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Abstract

Macroporous copolymer networks form as a result of the phase separation during the free-radical crosslinking
copolymerization of vinyl and divinyl monomers in the presence of an inert diluent. In this article, the develop-
ments achieved in the field of macroporous networks over the last few years are presented. Special attention is paid
to the preparation techniques of macroporous networks in an effort to highlight the new synthesis strategies
developed in the recent years. It has been demonstrated that a variety of porous structures can be obtained during
or after the cross linking process by changing the independent variable of the network synthesis, i.e. the extent of
the polymer—(diluent- monomer) interactions, the amount of the crosslinker and the diluent as well as the
initiator concentration or the polymerization temperature. The reaction system leading to macroporous networks
is a (quasi)ternary system composed of a polymer network, soluble polymers, and low molecular compound
(monomers and diluent). All concentrations and properties of the components of the system change continuously
during the crosslinking process. It will be shown that the theoretical models developed recently correctly predict
the phase separation condition during the crosslinking process as well as the total porosity of the resulting
macroporous network® 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The formation conditions of heterogeneous (macroporous) structures in crosslinked polymers has
been the subject of both applied and fundamental research for many years. Macroporous, crosslinked
polymers, are effective efficient materials for many separation processes, and therefore, they are widely
used as starting material, for ion exchange resins and as specific sorbents.

Initially ion exchange materials were produced by the sulfonation of natural materials such as coal,
lignite, and peat. Later, the crosslinked materials based mainly on phenol-formaldehyde condensation
products were used in ion exchange processes [1]. While some control of the crosslinked polymer
structure was possible with this type of resin, a better design of the polymer structure has been achieved
with the use of crosslinked polystyrenes. These resins, now known as the conventional or gel-type resins,
or as homogeneous gels, were obtained by free-radical crosslinking copolymerization of styrene (S) and
divinylbenzene (DVB) monomers using suspension polymerization [2,3] As first reported in 1935 by
Staudinger and Huseman, the copolymerization of S in the presence of a small amount of DVB yielded a
product that swells in good solvents but does not dissolve in them [4]. The degree of swelling can readily
be adjusted by the amount of DVB used in the gel synthesis. Thus, the flexibility of the network chains in
S—DVB copolymers has been useful for many ion-exchange applications.

However, there were still several limitations of S—DVB networks because a number of their properties
is inversely coupled. For example, decreasing the degree of crosslinking of the networks in order to
increase their ‘molecular porosity’ resulted in a considerable volume change of the copolymers as well
as in their accelerated chemical degradation. Moreover, since the molecular porosity was a result of the
swelling of the beads, they exhibited negligible ‘pore structure’ in nonsolvents, which restricted the use
of such materials.

Towards the end of the 1950s, a new polymerization technique was discovered that yielded cross-
linked polystyrenes having a porous structure in the dried state [5—22]. This technique involved the
suspension polymerization of a S—DVB monomer mixture in the presence of an inert substance (the
diluent), which is soluble in the monomer mixture but a poor solvent for the copolymer. After poly-
merization, the diluent was removed from the network, leaving a porous structure within the
highly crosslinked polymer particles, which provided sufficient mechanical stability. Thus, the
inert diluent acts as a pore-forming agent, and plays an important role in the design of the pore
structure of crosslinked materials. Electron micrographs showed that the networks prepared with-
out using a diluent consist of a continuous polymer phase whereas those prepared by using a
diluent consist of agglomerates of particles of various sizes. These new materials were called
‘macroporous’ or ‘macroreticular’ polymer networks. Subsequently, several diluents were used in
the polymerization such as solvents or nonsolvents for the polymer chains (solvating or nonsol-
vating diluents, respectively), or inert linear polymers [23].

It is now well understood that a phase separation during the formation of the network is mainly
responsible for the formation of porous structures in a dried state. In order to obtain macroporous
structures, a phase separation must occur during the course of the crosslinking process so that the
two-phase structure is fixed by the formation of additional crosslinks [23]. Depending on the synthesis
parameters, phase separation takes place on a macroscale (macrosyneresis, deswelling) or on a micrc
scale (microsyneresis) [23].

During the past 40 years, the synthesis of macroporous copolymer networks based on the various
chemical compositions has been the subject of many studies. The history of macroporous gels reflects
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the progress of our understanding on polymer gels formed by free-radical crosslinking copolymeriza-
tion. The existence of elastically ineffective crosslinks (cycles and multiple crosslinks), trapped radicals
and pendant vinyl groups, inhomogeneities and heterogeneities in polymeric gels as well as the possi-
bility of a first-order volume phase transitions in gels depending on the external conditions were the
topics investigated during the past 40 years in parallel with the studies on phase separation during the
network formation process leading to macroporous networks.

Three reviews were published on macroporous networks formed by free-radical crosslinking copo-
lymerization, covering the developments in this field until 1982 [23—25]. One of these reviews [23],
published in 1967 in the German language covers all the fundamental aspects of macroporous networks
This work contributed to the rapid development in the field of macroporous networks by consolidating
the individual publications and patents. One of the co-authors of this review, Karel Dusek, also made
significant advances in the theoretical and experimental aspects of macroporous networks. Therefore, hi
can be considered as the founder of macroporous networks formed by free-radical crosslinking
copolymerization.

The objective of this review is to present new developments achieved in macroporous networks. This
manuscript is organized as follows: in Section 2, the preparation and characterization techniques of
porous networks are reviewed with a focus on the new synthetic strategies developed in recent years
Section 3 is devoted to the development of a mechanistic picture on the formation of porous structures
during the crosslinking polymerization. In Section 4, a review is given concerning experimental findings
regarding the relationships between the synthesis condition and the pore structure of polymers. In
Section 5, the semi-emprical equations describing the equilibrium swelling ratio—porosity relations of
macroporous networks are discussed and are compared with experimental data. One of the most strikin
feature of the macroporous copolymer networks is that their porous structures are not fixed. The
structure can be modified by treating the networks with solvents. Experimental studies that relate the
pore structure variation during the post-treatment of polymer networks are reviewed in Section 6. Finally
Section 7 deals with a detailed kinetic and thermodynamic analysis of free-radical crosslinking copo-
lymerization leading to macroporous networks.

1.1. Definitions

In the early work on ion-exchange resins, the space between the network chains in a swollen gel
available for the transfer of solutes was defined as ‘porosity’ or ‘molecular porosity’. However, this term
is clearly misleading because the distance between the chains cannot be measured independently and
varies between zero and several nanometers depending on the external conditions [26]. On the othe
hand, a gel is a two-phase system consisting of the network chains and solvent molecules. Removing the
solvent from a homogeneous gel results in a polymer network which is nonporous.

After the development of porous networks towards the end of 1950s, it became necessary to distin-
guish these new materials from the conventional materials and the terms ‘macroporous’ and ‘macro-
reticular’ were introduced. The conventional resins were called as ‘microporous’ or ‘microreticular’.
However, these definitions are also incorrect due to the fact that macropores refer, according to IUPAC,
[27] pores of larger than 500 JAvhereas macroporous networks usually have a broad pore size distribu-
tion ranging from 16 to 10“A Today, the terms porous, macroporous, microporous, macroreticular,
permanently porous, sponges, heterogeneous were used synonymously to describe such materials [2¢

The definition of ‘macroporous’ or ‘macroporosity’ has been extensively debated. Millar defined
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Fig. 1. Schematic representation of the suspension polymerization technique to produce macroporous copolymer network
beads.

macroporosity as being the property of S—-DVB networks which are able to regain more than 0.1 ml
cyclohexane (nonsolvent) per gram of the dry copolymer [19]. Haupke and Pientka defined macroporous
copolymers as opaque and white materials with a measurable surface area; such materials start to formin
S—-DVB copolymerization at moderate or high crosslinker contents and at intermediate concentrations of
diluent [29,30]. In order to define the macroporous domain, these authors used a diagram with the
amount of DVB as abscissa and the amount of the diluent as ordinate. Jacobelli et al. defined the
macroporous copolymers as materials in which all sizes of intraparticular clusters (nuclei, microspheres
and agglomerates) are visible in the electron microscope, i.e. materials having pores from a few
angstroms up to several thousands of angstroms [31]. They noted that the copolymers formed at low
DVB and diluent contents are gel type whereas at a high diluent content, a material with a fused
morphology forms in which only the shapes of the microspheres can be detected in electron micrograph.
According to these authors, a macroporous structure is characterized by a three-level morphology
[32—34]. Sederel and De Jong defined micro and macroporosity with respect to the size of the
pores inside the dry network [35]. Thus, they distinguish the microporosity as the interstices between the
nuclei whereas macroporosity includes the pores between the microspheres and larger agglomerates
[35]. Rabelo and Coutinho defined macroporous S—DVB copolymers according to the kinetic data of
their heptane uptake; those able to absorb more than 0.1 ml heptane per gram of copolymer within a
short time &5 min) are called macroporous [36]. In general, macroporous copolymers refer to materials
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Table 1

Comonomer systems other than S—DVB for the synthesis of macroporous networks (BAMNi-methylene(bis)acrylamide;
DVB = divinylbenzene; EGDM= Ethyleneglycol dimethacrylate; HEMA 2-Hydroxyethylmethacrylate; GMA: Glycidyl
methacrylate; MMA= Methyl methacrylate; NIPA= N-isopropylacrylamide; TRIM= Trimethylolpropane trimethacrylate)

