides [154].

3.3.2. Initiation using electron beam

Electron beam is applied as a high energy alternative to y-rays
to initiate polymerization. For example, Chuda et al. used electron
beam originating from 2.2 MeV Van de Graaff accelerator operated
at a high dose rate of 0.68 kGy/s (2.448 MGy/h) to prepare poly(2-
hydroxyethyl methacrylate-co-ethylene dimethacrylate) monolith
in 1 mm LD. capillaries [155]. The permeability to flow was a func-
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Fig. 13. SEM micrographs of poly(2-hydroxyethyl acrylate-co-diethylene glycol dimethacrylate) monoliths prepared in presence of different porogenic solvents. Irradiation
temperature 25 °C, dose rate of 16 kGy/h, total dose of 30 kGy. Reproduced from Ref. [152] with permission.

tion of a dose as shown in Fig. 14. Monolithic column prepared at a
high dose was less permeable. This result is in accord with obser-
vations of effects of polymerization kinetics of typical free radical
polymerization on the porous structure [46].

More thorough studies on the preparation of porous poly-
mer monoliths employing a 10MeV linear accelerator are
carried out in Leipzig [156-161]. Buchmeiser’s group prepared
poly(ethyl methacrylate-co-trimethylolpropane trimethacrylate)
monoliths in 150mm x 4.6 mm LD. stainless steel column and
100mm x 3mm LD. glass tubes [159]. The total dose of 22 kGy
needed to achieve 100% conversion was applied in increments of
ca. 3kGy over a period of 15min in order to keep the tempera-
ture in desired limits. The pore size varied around 1 pm and these
monoliths enabled fast separations. Fig. 15 shows the separation
of five proteins achieved in less than 2 min. Other mixtures such
as dansyl derivatives of amino acids were also separated. The col-
umn performance compared favorably to acommercial silica-based
C18 monolith [156] and polymer-based monolith obtained viaring-
opening metathesis polymerization [160].

Scale up to 300 mm x 20 mm L.D. stainless steel column while
increasing the dose to 34 kGy demonstrated the potential of this
polymerization technique for facile single step preparation of large
volume monolithic columns [159]. This approach was also down

scaled and used for the preparation of 15 cm long 100 and 200 pm
L.D. capillary columns with a very good permeability [161]. Detailed
measurements confirmed very good reproducibility of the poly-
merization process and applicability for the separation of protein
mixtures. However, the low polarity of the columns did not allow
separation of peptides. Therefore, more hydrophobic monomers,
lauryl methacrylate and ethylene dimethacrylate were also used
for the preparation of monoliths [161]. Indeed, both smaller size of
the microglobules and higher hydrophobicity of the chemistry led
to a significant improvement in the chromatographic performance.

4. Polymerized high internal phase emulsions

A new class of porous polymers called polymerized high inter-
nal emulsions or polyHIPE was invented in Unilever Research [162].
However, Small and Sherrington were the first to described these
materials in detail [163,164]. They are prepared by emulsifying up
to 90% water containing free radical initiator, typically potassium
peroxodisulfate, and calcium chloride in 10% of an oil phase com-
prising monomers such as styrene and divinylbenzene, as well as
a surfactant. Upon intensive stirring, this mixture forms a creamy
white, rigid mass. This process is not too dissimilar from making
a mayonnaise. It is then filled in a mold and polymerized at an
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Fig. 14. Back pressure per unit length of a 1 mm LD. monolithic capillary as a
function of methanol flow rate for poly(2-hydroxyethyl methacrylate-co-ethylene
dimethacrylate) monoliths polymerized using electron beam at a dose of 50 (®) and
100 kGy (a) Reproduced from Ref. [155] with permission.

increased temperature forming a monolith which porous struc-
ture is shown in Fig. 16. This highly porous structure consists of
interconnected spherical voids, which are negative images of the
originally present emulsified water droplets, connected with their
neighbors through “windows” in the walls. The surface area of
materials prepared from styrene containing small percentage of
divinylbenzene is very low, typically less than 5m?/g. An increase
in divinylbenzene percentage to 20% affords polymer with more
than 30 m?2/g. However, an addition of a porogen such as toluene
and a further increase in percentage of crosslinker yields poly-
HIPE with a surface area as large as 350 m?/g due to creation of
mesopores in the polymer walls [165]. PolyHIPE with a very high
surface area of 543 m? /g were then prepared from a mixture of pure
high grade divinylbenzene (80% purity) with 2-chloroethylbenzene
(porogens) [166].
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Fig. 15. Separation of lysozyme (1), ribonuclease A (2), insulin (3), cytochrome c (4),
and albumin (5) using poly(ethyl methacrylate-co-trimethylolpropane trimethacry-
late) monolith prepared using electron beam initiated polymerization. Glass column
100 mm x 3 mm L.D.; mobile phase A: 95% water + 5% acetonitrile + 0.1% TFA; mobile
phase B: 20% water + 80% acetonitrile + 0.1% TFA; linear gradient, 10-90% B in 2 min;
flow rate, 3 mL/min; UV detection at 200 nm. Reproduced from Ref. [159] with per-
mission.

Fig. 16. Scanning electron micrograph of a typical polyHIPE polymer. Reproduced
from Ref. [165] with permission.