Comonomer system Reference
Acrylamide/BAAmM [38]
Acrylic acid/EGDM [39]
Acrylonitrile/DVB [40-44]
Acrylonitrile/ethyl or butyl acrylate/DVB [45-47]
Acrylonitrile/vinyl acetate/DVB [48]
Dimethacrylates with various chain lengths [49-51]
DVB/1,4-di(methacryloyloxymethyl) naphthalene [52,53]
2,3-Epithiopropyl methacrylate/EGDM [54]
GMA/EGDM [55-60]
GMA/2-hydroxypropylene dimethacrylate [61]
HEMA/EGDM [62-67]
NIPA/dihydroxyethylenebisacrylamide [68]
Maleic anhydride/styrene/DVB [69,70]
Methacrylic acid/DVB [71-74]
Methacrylic acid/triethyleneglycol dimethacrylate [75]
Methacrylonitril/DVB [76,77]
N-methylacrylamide/alkylene(bis)acrylamides [78]
MMA/DVB [79,80]
MMA/1,4-di(methacryloyloxymethyl) naphthalene [81,82]
Phenyl methacrylate/DVB [83]
TRIM [84-87]
TRIM/GMA [88]
TRIM/BAAM [89]
TRIM/IMMA [90]
N-vinylcarbazole/DVB [91]

2- or 4-Vinylpyridine/DVB [92-94]
Vinyl toluene/DVB [95]

prepared in the presence of a pore-forming agent (diluent) and having a dry porosity, characterized by &
lower density of the network due to the voids than that of the matrix polymer [24]. All these definitions
are unsatisfactory because, macroporous polymer defines a material having pores larger thar
500 A. Since the term macroporous is most commonly used in polymer science and technology
it is reasonable to accept it as the generic name of crosslinked polymers having dry state
porosity, irrespective of the size of the pores. Another problem with the definition of macro-
porosity arises from the variation of the pore structure of the networks depending on their post-
treatment process [37]. For example, a macroporous copolymer may become nonporous if it is
first swollen in a good solvent and then dried at an elevated temperature. Subsequently the loss
of porosity can be recovered by a solvent exchange procedure and the original swollen state
porosity called maximum porosity can be preserved in the dried state. Because only the maxi-
mum porosity is a characteristic property for a given material, it is appropriate to define the
macroporosity with respect to the maximum porosity.
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2. General aspects of macroporous copolymer synthesis
2.1. Preparation of macroporous copolymer networks

The suspension polymerization technique has generally been used for the preparation of macroporous
copolymer networks in the form of beads of diameter ranging between 0.1 and 1.5 mm. To illustrate the
synthetic procedure, this technique is shown schematically in Fig. 1. First, a monovinyl-divinyl mono-
mer mixture containing a free-radical initiator is mixed with an inert diluent. The inert diluent must
usually be soluble in the monomer mixture but insoluble in the continuous phase of the suspension
polymerization. The reaction mixture is then added into the continuous phase under agitation, so that it
distributes in the form of droplets inside the continuous phase. The copolymerization and crosslinking
reactions taking place in the monomer—diluent droplets result in the formation of beads having a glassy,
opaque, or milky appearance. The beads are then extracted with a good solvent to remove the soluble
polymers and the diluent from the network.

Mainly, water-insoluble monomers have been used in the synthesis of macroporous copolymers. In
addition to the widely used S—DVB comonomers, various comonomer systems used in the synthesis of
macroporous networks are tabulated in Table 1. The classical suspension polymerization technique is the
method of choice in which an aqueous phase containing additives is utilized as the continuous phase of
the reaction. For the preparation of macroporous maleic anhydride—S—DVB copolymer beads, it was
shown that glycerol can be successfully used as the dispersing medium instead of water to protect the
anhydride groups [69,70]. A precipitation polymerization method can also be used to make porous
particles 4—7.m in size [96]. Several diluents or diluent mixtures have been used for the preparation
of hydrophobic porous particles including aliphatic and aromatic hydrocarbons, alcohols, esters, etc.
Some diluents used in the synthesis of macroporous S—DVB networks are shown in Table 2.

Although the inert diluent must be soluble in the monomer mixture (organic phase) and insoluble in
the continuous water phase, organized surfactant assemblies such as inverse micelles can be used t
capture monomer-insoluble diluents such as water inside the organic phase. Thus, the crosslinking
copolymerization in the continuous phase of a water-in-oil microemulsion also yields macroporous
networks [122—-124]. The nature of the porous structure is largely dependent on the microstructure of
the microemulsion [125,126]. Short chain alcohols have been used as cosurfactants together with
conventional surfactants for the formation of microemulsions [127-129]. For example, it was shown
that water solubilized in reverse micelles can be used as a diluent in the production of porous
S—-DVB copolymer beads by suspension polymerization. [130] By this technique, sodium bis(2-
ethylhexyl) sulfosuccinate (a surfactant commonly known as Aerosol OT or AOT) is used as the
surfactant for the formation of reverse micelles. Depending on the amount of water solubilized in
the micelles, the size of the water droplets inside the S—DVB monomer mixture is different.
Thus, the size of the pores is controlled by adjusting the water content in the reverse micelles
prior to polymerization [122,131-133].

If water is added slowly to a stirred solution of a surfactant of low hydrophilic—lipophilic balance
dissolved in the oil phase, an internal phase volume of water up to 99% is achievable, and, in this state,
the water droplets in the oil phase strongly interact [134]. When the continuous oil phase is composed of
a monovinyl—divinyl monomer mixture, the crosslinking polymerization in the continuous phase results
in a solid crosslinked polymer which contains the water droplets [135]. Removal of the water droplets by
washing with ethanol, and vacuum drying, yields a highly porous monolith of extremely low density
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Table 2

Diluents used in the preparation of macroporous S—DVB copolymer networks
Diluent Reference
Benzyl alcohol [31,97]
Benzyl alcohol/various solvents [98]
Cyclohexane [99,100]
Cyclohexanol [99-101]
Cyclohexanol/toluene mixtures [102,103]
Cyclohexanone [99,100]
Decane [104]
Decane/toluene mixtures [105]
Di-2-ethylhexylphosphoric acid [100,106]
Di-2-ethylhexyl phthalate (DOP) [107]
2-Ethyl-1-hexanoic acid [108]
2-Ethyl-1-hexanol [109]
2-Ethyl-1-hexanolt-heptane mixtures [110]
2-Ethyl-1-hexanol/toluene mixtures [111]
Gasoline/toluene mixtures [112]
Isoamyl alcohol/various solvents [98]
n-Heptane [31]
n-Heptane/ethylacetate [113]
n-Heptane/isoamyl acetate [113]
n-Heptane/tetraline mixtures [105]
n-Heptane/toluene mixtures [105,114,115]
n-Heptane/various solvents [116]
n-Hexane/toluene mixtures [82,112]
Pentanol [31]
Poly(styreneco-methyl methacrylate)/dibutyl phthalate [117]
Polystyrene/2-ethyl-1-hexanol mixtures [111]
Polystyrene/dibutyl phthalate

Polystyrene/gasoline mixtures [111,118]
Polystyrenai-hexane mixtures [35,119]
Polystyrene/toluene mixtures [35,119]
Toluene [104,112]
Tri-n-butylphosphate [100,106]
1,2,3-Trichloropropane/2-ethyl-1-hexanol mixtures [120]
2,2,4-Trimethyl pentane (isooctane) [121]

(about 0.2 g/ml compared to 1.1 g/ml polymer) [135,136]. This porous material has an open pore
structure indicating that there are holes in the walls separating the water droplets. Such porous materials
are called Polyhip& (HIPE = water-in-oil High Internal Phase Emulsion). The average diameter of
water droplets within a HIPE used to prepare a S—DVB Polyhipe is abopi,tand therefore, the
surface area of the resulting materials is rather low (about/§)fiL36]. In order to increase their surface

area, diluents such as toluene are added to the oil phase [137]. In this way, porous materials with a
specific surface area of about 356/gwere obtained having large pores (water droplets), and a second
generation of small pores due to the phase separation in the oil phase.
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Macroporous crosslinked polystyrenes can also be prepared starting from linear polystyrene. For
example, materials called ‘isoporous’ or ‘hypercrosslinked’ resins are obtained by crosslinking linear
polystyrene chains in a homogeneous solution using chloromethylated compounds and a Friedel-Crafts
catalyst [138,139]. Such materials exhibit a specific surface area as high as 4g0ghch they swell
both in solvents and nonsolvents [140—-143]. Synthesis of isoporous networks has been described start-
ing from S—vinylbenzyl chloride copolymers of various compositions [144]. It has reported that by
decreasing the initial concentration of the linear polymer in the solution to favor cyclization reactions,
macroporous intramolecularly crosslinked macromolecules, i.e. macroporous mlcrogeléﬁoﬁmo
diameter can be prepared [145].

The suspension polymerization technique yields macroporous polymer particles with a relatively
broad particle size distribution, that cannot be used directly for fine chromatographic separations.
Alternate procedures that afford monodisperse macroporous beads have been reported. For example
the seeded emulsion polymerization, which has been developed for the production of monodisperse
polymer particles, may be used in the initial stage of the suspension polymerization process in order to
prepare the shape template particles. These modified suspension processes include Vanderhoff’s
multistep seeded polymerization [146] and Ugelstad’s activated swelling and polymerization
techniques [147,148]. These procedures can be used for the preparation of macroporous mono-
disperse polymer beads [117,119,149-157]. The monodisperse, porous polymer particles in the
size range of 1um in diameter [151,152] can be prepared by the seeded emulsion polymeriza-
tion method. By this technique, 8wm diameter monodisperse polystyrene latexes are used as
seed particles and as a polymeric diluent for S—DVB copolymerization. By introducing an
additional inert diluent (a solvent or a nonsolvent) together with monomers into the swellable
monodisperse polystyrene latex, porous structures within the particles may be obtained upon the
removal of the diluent after polymerization [151,152].

Hydrophilic crosslinked macroporous particles have also received much interest in recent years. They
can be prepared by the classical suspension polymerization technique, in which water-insoluble deri-
vatives of the monomers are used for the polymerization and the beads formed are subsequently
hydrolyzed or aminolyzed [158-162]. Attention has recently been devoted to the direct synthesis of
hydrophilic particles by use of this technique starting from water soluble comonomer systems
such as acrylamid®; N-methylene(bis)acrylamide (AAm—BAAm), or 2-hydroxyethylmethacry-
late—ethylene glycol dimethacrylate (HEMA—-EGDM) systems. For this purpose, various salts
were added into the water phase in order to diminish the water solubility of the monomers
(salting out effect). For example, Galina and Kolarz reported the synthesis of porous crosslinked
polymethacrylic acid beads in an agueous phase containing calcium chloride [71-73]. Horak et
al. used an aqueous solution of polyvinylpyrrolidone as the water phase and a mixture of higher
boiling alcohols as the diluent of the monomer phase for obtaining crosslinked poly(HEMA)
beads [163]. They pointed out that the diluent in the monomer phase reduces the water solubility
of the HEMA monomer. Mueller et al. [164], Peppas et al. [165—167], Jayakrishnan et al. [168],
Okay et al. [64], and Horak et al. [65] described the various techniques for the synthesis of
poly(HEMA) beads in an aqueous phase containing sodium chloride and other additives. The
presence of sodium chloride in the aqueous phase reduces the monomer solubility and thus
allows formation of spherical, hydrophilic beads.

Another approach to prepare hydrophilic beads is the inverse suspension polymerization technique by
which the water-soluble monomers or their aqueous solutions are suspended in an organic phase anc
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polymerized therein to give copolymer beads having a controlled size [169-177]. For example, the
crosslinking polymerization of an agueous solutionNsisopropylacrylamide (NIPA) and BAAm in
paraffin oil as the continuous phase results in crosslinked poly(NIPA) beads of sizes 0.25 to 2.8 mm in
diameter [178,179]. Several diluents soluble in the monomer mixture were reported as inert
diluents in the production of hydrophilic macroporous copolymer networks [38,66,78]. Also,
various surfactants forming ordered structures in the agueous monomer solution were reported
to be as efficient diluents for the synthesis of hydrophilic macroporous materials based on
acrylamides [180]. Crosslinked poly (HEMA) is an important class of hydrophilic crosslinked
polymers, which is widely used as a hydrogel for contact lenses [181-184]. Coupek et al. first
described synthesis of macroporous polymers from HEMA and EGDM [63]. The maximum
equilibrium swelling of poly(HEMA) gels in water is thermodynamically limited to 39 wt%.
Thus, although there has been some diversity in reporting this value [66,182,185-191] if
HEMA is polymerized in the presence of greater than 39 wt% water, a phase separation occurs
and an opaque heterogeneous gel forms [192]. Huglin and Yip estimated the size and the
concentration of phase separated domains in poly(HEMA) gels using the turbidity ratio method
as 01 = 0.05um and 0.25-2.2% of the swollen gel, respectively [192].

By varying the amount of water as a diluent in the crosslinking polymerization of HEMA, a
large range of porosities can be attained in the final networks [66,193]. In addition to water,
several diluents such as cyclohexanol/lauryl alcohol mixture, [63] benzyl alcohol, [168] cyclo-
hexanol/1-dodecanol mixture, [65,163] were used in the synthesis of macroporous poly(HEMA)
beads. It was also shown that porous poly(HEMA) networks can be obtained by producing a
microemulsion of which the monomer HEMA forms the continuous phase and the added diluent
methylcyclohexane forms the discontinuous phase using anionic or nonionic surfactants [62]. The
crosslinking polymerization of the microemulsion using UV radiation results in a porous material
which absorbs larger amount of water than the nonporous poly(HEMA). The size of the pores
varies between 100 and 2000 nm and increases as the amount of the diluent increases [62]
Another technique to create pores inside a hydrophilic network is the freeze-thaw technique
[67,194]. This technique consists of freezing the initial polymerization mixture (monemer
crosslinker+ diluent) to a solid monomer matrix containing diluent crystals. Polymerization of
the monomer matrix using UV radiation and removing of the diluent by thawing result in a
macroporous film or bead [67,194].

The crosslinking copolymerization dfl-methylacrylamide with alkylene(bis)acrylamides in the
presence of methanol, acetic acid, water, dimethylsulfoxide (DMSO), or dimethylformamide as diluents
has been used for the preparation of macroporous polyamides [78]. It was shown that more polar
solvents (water, methanol) produce materials with higher specific surface area and internal pore
volume than those prepared with less polar solvents such as DMSO [78]. Also, decreased cross-
linker flexibility increased the porosity of the resulting networks [78]. Xie et al. described the
preparation conditions of macroporous networks from AAm and BAAmM with pore sizes up to
1000 nm using DMSO/alcohol mixtures as a diluent [38]. It was shown that, as the chain length
of the alcohols used in combination with DMSO increases fromoCCg, larger microspheres and
thus larger pores form in the final material. Further increase in the chain length of alcohol
decreased the size of the pores [38]. PHhgopropylacrylamide) (poly(NIPA)) gels exhibit a
lower critical solution temperature (LCST) of about°@4in water [195,196]. Thus, poly(NIPA)
gel swells in water whem < LCST but it deswells or collapses wh@dnh> LCST. This feature of
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poly(NIPA) gels has been used to construct porosity inside the poly (NIPA) matrix [68,197-199].
Wu et al. prepared macroporous poly(NIPA) gels above their LCST in the absence and presence
of hydroxypropy! cellulose as a diluent [68].

Svec et al. [55,200] prepared a series of macroporous glycidyl methacrylate (GMA)/EGDM copoly-
mer beads by classical suspension polymerization technique using lauryl alcohol (LA)/cyclohexanol
diluent mixture. The copolymers exhibited a high specific surface area, which increased markedly with
increasing content of the crosslinker EGDM. An increasing portion of LA in the diluent mixture leads to
the formation of large pores and small surface areas [55]. Synthesis of uniformly sized porous GMA/
EGDM beads was described by Smigol et al. [56,57]. Here, monodisperse polystyrene shape templates
prepared by emulsifier-free emulsion polymerization were swollen with GMA/EGDM monomer
mixture. The crosslinking polymerization resulted in the formation ofi®sized monodisperse porous
GMA/EGDM beads [56,57].

The experimental data indicate that the following reaction parameters are the main factors
determining the porous structure of the copolymer beads: the crosslinker concentration, the monomer
concentration in the reaction mixture, and the type of the diluent. The following variables are convenient
for defining the composition of the reaction mixture.

1. Crosslinker concentration.

mol or mass of crosslink&divinyl monomej 10

% Crosslinker= @
total mol or mass of monomers
2. Monomer dilution.Volume fraction of the monomer in the reaction mixtwe,, i.e.
volume of the monomers
130 = 2

~ total volume of the reaction mixtu@onomerst+ diluent
or the volume ratio of the diluent to the monomarsi.e.

volume of the diluent
r= 3
volume of the monomers

3. The solvating power of the diluenthe difference between the solubility parameters of the diluent
(8,) and the copolyme(s,), i.e. 8, — &,, or its squargs; — &,)° are generally used to represent the
solvating power of a diluent in a network formation system. According to the Hildebrand theory,
[201] the solubility of a polymer in a solvent is favored whgh — 8,)%is minimized. For instance,
since the solubility parameter of S—DVB copolymeisis 18.6 (MPaj? a given solvent is a
solvating diluent if8; is close to this value (e.g. toluene with = 182 (MPa)¥?), whereas it is a
nonsolvating diluent i{8; — 8,)> > 0 (e.g. benzyl alcohol witls, = 247 (MPa)¥?)

It was also shown that instead of the Hildebrand solubility parameter, the three-dimensional solubility
parameter of Hansen is a better predictor for the diluent-polymer affinity in S—DVB copolymerization
[202].
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2.2. Characterization of macroporous copolymer networks

The macroporous network beads were mainly characterized in a dried state. The following quantities
have been measured for the pore structure determinations:

1. The apparent densit:

mass of the bead
do = volume of the bead )

2. The true density,:

d— mass of the bead (5)
2™ volume of the polymer

According to Egs. (4) and (5), a material is homogeneous if its apparent density is equal to its true
density. The lower the apparent density, the higher is the porosity of the material. The density
measurements of the beads are carried out by the mercury pycnometry which measures the volume
of the beads including the pores of radius above 7000 nm [203]. Other liquids such as aliphatic
hydrocarbons can also be used for the apparent density measurements.
3. The total porosityP:
volume of the pores

P= volume of the beads 63

or

volume of the pore
volume of the beads

PY% = (6b)

4. The total pore volum¥/,,
volume of the pores

Vo = mass of the beads 0

The total porosity and the total pore volume can be calculated from the densities using the following
equations:

%
P=1-4 ®)

1 1
Vp_do_dz

or can be measured from the water uptake capacity of S—DVB copolymer beads after surface treat-
ment with methanol in order to reduce their water repellence [19,204].

9

The distribution of pore sizes in a macroporous polymer can be measured by electron microscopy,
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[205,206] nitrogen desorption isotherms, [207] size exclusion chromatography, [117,208—210] and
mercury intrusion porosimetry [211]. Application of the Kelvin equation to the desorption isotherm
with nitrogen as the sorbate allows the measurement of pore diameters up to sizes of about 200 nm [207].
The mercury intrusion porosimetry is the most widely used technique for the measurement of the pore
diameters in the range 15,000 nm up to 20 nm. This technique involves the penetration of mercury, at
known pressures, into the pores of the dry polymer and is based upon Washburn’ relationship [212] that
the pressure required to force mercury into a capillary of diameter-édis cos6/d where o is the

surface tension of mercury amds the contact angle of mercury with the polymer. For a given polymer,

the surface tension and the contact angle are constants and therefore, application of a known pressure
yields the corresponding pore diameter while changes in the penetration volume at increasing pressures
indicate the volume of pores of a given diameter. However, the applicability of the mercury porosimetry
for the measurement of pores smaller than about 500 nm is questionable. This is due to the high pressure
necessary to force mercury into a pore smaller than 500 nm, which may cause deformation of the
polymer rather than mercury intrusion [213]. For the measurement of the pores of sizes 200—500 nm,
size exclusion chromatography technique can also be used [117,208—-210].