A noteworthy feature of this technique is that the polymeriza-
tion mixture contains a rather small percentage of monomers and
their polymerization liberates limited amount of heat that then
dissipates easily. Therefore, large monolith can also be made. For
example, Cameron et al. prepared poly(styrene-co-divinylbenzene)
polyHIPE monoliths in 14 cm x 4.5 cm 1.D. mold and demonstrated
their functionalization via electrophilic aromatic substitution reac-
tion providing sulfonated, nitrated and brominated derivatives
[167]. Polymerization of reactive monomers is an alternative
approach to functionalized polyHIPE. Thus, chloromethylstyrene
was polymerized in combination with styrene, divinylbenzene,
in presence of chlorobenzene porogen to afford monolithic poly-
HIPE structure with a surface area of 223 m?/g measured using
inverse size exclusion chromatography [168]. In a different study,
polyHIPE was prepared from glycidyl methacrylate and ethylene
dimethacrylate in a 50mm x 4.2 mm LD. stainless steel column.
Thanks to the large pore size of 5.7 um, the back pressure in the
column was less than 1MPa even at a flow velocity of 1cm/s
[169]. Use of several models correlating hydrodynamic proper-
ties of this monolith with their morphological structure enabled
prediction of back pressure that reasonably matched the exper-
imental value [170]. The poly(glycidyl methacrylate-co-ethylene
dimethacrylate) polyHIPE monolith with epoxide functionalities
was converted to anion exchanger via reaction with diethy-
lamine and enabled a fast separation of proteins shown in Fig. 17
[169].

Recently, polyHIPE with a surface area of almost 400 m?/g were
prepared from 80 to 20% glycidyl methacrylate-divinylbenzene
mixtures. Interestingly, epoxy groups located in the large pores
were hydrolyzed during the preparation while those located in
mesopores smaller than about 6 nm remained intact [171].

A different approach to stabilizing polyHIPE was developed
by Colver and Bon [172] who used an old Pickering con-
cept [173]. Instead of using a typical low molecular weight
surfactant for stabilization of the water-in-oil emulsions, they
used poly(methyl methacrylate-co-divinylbenzene) nanoparticles.
Chemistry of these colloids is controlled by composition of the
polymerization mixture used for their preparation. They then
formed monoliths from different monomers such as divinylben-
zene, butyl methacrylate, and lauryl methacrylate. Using mixed or
stacked emulsions stabilized with nanoparticles having different
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Fig. 17. Fast anion exchange separation of lysozyme I (1), bovine serum albumin
(2), ovalbumin (3), and pepsin (4) using a monolithic polyHIPE column with 2-
hydroxy-3-(diethylamino)-propyl functionalities. Conditions: mobile phase: buffer
A 10mmol/L Tris-HCl buffer, pH 7.6; buffer B 1mol/L NaCl in A; gradient time
45s; flow rate 6 mL/min; UV detection at 280 nm. Reproduced from Ref. [169] with
permission.

surface chemistry enabled spatial “patterning” of functionality in
the resulting monolithic structure.

5. Cryogels

Although monolith from hydrogel was the first to be prepared
[30], they never enjoyed an applications. Recently, Mattiasson’s
group in Lund developed a cryotropic gelation technique that
affords spongy hydrophilic monolithic materials called cryogels
featuring very large pores [174]. General scheme of the forma-
tion of a cryogel is shown in Fig. 18. They define their technique
as follows: “Cryotropic gelation (or cryostructuration) is a specific
type of gel formation that takes place as a result of cryogenic treat-
ment of the systems potentially capable of gelation. The essential
feature of the cryogelation is mandatory crystallization of the sol-
vent ... The cryogels are synthesized in semi-frozen aqueous media
where ice crystals act as porogen and template the continuous inter-
connected pores after melting” [174]. This definition accommodates
two methods leading to the monoliths: (i) crosslinking of poly-
mers such as polyvinylalcohol dissolved in water [175-177] and

Freezing

Polymerization
in frozen state

Thawing

monomers and initiators
<\ icecrystals

&  initially forming polymer
O cross-linked polymer gel
€)

Supermacropore

Fig. 18. Scheme of formation of cryogels. Reproduced from Ref. [182] with permis-
sion.

Fig.19. SEM of the dextran-based cryogel prepared at —20°C and conventional dex-
tran gel prepared at room temperature. Reproduced from Ref. [174] with permission.

(ii) polymerization of monomers dissolved in water. In both cases
the solution must be frozen prior to the reaction. Using the latter, a
vast variety of cryogels has been prepared from monomers includ-
ing 2-hydroxyethyl methacrylate [174], acrylamide [178-182],
dimethylacrylamide [183], N-isopropylacrylamide [184,185], and
N-vinylcaprolactam [186]. Crosslinkers such as methylenebisacry-
lamide and poly(ethylene glycol) diacrylate are used in the
polymerization mixture to reinforce the macroporous structure
and prevent dissolution of the monolith in the aqueous mobile
phases during their application. Polymerization itself is typically
initiated with a water soluble redox system including ammo-
nium peroxodisulfate and N,N,N’,N’-tetramethylethylenediamine.
UV initiated polymerization has also been demonstrated [186]. The
polymerization mixture is prepared by dissolving all components
in water, this mixture filled in a mold such as the column tube and
rapidly cooled to a subzero temperature at which the polymeriza-
tion is carried out for up to 24 h. Fig. 19 shows SEM micrographs
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of structures prepared from an identical mixture via polymeriza-
tion at —20 and +20°C. The difference is striking. While structure
of material prepared at room temperature is virtually featureless,
cryogel exhibits large interconnected pores separated by solid poly-
mer walls.