On the other hand, visual appearance of porous beads also gives an indication about the size of the
agglomerates inside the particles [213]. For polymers having internal agglomerates of 200 nm in
diameter or larger, the beads appear white or opaque. If the size of the agglomerates is smaller than
200 nm, they appear translucent. The particles with no internal pore structure appear transparent.

The specific surface area of the beads is measured by nitrogen adsorption isotherms. The BET
eqguation is used to analyze the nitrogen adsorption isotherms in order to calculate the surface area of
particles [214].

The equilibrium weight swelling ratio of macroporous copolymgygmass of equilibrium swollen
beads/mass of dry beads) is measured by the centrifugation technigue in which the excess of the swelling
agent is centrifuged from the beads. For the determination of the equilibrium volume swelling,ratio
(volume of a equilibrium swollen bead/volume of the dry bead), the individual beads are examined under
an optical microscope. The swelling rate of the beads is measured either by measuring the diameter of
the beads at various time intervals using an optical microscope, or by the graduated cylinder method
[107]. An alternative method of determining the swelling ratio of hydrophilic gels was developed by
Huglin and Yip [215]. By this technique, the hydrogel is swollen in an aqueous solution of Blue Dextran
(BD) of known concentration. Owing to the high molecular weight of BD, it cannot enter the gel phase as
the gel swells. Thus, the increase in the BD concentration in the external solution phase, measured by a
spectroscopic technique, reflects the volume-swelling ratio of the hydrogel in the aqueous solution of
BD. The extrapolation of the swelling ratios to zero BD concentration leads to the swelling ratio of the
hydrogel in water [215].

3. Formation of porous structures during crosslinking

The free-radical crosslinking copolymerization (FCC) system for the production of macroporous
copolymers includes a monovinyl monomer, a divinyl monomer (crosslinker), an initiator, and the
inert diluent. The decomposition of the initiator produces free-radicals which initiate the polymerization
and crosslinking reactions. After a certain reaction time, a three-dimensional network of infinitely large
size may start to form. The term ‘infinitely large size’, according to Flory, [216] refers to a molecule
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Fig. 2. Formation of various structures in free-radical crosslinking copolymerization (FCC) of vinyl/divinyl monomers with or
without using a diluent.

having dimensions of an order of magnitude approaching that of the containing vessel. At this point (the
gel point) the system (monomer—diluent mixture) changes from liquid to solid-like state. Continuing
polymerization and crosslinking reactions decreases the amount of soluble reaction components by
increasing both the amount and the crosslinking density of the network. After complete conversion of
monomers to polymer, only the network and the diluent remain in the reaction system.

Crosslinked copolymers prepared by FCC exhibit different structures and properties depending on the
amounts of the crosslinker and the diluent present during the reactions as well as on the solvating powel
of the diluent. Fig. 2 shows schematically, how the polymer structure changes depending on these
parameters.

In the absence of a diluent, if a small amount of a crosslinker is used in the network synthesis, an
inhomogeneous gel structure is obtained as illustrated by Gel A in Fig. 2. The gels formed by FCC are
always inhomogeneous due to the fact that the crosslinker has at least two vinyl groups and therefore, if
one assumes equal vinyl group reactivity, the reactivity of the crosslinker is twice that of the monovinyl
monomer. As a consequence, the crosslinker molecules are incorporated into the growing copolymer
chains much more rapidly than the monomer molecules so that the final network exhibits a crosslink
density distribution [217]. The network regions formed earlier are higher crosslinked that those formed
later.

If a good solvent is included in the FCC system as an inert diluent, the gel thus obtained will have a
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macrosyneresis microsyneresis

KEY:

white area = liquid phase
hached area = gel phase

Fig. 3. Schematic representation of macrosyneresis and microsyneresis during crosslinking polymerization.

supercoiled (expanded) structure (Gel B). The expanded Gel B thus formed collapses during the removal
of the diluent after its synthesis and therefore, it is nonporous in the glassy state. Gel B swells in good
solvents much more than Gel A which is synthesized in bulk.

If the amount of the crosslinker in the reaction mixture is increased while the amount of the diluent
(good solvent) remains constant (GeHBGel C in Fig. 2), the highly crosslinked network formed
cannot absorb all the diluent molecules present in the reaction mixture. As a result, a phase separation
occurs during the gel formation process. The process of phase separation may proceed either in the form
of macrosyneresis or microsyneresis, as proposed by Dusek (Fig. 3) [218]. According to the model of
macrosyneresis, the growing gel deswells (or collapses) at the critical point for phase separation and
becomes a microgel (nucleus), whereas the separated liquid remains as a continuous phase in the
reaction mixture (Fig. 3). As the polymerization and crosslinking proceed, new nuclei are continuously
generated due to the successive separation of the growing polymers, which react with each other through
their pendant vinyl groups and radical centers locating at their surfaces. These agglomeration processes
result in the formation of a heterogeneous gel (Gel C in Fig. 2) which consists of two continuous phases,
a gel and a diluent phase. Removal of the diluent from the gel after synthesis creates voids (pores) of
various sizes. This material is a macroporous copolymer network. It is seen that, in the presence of a
good solvent as a diluent, the porous structures form due to the effect of monomer dilution which is
higher than the swelling capacity of the network This type of porosity formation in polymeric materials
is called by Dusek ag-induced syneresis, [23,218] wheterefers to the crosslink density of the
network.

According to the model of microsyneresis, phase separation results in the formation of a dispersion in
the reaction system instead of deswelling (Fig. 3) [218]. Thus, the liquid phase during the gel formation
process separates in the form of small droplets inside the gel and it becomes discontinuous. Compared to
the macrosyneresis process, the volume of the gel phase does not change much after microsyneresis bt
the gel becomes turbid due to the scattering of light from the separated liquid droplets. Further poly-
merization and crosslinking reactions fix the two-phase structure in the final material. The relative
importance of micro and macrosyneresis depends mainly on the crosslinker content. It has been



728 O. Okay / Prog. Polym. Sci. 25 (2000) 711-779

shown that at low crosslinker contents, phase separation occurs in the form of microsyneresis [192,218].
This is due to the fact that, at low crosslinker contents, the long network chains slowly relax
from swollen to the collapsed state, so that their swollen state may become fixed by additional
crosslinks, and the solvent molecules remain inside the gel in the form of droplets. It is seen that
the nonequilibrium state formed by microsyneresis is stabilized in the final material due to the
chemical reactions. In this connection, decreasing the rate of the crosslinking reactions during the
gel formation process should favor macrosyneresis. On the other hand, at high crosslinker
contents, the phase separated liquid droplets combine with each other to give a bulky liquid
phase, whereas the network chains rapidly attract each other to form spherical nuclei. Recently, it
was shown that the process of microsyneresis also occurs if a highly swollen hydrogel is
immersed in a poor solvent [219]. In this case, the swollen gel sample on contact with the
poor solvent first segregates into a solvent-rich and a polymer-rich phase; if the polymer-rich
regions of the sample are in the glassy state, they block solvent diffusion and the deswelling of
the whole sample. Thus, the gel cannot reach its equilibrium state in the poor solvent and the
heterogeneous structure is stabilized [219].

If the amount of the diluent is further increased (GeGGel D in Fig. 2), a critical point is passed, at
which the system becomes discontinuous, because the amount of the monomer is not sufficient and th
growing chains cannot occupy the entire available volume. Consequently, a dispersion of macrogel
particles in the solvent results (Gel D in Fig. 2). Increasing the amount of solvent decreases the size of
the gel particles, and finally they are as small as ordinary macromolecules. These gel particles are
microgels [217] which are dissolved as a colloidal solution (Gel E).

If a nonsolvent or a linear polymer is used in FCC as the diluent, a phase separation may occur in the
reaction system before the gel point. This results in the formation of a dispersion of separated (discon-
tinuous) polymer phase in the continuous monomaeliluent phase (Gel D). Continuing the polymer-
ization increases the amount of the polymer. As a result, the first phase separated and intramolecularly
crosslinked particles (nuclei) agglomerate into larger clusters called microspheres. Continuing the
reactions increase the number of clusters in the reaction system so that the polymer phase become
continuous. Thus, a system consisting of two continuous phases results (Gel C in Fig. 2). Again
removing the diluent from the gel produces a macroporous copolymer as illustrated in Fig. 2. It is
seen that, in the presence of nonsolvents or linear polymers as a diluent, the incompatibility between the
network segments and the diluent molecules is responsible for the porosity formation. This mechanism is
called y-induced syneresis, [23,218] whegeis the polymer—solvent interaction parameter, which
relates to(8; — 8,)°>. Comparison of the mechanisms »f and y-induced syneresis suggests that the
pore structure formed by the first mechanism should result in more ordered and smaller agglomerates
than formed in the latter mechanism. Note that if the amount of the diluent is above a certain value, the
separated polymer phase remains discontinuous after the complete conversion of the monomers, i.e. th
Gel D becomes the final product.

According to this picture of the gel formation, three main transitions can be distinguished: (1) the
transition from expanded to heterogeneous (porous) gels (macrophase separatiory; Gel B; (2)

The “solid-liquid” transition Gel G- Gel D; and (3) the macrogel—microgel transition Gel-DGel E.

The preparation of macroporous gels thus requires a careful choice of the experimental parameters
Currently, the formation of porous networks by FCC is qualitatively quite well understood by using the
knowledge about the properties of porous gels. Also, theories have been developed which predict the
total volume of the pores in the networks from their synthesis conditions (see Section 7). However, a
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Fig. 4. SEM micrographs of crosslinked macroporous poly(methyl methacrylate) copolymers obtained with toluene (left) and
cyclohexanol (right) as the diluent. [80] Crosslinker (EGDM%0 wt%. Diluent/monomer volume ratie 1/1. The scaling bar

corresponds to 100 nm (left) and 10,000 nm (right).

guantitative treatment about the size and size distribution of the pores depending on the synthesis
parameters is desirable.

The above mechanism of porosity formation during FCC also suggests that the final copolymer
consists of agglomerates of particles of various sizes. Indeed, the electron micrographs of macroporous
copolymers reveal the existence of particles of various sizes which look like cauliflowers (Fig. 4) [213].
As a consequence, almost all macroporous networks formed by FCC are characterized by a relatively
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Fig. 5. A typical pore size distribution curve of S—DVB copolymer beads.
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microsphere

nuclei

Fig. 6. Schematic representation of various agglomerates in macroporous copolymer networks formed by FCC.

broad pore size distribution ranging from micropores to macropores. The definition of micro or macro-
pores comes from the IUPAC classification of pores based on the pore width as follows [27]:

1. Micropores have widths of up to 20A i
2. Mesopores have widths in the range 20—-500 A
3. Macropores have widths greater than 500 A

A typical pore size distribution of a styrene—divinylbenzene copolymer network prepared in the
presence of a nonsolvating diluent is shown in Fig. 5. Pores from a few tens of angstroms up to several
thousands of angstroms in radius exist inside the macroporous material. Agglomerates of particles of
various sizes inside the porous copolymer are responsible for this broad size distribution of pores. The
pores are, in fact, irregular voids between agglomerates which are typically interconnected [220].
In S—DVB copolymers, the types of agglomerates and thus, the formation process of the porous
structure can be divided into three stages [26,35,108,221]. These agglomerates are shown sche
matically in Fig. 6:

1. The smaller particles called nuclei are abouf AGin diameter. The nuclei are nonporous and
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Fig. 7. Schematic representation of cyclization and multiple crosslinking reactions during FCC of vinyl/divinyl monomers

leading to the formation of highly crosslinked regions in the final polymer netv@ek.crosslink, 1L = pendant vinyl,* =
radical center.

constitute the highly crosslinked regions of the network. Micropores defined with widths of up to
20 A appear between the nuclei. .

2. The agglomerations of nuclei are called microspheres and they are aBaduiri@iameter. Meso-
pores constitute the interstices between the microspheres. .

3. Microspheres are agglomerated again into larger irregular moieties of 2500—10ja6il& the
polymer material. Meso and macropores appear between the agglomerates of the microspheres [119].

The nuclei are formed by cyclization reactions during the early stages of the polymerization at which
the growing polymer chains are richer in DVB units [221]. In crosslinking polymerization of DVB or S—
DVB in dilute toluene solutions, it was found that 30—-60% of pendant vinyl groups are used by
cyclization reactions and, on average, 100—800 multiple crosslinkages occur per one intermolecular
crosslink formed [222]. Cyclization and multiple crosslinking reactions, as shown schematically in Fig.
7, are mainly responsible for the formation of compact nuclei in FCC of S—DVB copolymerization. The
densely packed structure of nuclei due to the extensive cyclization and multiple crosslinking was
manifested in the intrinsic viscosity)|-weight-average molecular weightt, plots of pre-gel polymers
[222]. Fig. 8 shows such plots for polymers obtained at different reaction conditions. The slope of the
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double-logarithmic[n]-M,, plot is 0.2, which is between the value of massive spheres (0) and the
unperturbed Gaussian chain (0.5).

After the formation of the compact nuclei, their agglomerations lead to microspheres with a relatively
broad size distribution. Agglomerations of the microspheres result in the formation of the final network
structure.

Depending on the synthesis parameters, these structural elements are more or less separated by hols
For example, the size and the swellability of the nuclei depend on the DVB concentration as well as on
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Fig. 9. Differential pore size distribution of S—DVB copolymer beads isolated at different reaction times=0UBnol%.
19° = 0.50. Diluent= cyclohexanol. The reaction times and the fractional monomer conversions (in parenthesis) are indicated
in the figure.

the type and the amount of the diluent. At high DVB contents, the nuclei are highly intramolecularly
crosslinked and largely unswollen [222]. Thus, increasing the crosslinker content in the copolymer
synthesis creates rigid nuclei so that the number of micropores increases and their size decreases
[108]. Since the main part of the specific surface area of a polymer bead comes from the surface of
the nuclei, the factors decreasing the size of the nuclei or increasing their stiffness such as the crosslinker
content increase the specific surface area of the beads. Moreover, in the presence of a large amount of ¢
solvating diluent, polymerization is kinetically preferred within the nuclei because the local concentra-
tion of the monomers is higher than in the surrounding solution. As a consequence, loose and large nuclei
form at high diluent concentrations that tend to be fused after synthesis. On the other hand, poor solvents
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Fig. 10. Total porosity of S—DVB copolymers shown as a function of the reaction time. See caption of Fig. 9 for the reaction
conditions.

or linear polymers as a diluent promote phase separation during the polymerization and facilitate
formation of bigger clusters and thus, meso and macropores.

The development of the porous structures during FCC of S and DVB was recently studied using the
mercury porosimetry [223]. Fig. 9 illustrates how the pore size distribution spectra of S—DVB copoly-
mer networks vary depending on the polymerization time. The crosslinking reactions were carried out
using 10 mol% DVB in the feed and cyclohexanol as a nonsolvating diluent. The initial volume fraction
of the monomers in the organic pha(séo) was 0.5. Before drying of the copolymer samples for the
porosity measurements, they were first swollen in toluene and then dried from methanol; thus, Fig. 9
represents the actual (swollen state) porosities of the samples [223].

At the very early stage of the copolymerization, the polymer was completely soluble in toluene. The
first insoluble material appeared between a polymerization time of 20 and 25 min. The first sample for
the porosity measurements was taken from the reactor after 30 min of polymerization. As seen from Fig.
9, this sample exhibits large number of meso and macropores of size4®® in radius. As the
polymerization time increases from 30 to 90 min, (i.e. as the monomer conversioreases from 0.3
to 0.7), the number of these pores decreases and finally disappears. This indicates that the pores of larg
than 16  in radius appearing just beyond the gel point mainly form due to the unreacted monomers and
the sol polymers acting as an intrinsic diluent of the reaction system. Since the extended continuing
polymerization converts monomer and sol polymer to the gel, their sites (interparticle spaces) inside the
network gradually fill up with the gel material, resulting in a decrease in porosity when the polymeriza-
tion time is increased from 30 to 90 min. .

Allowing polymerization to proceed from 90 to 420 min creates new pores of 40-1A0&dius
(Fig. 9). The number of these pores increases and the pore size distribution slightly shifts toward the
larger pore sizes on increasing the polymerization time. The increase in the porosity is initially slight up
to a polymerization time of 300 min but because> 0.98) is rapid after that. These results can be
explained with the increasing crosslink density of the gel due to the reaction of pendant vinyl groups
with macroradicals to form crosslinks and multiple crosslinks. Thus, the phase separated particles shrink
and the voids between the particles increase as the reactions proceed.
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Fig. 11. Schematic representation of porosity formation in the presence of insoluble diluents such as water solubilized using
surfactants in S—DVB monomer mixture.

In Fig. 10, the total porosities of these copolymers are shown as a function of the polymerization time.
It is seen that the swollen state porosity first decreases on rising the post-gelation time due to decreasing
degree of dilution of the gel phase. Thereatfter, it increases continuously on rising the reaction time due to
the increasing crosslink density of the gel. Kun and Kunin also observed that during the S—DVB
copolymerization in the presence tart-amyl alcohol as a diluent, the total porosity first decreases
but then increases with increasing polymerization time while the specific surface area of the beads
continuously increases [221]. It must be noted that the scheme given above for the porosity formation
can only be applied if the diluent is soluble in the monomer mixture. Otherwise, for monomer-insoluble
diluents such as water solubilized using surfactants in S—DVB monomer mixture, the pore structure of
the final material depends only on the size and the size distribution of the water droplets in the starting
monomer phase (Fig. 11).

4. Porous structure versus synthesis parameters

The total volume of pores inside a crosslinked polymer as well as their size distribution can be
varied by changing the independent variables of synthesis. The sensitive dependence of the
properties of the porous structure on the synthesis parameters allows one to design a tailor-
made macroporous material for a specific application. The main experimental parameters are
the type and the amount of the diluent, the crosslinker concentration, the polymerization tempera-
ture and the type of the initiator.

4.1. Effect of the diluent

Porous structures start to form when the amount of the diluent and and the amount of the crosslinker
pass a critical value. The solvating power of the diluent has a critical effect on the porous structure of
macroporous copolymers. Note that the net solvating power of the medium (unreacted monomer
mixture + diluent) changes during the course of the reaction as the monomers become consumed and
this change is particularly severe where the diluent is a nonsolvent for the copolymer. There are three
methods to prepare macroporous S—DVB copolymer networks: [23]

1. Addition of a solvating diluent (SOL) such as toluene or dichloroethane produces small average pore
diameter and therefore a considerable specific surface area (50-2&f)Camd a relatively low pore
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Fig. 12. Effect of the solvating power of the diluent on the pore size distribution of macroporous S—DVB copobghers.
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volume (up to about 0.8 ml/g). The pore size distribution of the network is characterized by a large
proportion of micro and mesopores.

2. Addition of a nonsolvating diluent (NONSOL) suchmafeptane or alcohols results in a large pore
volume (0.6—2.0 ml/g), a relatively large average pore diameter and a specific surface area varying
from 10 to 100 n¥g. The pore size distribution of the networks is characterized by a large proportion
of meso and macropores.

3. Addition of a polymeric diluent (POLY) such as linear polystyrene produces a pore volume up to
about 0.5 ml/g, a specific surface area of 0.1 to Zfyrand very large pores reaching the micrometer
range.

These experimental findings are expected from the mechanism of the pore structure formation given
in the previous section. Note that the values given above only show the general tendencies and, depenc
ing on the DVB concentration, they change considerable. For instance, in the presence of NONSOL
diluents, macroporous S—DVB copolymers with a specific surface area up to%g@am be synthe-
sized at very high crosslinker concentrations [224]. A very large number of experimental data have been
reported in the literature. These data demonstrate the effect of various diluents on the pore structure o
crosslinked polymers formed by free-radical crosslinking copolymerization. Some of the diluents used
in S—DVB copolymerization are collected in Table 2. From the diluents used, cyclohexanol is one of the
most efficient diluents for building up the highest porosity even at low amounts of DVB [99,101]. The
effect of the type of the diluent is also reflected in the appearance of the surface of S—DVB copolymer
beads. Decreasing the solvating power of the diluent changes smooth surfaces to rough surfaces havin
large and irregularly distributed channels [114].