The creation of the porous structure relies on the phase separa-
tion during freezing with one phase being frozen crystals of water
and another non-frozen liquid microphase. During the cooling, the
water crystals grow to a point at which they form a continuous
frozen framework, the porogenic structure. The frozen aqueous
phase is interspersed with the continuous monomer rich phase
whichisliquid. Monomers in this phase polymerize thus preserving
the bicontinuous structure and forming the pore walls. After com-
pletion of the polymerization reaction, the system is brought to the
ambient temperature, water within pores thaws, and can be eas-
ily replaced with a mobile phase. This description of mechanism
also indicates the major variables affecting the porous structure
[187]. The first one is the temperature at which polymerization
is carried out and the speed at which it is reached. Polymeriza-
tion at too low temperatures leads to monoliths with smaller
pores and reduced permeability to flow. However, polymerizing
at a temperature that is not low enough, a supercooled state may
persist and the desired structure is not formed [187]. The percent-
age of monomers in the aqueous solution also affects the porous
properties. The more monomers in the mixture, the thicker the
walls, and the smaller the pores. As a result, the monoliths pre-
pared from mixture with high percentage of monomers are more
mechanically stable but their hydrodynamic properties are less
advantageous [178]. An increase in content of initiator in the poly-
merization mixture leads to the formation of more rigid structures.
One component of the initiating system is an inorganic salt, ammo-
nium peroxydisulfate, which also affects the freezing properties
of the aqueous solution. Similar effect can also be expected from
addition of organic co-solvents such as 1,4-dioxane or formamide
[187].

Thanks to the very large pores in the 5-100 pm range and high
porosity that may reach up to 90%, the hydrodynamic properties
of cryogel monoliths are excellent. Since the back pressure in the
system is typically low, the applicable flow rates can be high, yet
compression of the structure is not a problem. The structural char-
acteristics are most often assessed from SEM micrographs and flow
properties [178,182,187].

The surface chemistry of typical cryogels is not very rich and
is defined by the monomers used for their preparation. There-
fore, a variety of grafting procedures have been developed that
provide the cryogel monoliths with functionalities desired for a
specific application. For example, potassium diperiodatocuprate
was used to initiate grafting of monomers such as acrylic acid,
2-hydroxyethyl methacrylate, N-isopropylacrylamide, [2-(metha-
cryloyloxy)ethyl|trimethylammonium chloride, 2-acrylamido-2-
methyl-1-propane sulfonic acid, N,N-dimethylacrylamide, and
N,N-dimethylaminoethyl methacrylate from pore surface of a poly-
acrylamide monolith with a high yield and afforded ion exchange,
thermally responsive, and interactive columns [180,188-190].

The extremely large pores make these materials excel in
the separations of solutes in the presence of particles and for
isolation of biological particles such as microbial and mam-
malian cells [174,182,191]. Bioaffinity chromatography using
cryogel monolith with immobilized concanavalin A [192] and
Ni(Il) ions [193] were also demonstrated. However, the bind-
ing capacity of these monoliths is inferior to those found for
rigid monoliths [193]. The small surface area also makes cryo-
gel monolith less suited for the separations of smaller entities
such as proteins in adsorption modes. These monoliths are also
useful as three-dimensional scaffolds for growing cell cultures
[174].
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Fig. 20. Structures of stable free radicals. 21 2,2,6,6-Tetramethyl-1-piperidyloxy
(TEMPO); 22 2,2,5-trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane (TPPA);
23 4-carboxy-2,2,6,6-etramethylpiperidinyl-1-oxy (4-carboxy-TEMPO); 24 3-
carboxy-2,2,5,5-tetramethylpyrrolidinyl-1-oxy (3-carboxy-PROXYL).

An interesting novelty somewhat related to cryogels is forma-
tion of monoliths from a mixture of soft polymer latex particles and
silica nanoparticles in water that is frozen. The freezing separates
again the mixture in two phases—ice crystals and solidified parti-
cles. A typical porous structure is then formed after sublimation of
water in freeze drying process [194].

6. Living polymerizations

Standard porous polymer monoliths feature large through pores
between aggregated microglobules. However, mesopores are most
often completely missing. As a rule, these monoliths exhibit rather
small surface areas typically less than 10-30 m2/g. This makes them
well suited for the separations of large molecules in gradient elution
mode but they fail to efficiently separate small molecules under
isocratic conditions for which a large surface area is necessary. This
fact has led to exploration of less common techniques such as living
polymerization in pursuit of better control of porous properties of
polymer monoliths.

Polymerization that may restart chain growth after addition of
anew portion of monomers is called living. The living nature is typ-
ically due to missing termination and chain transfer reactions. This
type of polymerizations is also characterized by a fast and quantita-
tive reaction of an initiator or catalyst with monomers thus creating
all potentially growing polymer chains at the same time. This gives
the chance to all growing chains to grow at the same speed. As a
result, polymers with similar chain length are formed. In the case of
monolith, this should mean that the nucleation and phase separa-
tion could be better controlled, and more homogeneous structure
could be formed.

6.1. Nitroxide mediated

Georges et al. were the first to report the living character of
free radical polymerization in presence of 2,2,6,6-tetramethyl-1-
piperidyloxy (TEMPO) shown in Fig. 20 [195]. This compound
combines reversibly with growing polymer chain radicals thus
forming a dormant species that dissociate again thus enabling fur-
ther growth of the polymer chain. This relatively slow alternating
activation-deactivation of the growing end controls the propaga-
tion rate that is then equal for all chains. As a result, all chains
have then a similar length. The initial works concerning high-
temperature styrene polymerization generated much interest in
nitroxide chemistry and the living radical polymerizations have
received a great deal of attention during last two decades due to
their potential for combining the chemical robustness of free radical
polymerizations with the high level of control over polymer com-
position and architecture characteristic of traditional ionic living
polymerization methods [196].