Fig. 12 illustrates how the pore size distribution of S—DVB copolymer beads with 10% DVB varies
with the solvating power of the diluent [225]. Toluene, cyclohexanol/toluene (3/1; v/v) and
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Fig. 13. The total porositf of S—DVB copolymer networks shown as a function of the diluent qualitf = (5; — 5,)%,
where§,and 8, are the solubility parameters of the diluent and the polymer, respectively. The initial volume fraction of the
monomer#3° is shown in the figure. Experimental data points are from Seidl et al, [23] Wieczorek et al. [226], and Okay.
[101 102] The curves only show the trend of the data. Dil¢eatiphatic alcohols of various chain length [23], D\AB20%,

3% = 0.70 (O), and 0.80 A). Diluent= toluene/cyclohexanol mixtures [101,102§° = 0.50, DVB = 10 (¥) and 25% {\);
Diluent= n-heptane/toluene mixtures [226£° = 0.50, DVB = 50% ).

cyclohexanol were used as a diluent at a fixed concentrétf8r= 0.50). Toluene is known to be a good
solvent for polystyrene and its thermodynamic properties are roughly the same as the monomers.
Cyclohexanol has a solubility parameter value of 23.3 (MPa) contrast to the value of 18.6
(MPa)“? for polystyrene which indicates that cyclohexanol is a nonsolvating diluent for S—DVB copo-
lymerization. By passing from toluene to cyclohexanol as a diluent, i.e. by decreasing the solvating
power of the diluent, the number of meso and macropo]:é%()(A) significantly increases. Also, the
average pore size becomes larger and larger and the pore size distribution shifts toward the larger pores
on worsening of polymer—diluent interactions. This is a consequence of a change in the mechanism of
pores formation fronv- to y-induced syneresis.

In Figs. 13 and 14, some of the reported total poroBityata of S—DVB copolymer networks are
collected. This data is presented as a function of the quality and the amount of the diluent, respectively.
The diluent quality is represented by the square of the differences in the solubility parameters of
the diluent and the copolymer, i.A 8° = (8; — 8,)°. Experimental data are for different diluents,

i.e. aliphatic alcohols of various chain length, [23] toluene/cyclohexanol, [101,102] and
tolueneh heptane mixtures [226,227] of various compositions. For a fixed monomer dilution
190, the total porosityP increases on decreasing the polymer—solvent interactions during the
gel process of formation (Fig. 13). The increase Hnis initially rapid and then it increases
slightly on increasing the\ 8 parameter value of the diluent. For a given type of diluent, the
porosity increases with increasing degree of monomer dilution updte= 0.3 (Fig. 14). In the
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Fig. 14. The total porositf of S—DVB copolymer networks shown as a function of the monomer dilu§8riThe difference
between the solubility parameters of the diluent and the polymer (in MPa) is shown in the figure Experimental data points are
from Seidl et al. [23], Wieczorek et al. [226], Okay [102], and Jun et al. [227]. The curves only show the trend of the data.
DVB = 20%, diluent= methanol [23] (V),n-butanol [23]@®), isooctane [23] £), and toluene/cyclohexanol (1/3) mixture

[102] (A). DVB = 50%, diluent= n-heptane/ toluene (1/9) mixture [2268D). DVB = 98.4%, diluent=toluene [227] ¥).

region of 13° < 0.3, experimental data indicate that the rate of increase in the porosity slows
further with an additional dilution the monomer. This is attributable to the fact that the polymer
networks formed at a low monomer concentration cannot hold the isochoric condition due to the
loose network structure. Consequently, the pores in such networks collapse upon drying or upon
removal of the diluent. Both the swelling measurements and inverse gas chromatography also
suggest that the S—DVB copolymers prepared in the presence of a large amount of diluent have a
looser structure than those obtained with less diluent [228].

The extent of solvation of the macroporous S—DVB copolymers dependence on the type of the diluent
was studied by Shea et al. using fluorescence technique [229,230] using macroporous networks with ¢
dansyl probe covalently attached to the gel structure. Their data indicate that the gel phase of highly
crosslinked macroporous networks prepared using a solvating diluent is much more accessible to
solvents and nonsolvents than those prepared using a nonsolvating diluent. These results can b
rationalized on the basis of formation of smaller internal agglomerates in the presence of solvating
diluents resulting in increases of the gel phase surface area.

The crosslinking polymerization of trimethylolpropane trimethacrylate (TRIM) in the presence of
toluene as a solvating diluent produces macroporous networks having two pore size distributions; [84]
one consisting of small pores (radigb0 A) and one of large pores (radius50 A). The size distribu-
tion of the small pores shows a very sharp peak at 20cdicating that the polymer has a very regular
structure on the microlevel, probably attributable to the structure of the TRIM monomer [84].

Different diluent types in various combinations can be used to regulate the pore size
distribution of the copolymers [35,98,105,111,113,116,117]. For instance, by varying the composition
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Fig. 15. The total porosity P of S—DVB copolymer networks shown as a function of the DVB concentration. The difference
between the solubility parameters of the diluent and the polymer (in MPa) is shown in the figure. Experimental data points are
from Poinescu et al. [112], and Okay [101,102]. The curves only show the trend of thelata0.50, diluent= cyclohexanol

[101] (@), toluene/cyclohexanol (1/3) [102), toluene/cyclohexanol (1/1) [L02A), toluene [101] ¥). »3° = 0.40, diluent=
toluene/gasoline (1/100) [112] (V).

of a 2-ethyl-1-hexanol/toluene diluent mixture at a given degree of monomer dilution and DVB content,
the average diameter of the pores in S—DVB copolymers can be varied between 54 anfl237. l
general, increasing the SOL content of a SOL/NONSOL diluent mixture, produces smaller pores and
thereby increases the internal surface area although the total volume of the pores decreases. In the
presence of 2-ethyl-1-hexanalheptane diluent mixture, porosity versus diluent composition plot
shows a minimum at a 1:1 volume ratio of the diluent composition, at which the solubility parameter
of the diluent mixture approaches that of the S—DVB network [110]. In HEMA—-EGDM copolymeriza-
tion using cyclohexanol/dodecanol as a SOL/NONSOL diluent mixture, it was found that the porosity of
macroporous poly (HEMA) beads can be readily adjusted by changing the diluent composition [65].
Several combinations of a polymeric diluent with solvating or nonsolvating diluents (SOL/POLY or
NONSOL/POLY) have been used for the synthesis of macroporous S—DVB networks. At a constant
DVB content, the specific surface area and the pore volume of polymer particles prepared using only
linear polymer (POLY) as a diluent are much lower than the particles prepared with a mixture of linear
polymer and solvent (SOL/POLY) or nonsolvent (NONSOL/POLY) as diluents [119]. Similar results
were observed in macroporous GMA/EGDM networks [60]. In GMA—EGDM copolymerization, at a
high EGDM content, addition of POLY to SOL decreases the specific surface area and shifts the pore
size distribution to larger pores [60]. The role of high molecular weight linear polymers as an inert
diluent is to create macropores, whereas addition of SOL or NONSOL diluents enhances the phase
separation and structural heterogeneity. In turn this leads to higher specific surface area and pore volume
of the porous particles [119]. It was also shown that, in S—DVB copolymerization, increasing the amount
of SOL in SOL/POLY diluent mixture increases the pore volume without changing the pore size
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Fig. 16. Effect of the DVB concentration on the pore size distribution of macroporous S—DVB copolyrhiets 0.50.
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distribution [35]. Smaller average pore sizes were obtained using NONSOL/POLY diluents than POLY
or SOL/POLY diluents [119].

The molecular weight and the molecular weight distribution (MWD) of polymeric diluents signifi-
cantly effect the structure of macroporous particles. For example, decreasing molecular weight of POLY
in SOL/POLY or NONSOL/POLY diluent mixtures shifts the pore size distribution toward smaller pores
increases the specific surface area, whereas the total volume of the pores remains constant [60,117,11¢
It was also shown that the shape of the pore size distribution depends on the MWD of POLY diluent.
[119] The pore size distribution is narrowest for the linear polymer with the narrowest MWD, whereas
broad pore size distributions can be obtained using linear polymers with a broader MWD [119]. This
demonstrates the extreme sensitivity of the pore size distribution on the molecular weight of the poly-
meric diluent.

4.2. Effect of the crosslinker

In Fig. 15, some experimental total porosity data of S—DVB networks published in the literature
[101,102,112] are collected and are shown as a function of the DVB concentration. It is seen that, at a
given degree of monomer dilution and the diluent quality, the porosity increases on raising the DVB
concentration and then remains constant. The maximum value of the total porosity that can be achievec
at a given monomer dilution can be predicted from the reaction conditions, as will be explained in the
following section. The slight decrease in the porosity above 60% DVB is due to the destruction of the
rigid pore structure during the polymerization or during the measurements.

Fig. 16 illustrates how the pore size distribution of S—DVB copolymers varies with the DVB
concentration at a fixed monomer concentration [225]. Increasing the DVB content increases the number
of meso and macropores. The specific surface area of porous networks, which is an indicator for the
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Fig. 17. Pore volume of HEMA—-EGDM copolymer networks shown as a function of the crosslinker (EGDM) concentration.
Diluent= toluene.»3° = 0.5.

number of micropores increases with increasing DVB content. [106] A high concentration of DVB is
necessary to get a high surface area. [108] For example in the presence toluene as a diluent, copolymer:
with a specific surface area as high as 11Gfgnean be synthesized using 70 mol% DVB in the feed.

[224] The meso and macropores account for most of the surface area if the DVB content is less than
20%, but their contribution diminishes as the DVB concentration increases [108]. When the amount of
the DVB decreases, the size of the microspheres and the nuclei decreases and the microspherestendtok
slightly fused [108].

It must be pointed out that there are some comonomer systems such as acrylonitrile (AN)/DVB [40—
42] or methacrylic acid (MA)/DVB [71-73] that do not follow the above relationship. In these systems,
increasing the amount of DVB decreases the porosity of the polymer beads, which is exactly opposite to
the relationship between the porosity and the crosslinker content observed in S—DVB system. For
example, the crosslinking copolymerization of AN and DVB yields macroporous networks regardless
of the crosslinker content [43]. This behavior is due to the different reactivities and thermodynamic
properties of the monomers. Both AN and MA are less reactive than the monomer DVB for the
copolymerization so that the polymer formed at the initial stages of polymerization contains more
DVB units than in the monomer mixture. Since both AN and MA monomers are poor solvents for
the DVB microgels, as the fraction of AN or MA in the system increased, the earlier the phase separation
or precipitation of microgels occurs. Thus, in such systems, the monovinyl monomers AN or MA act as
an intrinsic nonsolvating diluent so that decreasing crosslinker content increases the porosity of the final
material [72]. Therefore, addition of AN in S—DVB comonomer system increases the porosity of
copolymer networks. [231]

Another interesting pore-forming system is the crosslinking copolymerization of HEMA and EGDM
in the presence of toluene as a diluent; [64] here, the total volume of the pores first increases with
increasing crosslinker (EGDM) content up to 20 mol% but then it decreases continuously (Fig. 17). This
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Table 3

Solubility Parameterg, of the monomers, polymers, and the diluent toluene in HEMA-EGDM copolymerization
Component 5 (MPa)?

HEMA 23.3

EGDM 18.2

Poly(HEMA) 29.7

Poly(EGDM) 19.2

Toluene 18.2

behavior was explained based on the thermodynamic properties of the monomers, toluene and the
copolymer [64]. Table 3 shows the solubility paramelesf the monomers, polymers and the diluent.

Fig. 18 provides a plot of the variatigd; — 82)2 during the course of HEMA—-EGDM copolymerization
depending on the initial EGDM concentration and on the monomer conversion. No& tiegiresents

the solubility parameter of the unreacted monomers—diluent mixture in the reaction system. It is seen
that at low EGDM contents, the residual monomer—toluene mixture is a nonsolvent for the growing
copolymer chains, whereas it becomes a good one as the EGDM concentration increases. At highe
EGDM content,(8; — 8,)? is closely matched so that a phase separation during the copolymerization
may only occur as a consequence of the increasing crosslink density of the copolymer chains. Accord-
ingly, the porous structures formed at low EGDM contents are due to the polymer—(diluent
monomers) incompatibility in the polymerization systegrifduced syneresis), whereas at higher
EGDM contents, due to the increasing degree of crosslinkinmduced syneresis). This is a result

of the different solubility parameters of the monomer HEMA and the crosslinker EGDM [64].

Fig. 18. Variation of(8; — 8,)?during the course of HEMA—EGDM copolymerization in the presence of toluene as a diluent
depending on the initial EGDM concentration and on the monomer conversion.
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Fig. 19. Variation of the porosity P in S—-MAn—-DVB copolymerization depending on the crosslinker (DVB) concentration.

In the crosslinking copolymerization of maleic anhydride (MAn)—S—DVB and using a dioxane—
toluene mixture as a diluent, it was found that the porous structures start to form at a very low degree
of the crosslinker content [69]. The filled symbols in Fig. 19 illustrate the total porosity of the MAn—-S
copolymers plotted as a function of the DVB concentration in the feed. The MAn content in the starting
monomer mixture is 40 mol%. The porosity increases abruptly and approaches 65% at 1.2% DVB. A
further increase in the DVB concentration results in a decrease in the porosity. The results was explained
based on the formation of rigid copolymer chains due to the MAnN repeat units, which accelerates the
phase separation during the crosslinking process. The decrease in the porosity above 1.2% DVB is due to
the destruction of the rigid pore structure during the polymerization or during the measurements.
Interestingly, the porous structures formed below 3% DVB are absent if the copolymers are dried in
a swollen state (open symbols in Fig. 19). This unstable pore structure results from to the low crosslink
density of the networks; since the connections between the phase separated nuclei are loose, the pore
between the nuclei disappear during drying in the swollen state [69].

4.3. Effect of the temperature and the initiator

The effect of the polymerization temperature on the porous structure of glycidyl methacrylate
(GMA)-EGDM networks was studied by Svec and Frechet using cyclohexanol/dodecanol mixture as
a diluent [232]. It was shown that although the total volume of the pores does not change much in the
temperature range 60— the size distribution of pores varies significantly with temperature. Increas-
ing the temperature shifts the pore size distribution towards smaller pores [232]. The higher the tempera-
ture, the smaller the pores. Since the specific surface area is mainly determined by the number of small
pores, increasing the polymerization temperature also increases the specific surface area. A similar effect
of the polymerization temperature on the pore size has been observed in AAM/BAAmM copolymerization
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Fig. 20. Schematic representation of a macroporous bead before and after swelling.

using DMSO/alcohol mixtures as a diluent [38]. The polymerization temperature-porous structure rela-
tion is a consequence of the increasing decomposition rate of the initiator on increasing the temperature
[232]. The higher the reaction temperature, the greater the number of free-radicals generated per uni
time and the greater the number of nuclei and microspheres formed. Increasing the number of nuclei anc
microspheres necessarily decreases their size so that smaller voids between them appear in the fin;
copolymer. In contrast, if the polymerization temperature is low, the rate of polymerization is slow and
the transfer of a substantial part of the monomers from solution in the nuclei can occur, which results in
the growth of the nuclei in larger sizes [232]. Note that increasing the solvating power of the diluent by
increasing the temperature may also contribute to the shift of the pore size distribution towards smaller
pores. In the polymerization of trimethylolpropane trimethacrylate (TRIM) in toluene, it was also found
that increasing the polymerization temperature increases the total volume of the pores smaller than 30 A
i.e. the specific surface area of the polymers is increased [87].

Owing to the same reason, increasing the decomposition rate of the initiator (e.g. using AIBN as an
initiator instead of benzoyl peroxide) decreases the size of the pores at a given polymerization tempera-
ture due to the increasing rate of polymerization [232].

It was also shown that the isothermal polymerization condition provides a much narrower distribution
of pore sizes than in the nonisothermal polymerization [213]. Similar results were reported by Takeda et
al. [120]. They conducted the S—DVB copolymerization by rising the polymerization temperature from
20 up to 90C. As the time for raising the temperature from 20 t6@®ecomes shorter (i.e. as the
polymerization rate becomes faster), products with a broader size distribution of pores and with smaller
mean diameters are obtained [120].

5. Relation between the swelling degree and the porosity

Fig. 20 represents schematically a crosslinked porous bead before and after immersion in a solvent
During the swelling process, the channels (pores) inside the bead are rapidly filled with the solvent; at the
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same time, the network region takes up solvent from the environment whose extent depends on the
attractive force between the solvent molecules and the network segments. The two separate processe:
thus govern the swelling of a heterogeneous network.

5.1. Solvation of network chains

The main driving force of the solvation process is the changes in the free energies of mixing and
elastic deformation during the expansion of the network. The extent of network solvation is determined
by the crosslinking density of the network, by the degree of dilution after the gel preparation, and by the
extent of the interactions between solvent molecules and the network chains. The Flory—Rehner theory
gives the following well known relation between the equilibrium swelling ratio of the gels and their
structural parameters [233]:

IN(L—Vy) + vy + 2 + N 23 — 0,2 =0 (10)

wherev; is the volume fraction of polymer in the equilibrium swollen hydrogel, i.e. the inverse of the
volume swelling ratiag, (volume of swollen gel/volume of dry gel); is the polymer—solvent interac-
tion parameten\ is the number of segments between two successive crosslinks of the networkjsnd
the volume fraction of polymer network after preparation. According to Eqg. (10), the equilibrium
swelling degree of a network in a given solvent increases as the crosslink déngitor the monomer
concentration at the gel preparatichdecreases.

5.2. Filling of voids (pores) by the solvent

The extent of swelling due to the filling of the pores by the solvent depends on the total volume of
(open) pores, i.e. on the volume of the diluent separated out of the network phase during the crosslinking
copolymerization.

Note that the equilibrium weight swelling ratip, (mass of swollen gel/mass of dry gel) includes the
amount of solvent taken by both of these processeg,jiacludes the solvent in the gel as well as in the
pore regions of the network. Thus, both the solvation and filling processes are responsibledfpr the
values of macroporous networks. On the contrary, if we assume isotropic swelling, that is the volume of
the pores remains constant upon swelling, volume swelling i@tiof heterogeneous networks is
caused by the solvation of the network chains, i.e. by the first process. Ghasly includes the
amount of solvent taken by the gel portion of the network. Accordingly, relative valugg ahd
gy, of heterogeneous networks together with the degree of monomer dilution used in the gel
preparation provides information about the distribution of the diluent between the gel and diluent
phases at the end of the network formation process, and can be used in the calculation of the
pore volume of the networks.

The distribution of the diluent in the network structure after its formation, the networks can be
classified into three groups: [234]

1. Expanded (preswollen) networkSxpanded network structures are obtained if the diluent present
during the network formation remains in the gel throughout the polymerization (Gel B in Fig. 2).
Expanded networks are thus nonporous. During the removal of the diluent or during drying, the
expanded network collapses, but reversibly. Addition of a good solvent allows it to reexpand to its
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earlier state. Both the weight and volume degrees of swelling of expanded networks increase with
increasing dilution due to the increasing solvation of the network chains.