Asindicated in Section 3.1.1.1, change in temperature during the
preparation of monoliths leads to significant shifts in their pore size
distribution since temperature affects kinetics of initiation and for-
mation of nuclei [46]. Therefore, the combination of slower kinetics
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Fig. 21. Integral pore size distribution profiles of porous polymer monoliths pre-
pared by a typical polymerization at 70°C (1) and in the presence (2) and the
absence (3) of TEMPO at 130°C. Conditions: polymerization mixture—styrene
20wt%; divinylbenzene 20 wt%; 1-dodecanol 60wt%; benzoyl peroxide 0.5wt%
(with respect to monomers); TEMPO 1.2 molar excess with respect to benzoyl per-
oxide. Reproduced from Ref. [47] with permission.

and elevated reaction temperatures typical of the TEMPO-mediated
polymerizations was thought to enable the preparation of mono-
liths with completely different porous properties. An additional
benefit of this approach was that the resulting monolithic structure
contained TEMPO-capped latent radicals. These potentially reactive
functionalities can later be used to graft polymer chains from the
pore surface thus allowing tailoring the surface chemistry. Indeed,
experiments run at a temperature of 130°C in both the presence
and absence of TEMPO have led to monoliths with entirely differ-
ent porous structures compared to their counterparts prepared at
much lower temperature [47]. Fig. 21 shows the cumulative pore
volume distribution curves for three monoliths prepared under dif-
ferent conditions. Interestingly, the porosity plots do not differ for
monolithic polymers prepared at 130°C no matter if TEMPO was
present. This suggests that the unique porous structure we found
is not result of the controlled nature of the polymerization. Porous
structures of monoliths prepared at a high temperature feature a
significant portion of mesopores that result in a high surface area
of up to 300 m?/g. These pores have sizes that make them suit-
able even for the separations in size exclusion mode. Unfortunately,
these monolithic columns were not well permeable.

The absence of the Trommsdorff effect in TEMPO-mediated
polymerizations [197] allowed the batch preparation of a
poly(styrene-co-divinylbenzene) monolith with 5 cm diameter. An
exotherm of only 6°C was recorded at the center of the mold,
and the resulting monolith did not exhibit any radial or axial het-
erogeneity. This compares favorably to an exotherm of 50°C and
formation of structures heterogeneous in radial direction observed
for typical free radical polymerizations [198].

Hawker et al. designed an unimolecular concept in which an
alkoxyamine was used as the initiator [199,200]. These new initia-
tors then enabled carrying out the living radical polymerizations
at lower temperatures. Since the use of these “low” temperature
mediators in the preparation of porous monoliths might sub-
stantially simplify the control of porous properties, we explored
application of one of these alkoxyamine initiators, 2,2,5-trimethyl-
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Fig. 22. SEC calibration curves of 50mmx8mm LD. poly(styrene-co-
divinylbenzene) monoliths prepared at a temperature of 130°C using 85:15
PEG-decanol porogen and different stable free radicals at a molar ratio of 1.3-1
with respect to benzoyl peroxide. Reproduced from Ref. [202] with permission.

3-(1-phenylethoxy)-4-phenyl-3-azahexane 22 for the preparation
of poly(styrene-co-divinylbenzene) monoliths. Unfortunately, we
found that the alkoxyamine-initiated polymerization of mono-
liths remained very slow. Even at a temperature of 110°C, 168 h
were needed to complete polymerization and the pores were
still too small. Replacing dodecanol with higher alcohols such as
octadecanol enabled an increase in mode pore size to about 1 wm.
However, this happened at the account of the surface area that felt
from 300 to mere 17 m?2/g. Clearly, the use of alkoxyamine did not
afford the desired monoliths. Thus, finding systems polymerizing
faster, requiring lower polymerization temperatures, and afford-
ing monoliths with favorable porosity was instrumental for the
preparation of materials with the desired properties [201].

We then used several commercially available stable free rad-
icals. Among these, 4-carboxy-TEMPO 23 and 3-carboxy-PROXYL
24 significantly accelerated the polymerization process [202]. Sev-
eral porogens were also tested to obtain monoliths with pore size
distribution enabling good permeability to flow. Fig. 22 summa-
rizes the SEC calibration curves for monolithic columns prepared
using different mediators. The difference in retention volumes of
polystyrene standard with MW 580 and 3 220 000 for column pre-
pared in presence of 3-carboxy-PROXYL 24 indicates that at least
60% of the theoretical pore volume based on the content of porogens
in polymerization mixture is accessible to the standards.

Recently, Kanamori et al. used a porogenic mixture contain-
ing polymer to prepare porous poly(divinylbenzene) monoliths
[203]. Their polymerization mixtures comprised divinylbenzene,
1,3,5-trimethylbenzene, as well as dimethylsiloxane and the poly-
merization carried out at 125°C in glass ampoules was initiated
using a system consisting of TEMPO, acetic anhydride, and ben-
zoyl peroxide. Under optimized conditions, the morphology of the
monolith resembles that of silica-based monolith featuring porous
skeletons with large through pores shown in Fig. 23 and remark-
ably high surface areas exceeding 600 m?/g. The authors conclude
from these results that the skeletons must consist of agglomerated
nanoparticles less than 10 nm in size that further aggregate to form
larger secondary particles ranging in size from few tens to hundred
nanometers that then form the skeletons. Unfortunately, no chro-
matographic and hydrodynamic characteristics are available yet for
these interesting materials.

Once the polymerization reaction is stopped by decreasing the
temperature or because all the monomers are exhausted, the free
radical capped with the TEMPO modulator remain dormant in the
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Fig. 23. Scanning electron microscopy images of poly(divinylbenzene) monoliths prepared with increasing percentage of polymer porogen in the polymerization mixture
composed of divinylbenzene, 1,3,5-trimethylbenzene, dimethylsiloxane, TEMPO, acetic anhydride, and benzoyl peroxide. Reproduced from Ref. [203] with permission.

monolith and can be potentially reused. This feature is beneficial
for functionalization of the pore surface using the “grafting from”
technique which means that the radical residing at the pore sur-
face can be reactivated and initiate polymerization that starts from
radical present at the surface. The pores are simply filled with a new
monomer and the column heated to the reaction temperature. The
dormant radicals become active and initiate polymerization that
starts at the pore surface and protrudes in the pore. The extent
of grafting is readily controlled by time. The major advantage is
the disconnection of the porous structure formation from its func-
tionalization. We first demonstrated this option using very simple
experiment including grafting of poly(styrene-co-divinylbenzene)
monolith with 2-hydroxyethyl methacrylate and chloromethyl-
styrene followed by monitoring occurrence of new peaks in FT-IR
spectra [47]. More detailed experiments with additional monomers
such as t-butyl methacrylate and 4-vinylpyridine showed that sig-
nificant quantities of grafts can be formed in pores at a temperature
equaling that used for polymerization of the monolith [201].

6.2. Organotellurium initiators

The nitroxide-mediated polymerization described in Section 6.1
depends on reversible generation of a free radical located at termi-
nal carbon atom of the chain and persistent nitroxyl radical capping
the chain end. Organotellurium-mediated living radical polymer-
ization follows a similar rule [204,205]. The carbon-tellurium bond
of the organotellurium unimolecular initiator such as 1-phenyl-1-
methyltellanylethane 25 (Fig. 24) cleaves at a higher temperature
and forms a carbon-centered free radical that initiates the polymer-
ization until it combines with the tellurium radical. Thus, styrene
is polymerized at a temperature of 105°C for 18 h to achieve ca.
90% conversion [204]. An addition of azobisisobutyronitrile to the
polymerization mixture significantly accelerates the kinetics and a
similar conversion is achieved at 60°C in only 11 h [205].

Kanamori’s group was intrigued by this unusual approach and
used it also for the preparation of porous monoliths from 80% grade
divinylbenzene [206]. The initiator was a 2:1 mixture of ethyl-2-
methyl-2-butyltellanyl propionate 26 and azobisisobutyronitrile.
They used again 1,3,5-trimethylbenzene, and dimethylsiloxane as
porogens and run the polymerization at 80°C for 24 h. The bicon-
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Fig. 24. Examples of tellurium containing initiators.

tinuous morphology of the monolith is controlled by addition of
the polymer porogen and exhibits features similar to that shown
in Fig. 23. No pores are formed in absence of the polymer poro-
gen while even a small percentage of dimethylsiloxane triggers
spinoidal phase separation and formation of large pores in the
micrometer range. More surprisingly, these monoliths exhibit sur-
face areas of up to 860 m?/g, a value quite unusual for monoliths.
The formation of rather large surface area is attributed to a sec-
ondary phase separation that occurs within the gelling phase and
develops the “skeletal” pores [206].

The major advantage of using organotellurium compounds as a
part of the initiation system is their easier preparation in a vari-
ety of structures and facile functionalization. Also, the high surface
areas attainable using this method may facilitate the separations of
small molecules inisocratic mode. The downturn is much less expe-
rience with this type of polymerization and completely missing
preparation of columns and chromatographic evaluation of their
performance.

6.3. Atom transfer radical polymerization

Atom transfer radical polymerization (ATRP) has been intro-
duced by Matyjaszewski in the mid 1990s [207] and is now
widely used in the preparation of well defined polymers and
copolymers [208]. Despite the popularity of this technique in
general polymer chemistry, its use in the preparation of mono-
liths is very limited. Kanamori et al. described its application
for the preparation of monoliths from a pure crosslinker, 1,3-
glycerol dimethacrylate 7 [209]. The polymerization mixture first
consisted of this monomer, hexamethyltriethylenetetramine, cop-
per(I) bromide, and methyl-a-bromophenylacetate dissolved in
dimethylformamide. However, this monolith did not exhibit any
porosity after drying. Incorporation of poly(ethylene oxide) (PEO)
with a molecular mass of 100 000 enabled formation of a bicontinu-
ous porous structure which parameters depended on percentages
of the monomer, PEO, and solvent in the mixture. Varying these
parameters, monoliths with mean pore sizes ranging from 70 to
900 nm could be obtained.

The authors argue that there is a significant difference between
the preparation of monolithic structures using typical free radi-
cal polymerization and ATRP. The former leads to heterogeneous
crosslinking due to uncontrolled termination of formed polymers
that being “dead” from the kinetic point of view serve then as
microgels that coalesce and form the well known aggregates
of microglobules. In contrast, living free radical polymeriza-
tions affords a highly homogeneous crosslinking due to isotropic
spinoidal decomposition induced through the presence of another
polymeric agent, PEO. Indeed, SEM micrographs indicate that mor-
phology of monolith prepared from analogous mixtures using ATRP
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Fig.25. Examples of monomers used in the ring-opening metathesis polymerization
affording porous monoliths.

approach and standard radical polymerization thermally initiated
with azobisisobutyronitrile are completely different.

While this study focuses on morphological features of the mono-
liths and measurements of pore size distributions using mercury
intrusion porosimetry, it falls short in presenting the effect of
this polymerization technique on the extent of surface area which
increase is desirable. Also, all experiments were carried out in glass
ampoules and the transfer of this approach to columns and testing
of their chromatographic performance has yet to be demonstrated.

6.4. Ring-opening metathesis polymerization

The ring-opening metathesis emerged in the mid 1970
[210,211] and soon became an indispensable tool in organic chem-
istry. Its value has been recognized by awarding the 2005 Nobel
Prize in chemistry to Chauvin, Grubbs, and Schrock. This reaction
has also been used in polymerizations thus enabling the prepara-
tion of a variety of polymers with interesting properties [212]. In
2000, Sinner and Buchmeiser introduced ring-opening metathesis
polymerization (ROMP) in the field of monoliths [213,214] and in
detail described in several reviews [6,27,215,216].

Initially, monomers used in this technique were derivatives
of norbornene (Fig. 25). For example, a mixture of nor-
bornene 27, exo,endo-1,4,4a,5,8,8a-hexahydro-1,4,5,8-exo,endo-
dimethano-naphthalene 28 (crosslinker), toluene and propanol
(porogens) was polymerized in the presence of ruthenium complex
29 (catalyst) in a 3 mm L.D. glass tube (mold) at room temperature
overnight to afford a porous monolith [213]. The porous properties
were again a function of the percentage of crosslinker, composition
of the porogenic mixture, concentration of initiator, and temper-
ature clearly indicating that the phase separation and reaction
kinetics are again at play. The glass tube was functionalized with
norborn-2-ene-5-yltrichlorosilane 30 in order to avoid detachment
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Fig. 26. SEM micrographs of monolith prepared using ROMP process in a 3 mm I.D.
column and 200 pm L.D. capillary. Reproduced from Ref. [217] with permission.

of the monolith from the wall. The polymerization itself proceeds
in a sealed test tube in which the column tube open at both end
is placed and completely covered with the polymerization mix-
ture. Once the polymerization process is complete, the test tube is
broken and the mold with the monolith inside recovered.

Obviously, this process can be easily transferred to fused silica
capillaries since chemistry of glass and silica is similar. Morpholo-
gies of monoliths prepared in 3 mm I.D. column and 200 pm [.D.
capillary are compared in Fig. 26 [217]. The difference is striking.
Microglobules of the monolith prepared within the capillary fea-
ture a rough surface. In contrast, polymer prepared in glass tube
is built from larger microglobules which surface appears smooth
and well defined. Interestingly, measurements of the permeabil-
ity to flow did not reveal any significant difference between both
formats. However, the chromatographic performance of capillaries
was much better than that of their 3 mm I.D. counterparts. The peak
width in the latter was twice as large as in the former [217].

The effect of downscaling of this technique was recently stud-
ied in a greater detail [218]. Sinner et al. used capillaries with
a diameter of 200, 100, and 50 wm but did not observe any dif-
ference in the morphology of the resulting monoliths. They only
noticed a higher variability in repeatability of permeability in series
of columns prepared under identical conditions in narrower capil-
laries. They ascribe this behavior to the more pronounced effect of
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irregularities in the porous structure due to the increasing ratio of
pore size to the capillary diameter.

The original procedure involving norbornene derived
monomers was later extended to other cyclic monomers
[219,220]. For example, cis-cyclooctene 31 was copolymer-
ized with tris(cyclooct-4-ene-1-yloxy)methylsilane crosslinker 32
to afford monoliths with well developed microglobular structure
suitable for the separation of proteins [221].

The living character of polymerization facilitates the surface
functionalization. The procedure is similar to that outlined in Sec-
tion 6.1. The mold containing monoliths is recovered, provided with
end fittings, and attached to a pump. First, a solvent is pumped
through to remove all liquid contents from the pores. Then the
pores are filled with a solution of the functional monomer and
the grafting polymerization carried out at a higher temperature.
The grafting was demonstrated using a variety of functionalized
norbornenes and 7-oxanorbornes [213].

7. Polycondensation

Vast majority of monoliths have been prepared using chain-
growth polymerization such as free radical polymerization. In these
techniques the polymer chain propagates during the entire poly-
merization process via a reaction of monomer molecules with
the polymer chain that bears the active site located at its end.
In contrast, step-growth polymerization also called polyconden-
sation features repeated activation of the chain end thus allowing
for growth of all polymer chains in the system no matter how long
they are. These reactions are not sensitive to oxygen and the care-
ful de-aeration essential for free radical processes is not needed.
Recently, polycondensation became a new contribution to the fam-
ily of methods enabling the preparation of monoliths.

Urea-formaldehyde polymer was the first chromatographic
monolith prepared using polycondensation [222]. Its preparation
is simple. An acidified aqueous solution of urea and formaldehyde
is mixed together and poured in a stainless steel tube. After a short
period of reaction at room temperature, the final curing is achieved
at 60°C in several hours. The monolith was formed from aggre-
gated 2 wmirregular particles and had a surface area of 42 m2/g. The
imine functionalities of the resin then reacted with a triazine dye
Cibachrom blue F3GA, which is a well known group-selective ligand
broadly applied in affinity chromatography. The dynamic loading
capacity of this column for lysozyme was 1 mg/mL. Its specificity
was demonstrated with the isolation of bovine serum albumin
(BSA) from the newborn calf serum. While BSA was retained in pH
7.0 Tris buffer, all other proteins were eluted. Albumin was then
recovered using 1 mol/L sodium chloride solution in the Tris buffer.

Monomers containing epoxy groups shown in Fig. 27 were
used more often. Hosoya’s group demonstrated the preparation
of porous monoliths using polycondensation of bisphenol A digly-
cidyl ether (BADE) 33 with 4,4’ -methylene-bis-cyclohexylamine 34
dissolved in low molecular weight oligo(ethylene glycol) and car-
ried out at temperatures 80-160 °C for 4 h [223]. Their initial study
was then extended and focused on the morphology of the resin
as a function of the composition of polymerization mixture [224].
Their polymers exhibited the bicontinuous porous structure with
a through pore size in single micrometers. However, the surface
areas of these polymers did not exceed 10 m2/g indicating that the
skeletons were not porous.

Guided by environmental concerns, Li at al. used biodegrad-
able epoxy soybean oil as a solvent and porogen instead of
poly(ethylene glycol) for the preparation of BADE-4,4'-methylene-
bis-cyclohexylamine monoliths [225]. The morphology of the
polymer was completely different from that observed by Hosoya
and was formed from epoxy resin matrix containing spherical
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Fig. 27. Examples of reaction partners used for the preparation of monoliths using
polycondensation reaction.

holes originally filled with phase separated epoxy soybean oil. This
closed-cell structure does not appear to be permeable if placed in
a column. Interestingly, a polymerization mixture containing 40%
oil afforded monolith with a porosity of only 8.6%. This could be
explained by significant shrinkage accompanying the extraction of
the epoxy soybean oil from monolith. Another explanation is inclu-
sion of a significant part of the epoxy soybean oil in the resin since
it also contains reactive epoxide functionalities.

Since the properties of the BADE based monoliths probably
did not appear suitable for the chromatographic applications,
Hosoya used tris-(2,3-epoxypropyl)-isocyanurate (TEPIC) 35 as
the epoxide containing monomer together with 34 and carried
out the polymerization reaction in 100 pm LD. capillaries, which
wall was modified with epoxypropyl-trimethoxysilane [226]. The
monolithic structure had 3.3 pm through pores. Unfortunately,
optimization of the reaction conditions leading to the monolith
used in this work is not presented. The authors found a surface
area of 2.7m?/g and pore volume 0.004 mL/g determined using
nitrogen adsorption/desorption. These values are within exper-
imental error of the method and indicate that the monolith in
the dry state does not contain any small pores. Surprisingly, this
column exhibits almost linear SEC calibration curve in the range
from benzene to polystyrene standard with a molecular weight of
20 x 108 with a significant volume of pores engaged in this sep-
aration. Unfortunately, no explanation is suggested to reconcile
these controversial findings. Perhaps, the matrix swells upon the
solvation with the mobile phase that always contains acetonitrile.
The authors demonstrate the application of this monolithic column
with separations of various compounds in both reversed phase and
hydrophilic interaction modes. The column efficiency for benzene
is claimed to be 47 200 plates/m.

Wang and Zhang used a similar procedure in which BADE
was condensed with ethylenediamine 36 in the presence of
poly(ethylene glycol) 1000 in a 10 cm x 1 cm LD. glass tube [227].
The morphology of this monolith is somewhat similar to that
observed by Hosoya. This column was used without any further
modification for preconcentration of lead ions and exhibited a load-
ing capacity of 106.8 mg PbZ*/g with recoveries over 95%. While
anions and alkali metal and alkali earth metal ions did not interfere
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with the sorption of lead ions, transition metal ions significantly
affected the sorption properties thus making the resin less suitable
for preconcentration of complex samples.

Commercially available poly(glycerol-3-glycidyl ether) 37 is
another epoxy groups containing precursor suitable for the
preparation of hydrophilic monoliths [228]. This compound was
dissolved in porogenic solvent comprising toluene and methyl-t-
butyl ether and after admixing a catalyst, boron trifluoride, the
mixture was transferred in silanized glass column. The crosslinking
was left to proceed at room temperature for 1h. Monolith pre-
pared under these conditions contained both hydroxyl and epoxide
functionalities. Its pore size as large as 22 um makes it an ideal sup-
port for the affinity capturing of whole cells. The residual epoxide
functionalities were first hydrolyzed to a diol, activated with 1,1~
carbonyldiimidazole, followed by immobilization of the Polymyxin
B ligand. The binding capacity of a 6 mm x 4.5 mm L.D. monolithic
column was 4 x 10° E. coli cells as determined by frontal elution
and did not depend on the flow rate. The elution of all captured
cells without affecting their viability was achieved using carbonate
buffer pH 8.2.

Nguyen and Irgum made an attempt at the preparation of
monolith from oil-in-water emulsions of a mixture of BADE 33
or 1,4-butanediol diglycidyl ether 38 (BDDE), surfactant (Pluronic
L101 or Pluronic P123), and porogen (diethylene glycol dibutyl
ether, diethylene glycol diethyl ether, or poly(tetrahydrofuran)) in
0.1 mol/L aqueous solution of calcium chloride containing diamino-
hexane 39 [229]. Their early experiments with polycondensations
mostly afforded monoliths than could be characterized as an array
of fused spherical particles. However, further work led to discov-
ery of a system consisting of 1:1 BADE and BDDA epoxy component
and 60% of stoichiometric amount of diamine that provided for a
structure similar to that of silica-based monoliths. The through pore
size of this monolith measured using mercury intrusion porosime-
try was 1.8 wm and the surface area was ca. 2 m?/g. Once again, this
small surface area can result from shrinkage during the drying.

In continuation of this research, they also prepared monoliths
from more complex mixtures that allowed them to better control
the morphology and porosity [230]. For example, Fig. 28 shows
a monolith with a well developed bicontinuous structure pre-
pared from an oil phase composed of BADE 33, BDDE 38, and
glyceryl triglycidyl ether 40 dissolved in diethylene glycol diethyl
ether dispersed in the continuous aqueous phase containing a mix-
ture of diaminohexane 39 and tetraethylenepentamine 41. This
monolith contained a significant amount of hydroxyl function-
alities (4.7 mmol/g) that provide the monolith with hydrophilic
properties. Its pore size was again centered at 1.8 wm but a
slightly higher surface area of 4.5 m2/g was found in the dry state.
2H NMR cryoporosimetry carried out with monolith swollen in
water-deuterium oxide mixture indicated presence of hydrogels
which may explain separation properties of the similar mono-
lith prepared by Hosoya [226]. These unusual monoliths certainly
exhibit remarkable morphological structures. However, their per-
formance in separations has yet to be demonstrated.

8. Preparation of monoliths from soluble polymers

Probably the most unprecedented yet simple approach to
porous polymer monoliths has been developed by Irgum’s group
in Sweden. They prepared monolithic materials from a ready-
made polymer, a linear polyamide [231]. The proof of concept was
demonstrated with fishing line polyamide dissolved at 130°C in
benzyl alcohol followed by controlled slow cooling in a capillary to
achieve precipitation of the polymer and formation of the mono-
lith. Benzyl alcohol was chosen since it does not dissolve polyamide
at the room temperature. They explored the effects of concentra-

Fig.28. SEM micrographs of epoxy monoliths prepared from 45% organic phase con-
sisting of epoxide monomer mixture of 1,4-butanediol diglycidyl ether, bisphenol A
diglycidyl ether glyceryl triglycidyl ether (4.5:4.5:1) and diethylene glycol dibutyl
ether, dispersed in the aqueous phase containing 20% diethylene glycol diethyl
ether as the cosurfactant and 80% of the stoichiometric amount of diaminohex-
ane and tetraethylenepentamine (9.7:1) dissolved in 0.1 calcium chloride solution.
Reproduced from Ref. [230] with permission.
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Fig. 29. Structures of soluble polyamides used for the preparation of monoliths via
phase separation.
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Fig. 30. SEM micrographs of monolith prepared from polyamides. Reproduced from Ref. [232] with permission.
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tion of polyamide solution and speed of cooling on morphology of
the monoliths and found that monolith prepared under optimized
conditions contains large through pores and has a surface area of
about 7 m?/g indicating again absence of mesopores.

The follow up study published recently focuses on the effects
of multiple parameters not considered in the early communication
such as chemical nature of the polyamides shown in Fig. 29, time
the solution spent at high temperature during dissolution, pres-
ence of oxygen and water on morphology of the monolith [232].
The structure and molecular weight of polyamide affects the ease
of dissolution. For example, polyamide 46 and 66 did not dissolve
under given conditions at all. Polyamide 69 afforded monolith that
collapsed under drying and structure of monolith prepared from
polyamide 6/66 was not suitable for flow through applications. The
best monoliths with surface areas reaching up to almost 60 m?/g
having a pore size of 2 pm were produced from polyamides 6 and
610. Morphological features of these monoliths are presented in
Fig. 30. This figure also shows the wide variety of structures this
method may offer.

The effects of both length of keeping the solution at 130°C and
water were ascribed to degradation of polymers. In contrast, oxy-
gen oxidizes benzyl alcohol to benzaldehyde that then reacts with
terminal amine groups of polyamide and changes it properties.
Although the initial work has been completed, the hydrodynamic
properties, resistance to compression and applications of these
unusual monoliths have not been tested. Provided these monoliths
would exhibit good performance in applications, this simple pro-
cess can be also used for the preparation cheap large size units and
perhaps extended to other polymers.

9. Conclusions

The text presented above clearly demonstrates the rapid
development of the area of monolithic technologies. The porous
monoliths are still young and explorations in their field will cer-
tainly lead to discoveries of novel materials and shapes with
unexpected properties and applications. For example, the new
polymerization mechanisms and chemistries such as electron beam
initiated polymerization, ring-opening metathesis polymerization,
polycondensation of epoxides, and precipitation described in this
review emerged just in the last few years. These newly devel-
oped monoliths also result in new morphologies that may enable
fast separations and new selectivities. Since polymer chemistry is
really rich in options, this trend will continue. Formation of mono-
liths via grafting and crosslinking of aggregated submicrometer
sized particles presented recently by Morbidelli’s group [233] is
one example of new directions. We can also expect new discov-
eries related to miniaturization of separation devices containing
monoliths in both narrow bore capillaries and microfluidic chips.
Although this development may look trivial since it appears to
only involve a decrease in size and shape of the cross section, the
effect of confinement in very narrow conduits can be significant
[57,234,235].

Although this review focused on columnar formats, monoliths
in new shapes are also emerging. For example thin monolithic
layers we are developing facilitate very simple 2D separations
of peptides and enable their direct mass spectrometric detection
[236,237]. Recently developed superhydrophobic monolithic lay-
ers allow photopatterning of functional monomers through a mask
thus generating three-dimensional patterns of chemistry that per-
meate the entire bulk of the material [238]. The channels are
simply defined by the difference in surface tension. Consequently,
microchips can be created on the plate without need for any fabri-
cation. It is safe to assume that these materials are likely to find a
number of applications in both separation science and diagnostics.
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