2. Heterogeneous dry network¥he diluent separates totally out of the network phase during the
polymerization and acts only as a pore-forming agent. The increase in the weight-swelling ratio
with increasing dilution is due to the increasing volume of the pores, which are filled by the solvent.
Since the diluent exists as a separate phase during the polymerization, the effects of cyclization and
change in the contents of trapped entanglements on the network structure can be neglected. Thus, th
volume degree of swelling does not change with the degree of dilution.

3. Heterogeneous swollen networR$e diluent separates partially out of the network phase during the
polymerization. Thus, it distributes between network and diluent phases after synthesis. A part of the
diluent acts as a pore-forming agent, whereas the other part remains in the network structure and
increases its volume degree of swelling.

The experimental data on macroporous networks indicate that the weight swellingyaifahe
networks in solvents is a linear function of the monomer dilution concentration used in the gel prepara-
tion [104,107]. The linear relation between the equilibrium weight swelling ratio of the networks and the
monomer concentration was first observed by Millar in S—DVB copolymer networks prepared using
toluene as a diluent and is given by [19]:

U=U,+ S (11

whereU andU, are the solvent regains for the networks prepared with and without using a diluent (both
in ml/g), andS; is the volume of the diluent added per gram of the monomers. In terms of the weight
swelling ratioq,, Eq. (11) can also be written as:

Ow = Qw0 + rd1/dM 12

whereq,, o is the equilibrium weight-swelling ratio of the network prepared without using a diluésit,
the volume of the diluent added per ml of the monomeéranddy, are the densities of the swelling agent
and the monomers, respectively.

On the other hand, assuming isotropic swelling, the volume swelling ratio of the networksn be
calculated from their weight swelling ratig,,, and apparent densitdy, as follows: [235,236]

_ 1 Oy — 1
- a L+ B2 a

whered, is the density of the homogeneous polymer. Substitution of Eq. (12) into Eq. (13) leads to:

d
Q = d—Z(qV,o + rdy/dy) (14)

whereq, o is the valueg, of the network prepared in the absence of a diluent (volume swelling ratio of
homogeneous networks). Since the poroBitglates to the apparent density through Eg. (8), using Egs.
(8) and (14) the porosity of the networks can be calculated as [234,237]:

Qv

P=1- ——
Qvo + rdy/dy

15

Eq. (15) predicts the porosity of the networks from the volume swelling ratio of heterogermgpasd
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Fig. 21. Dependencies of the weigl@)(and the volume®) swelling ratios ¢, andg,, respectively) on the degree of monomer
dilution r for EGDM networks formed in toluene. The solid line was calculated using Eq. (12).

corresponding homogeneous networgg( and from the degree of monomer dilutior).(The only
assumption inherent in the derivation of Eq. (15) is the isotropic swelling condition of the networks.

Egs. (14) and (15) predicting the volume swelling ratio and the porosity of the networks can be
simplified for two limiting cases given below:

¢ In the case of heterogeneous dry networks, since the diluent separates totally out of the gel phase, the
volume swelling ratio of heterogeneous network is equal to that of the corresponding homogeneous
network, i.e.

Oy = Qv,o (168
and Eqg. (15) reduces to
1
P= 1
1+cr (160

wherec = q, ody/d, and is fixed for a given crosslinker content.
e The other limit of interest is the expanded gel in which the diluent remains in the gel phase. In this
case

P=0 (179
and Eq. (14) gives the volume swelling ratio of expanded gels as

Oy = Qo + r(dZ/dM) (17b
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Fig. 22. Variation of the porosity of EGDM networks formed in toluene with the degree of monomer dilution. The solid curve
was calculated using Eg. (16b).

Experimental verification of the equations given above has been reported for S—DVB copolymer
networks as well as for ethylene glycol dimethacrylate (EGDM) networks [101-103,234]. The filled
symbols in Fig. 21 shows, values of macroporous EGDM networks plotted as a function of the
monomer dilutionr [234]. The solid line was calculated using Eq. (12) anddgp = 1.12, d; =

0.867 gml, anddy = 1.05 gml. Itis seen that Eq. (12) correctly predicts the weight swelling ratio of
macroporous networks up to a dilution degree ef 2 ml diluent/ml monomer. The slight deviation

at high dilutions may be a result of experimental error or of a loss of a small fraction of the diluent
during the network formation process.

Measurements of the total porosity P of the EGDM network samples reported in Ref. [234] are shown
in Fig. 22 as experimental points plotted as a function of the monomer dilution r according to Eq. (16b).
It is seen that the change in the value$2as at first abrupt and then slowly increases as the monomer
dilution increases. Satisfactory agreement between the calclateddependence and the results from
measurements is observable at diluent concentrations betwe&nand 2, indicating that all the diluent
(toluene) separates out of the network phase during the course of the polymerization. Indeed, the
equilibrium volume swelling ratia, for these networks are almost constant and is equal20
0.06 with respect to the valug , = 1.17 (open symbols in Fig. 21). At high dilutions, it is reasonable to
expect that a part of the diluent remains in the gel phase after synthesis due to the good solvating
character of the diluent toluene for EGDM polymers. This causes an increase in the volume swelling
ratio (Fig. 21) and, according to Eq. (15), a decrease in the slope-of dependence, as observed for
diluent concentrations above= 2 (Fig. 22).
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Fig. 23. Variation of the total porosity P with the DVB concentration in S—DVB copolymerization. Ditaéoluene/cyclo-
hexanol mixture of various compositions represented oy (volume fraction of cyclohexanol in the diluent mixture). The
solid curve was calculated using Eq. (16b). The dashed curves show the trend of the data points.

In Fig. 23, the total porositiel, of S—DVB copolymer networks prepared at a fixed monomer dilution
(r =21.00) are shown as a function of the DVB concentration. Cyclohexanol (CH-OH)—toluene
mixtures of various compositions were used as the diluent in the network synthesis [101-103]. Increas-
ing the volume fraction of CH—OHych_on, in the diluent mixture increases the total porosity of the
networks at a given DVB concentration (Fig. 23). The solid curve in Fig. 23 was calculated using Eq.
(16b); thus, it assumes that all the diluent separates out of the gel phase during the network formation and
it predicts the maximum porosities. It is seen that with the exception of the networks prepared at
ven-—on = 1.00 and equal to more than 12.5 mol% DVB, the experimental measured porosities remain
below those predicted by Eqg. (16b) indicating that the separated copolymers during the network forma-
tion process are more or less swollen with the diluent mixture. From Figs. 21-23, it is seen that
heterogeneous dry networks can be obtained at high crosslinker contents or, at medium crosslinker
contents and using nonsolvating diluents.

These plots show that Eqg. (15) correctly predicts the total porosity of macroporous networks from
their volume swelling ratio and synthesis parameters (crosslinker and diluent concentrations) and also
confirm the validity of isotropic swelling condition in macroporous networks. The 3D plots shown in
Fig. 24 illustrate the dependence of the total porosity P of the networks on the monomer dilution r and on
the reduced volume swelling ratep/c, o, as predicted by Eq. (15). Calculations were for two different
Qv values, i.e. for two different crosslinker contents. It is seen that the heterogeneity in the networks
appears after passing a critical degree of monomer dilutithis critical value strongly depends on the
Qvo Values, i.e. on the volume swelling ratio of the corresponding homogeneous networksgsince
depends inversely on the crosslinker content used in the network synthesis, increasing crosslinker
concentration increases the porosity of the networks formed at a given monomer dilution. Another
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Fig. 24. The total porosit? shown as a function of the degree of monomer dilution r andjife o ratio. Calculations were
using Eqg. (15) and for two differer, o values.

point shown in Fig. 24 is that higher porosities can be obtained at low relative volume swelling
ratios q,/qy 0.

6. Variation of the porous structure after the gel preparation

Although the final pore structure of polymer networks is fixed during the gel formation process when
the network is in a rubbery state, its structural characterization is performed with the polymer sample in
the glassy state. Kun and Kunin observed a partial collapse of the pore structure in S—DVB copolymers
during the removal of the diluent by steam distillation [221]. Krska et al. [238] used HEMA as a swelling
agent for macroporous cation-exchange resins based on S and DVB and then, the swollen state of thes
resins was fixed by the polymerization of HEMA. Electron microscopic investigation of HEMA swollen
low crosslinked polymers showed a porous structure whereas the pore structure was not visible in the
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Fig. 25. Pore size distribution of a macroporous S—DVB copolymer dried from toluene (filled symbols) and methanol (open
symbols) in differential (A) and integral modes (B). The copolymer samples dried from tol@@aed from methanol®). The

sample dried from toluene swollen again in toluene and thereafter dried from metigramhd vice versak). »3° = 0.5.

DVB = 10%. Diluent= cyclohexanol.

dried state. These investigators were the first to directly show the difference between the pore structure
of S—DVB copolymers in the swollen and the dried states.

Haupke and Pientka [30] as well as Hilgen et al. [239] observed a porosity loss in S—DVB copolymer
beads if they are first swollen in toluene and then dried at a high temperature. This porosity loss was due
to the collapse of pores during drying of the copolymers in a swollen state. Many investigators also
reported that the drying process of S—DVB networks swollen in good solvents leads to a partial or total
collapse of the pores [30,112,236]. Even at 98% DVB content, a variation in the pore structure was
reported at high dilution degrees [227]. The collapse of the porous structure was ascribed to cohesional
forces when the solvated polymer chains are approaching each other due to the loss of solvent [239]. The
degree of monomer dilution has a stronger effect on the extent of the collapse of the pores than the
solvating power of the diluent used in the polymerization [226].

It was also found that the collapsed pores re-expand again if S—DVB copolymer beads are first
swollen in a good solvent such as toluene and then the good solvent in the gel is replaced with a
poor one, such as methanol or water, before the drying process [30,236,240]. This process for the re-
expansion of the collapsed pores is called ‘solvent exchange’ or ‘pore-opening’ process. It was shown
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Fig. 26. (A) The apparent densities of S—DVB networkslided from toluene (open symbols) and from water (filled symbols)
plotted as a function of the DVB concentration. [101] The copolymers were prepared in the presence of cyclohexanol as a
diluent atz3° = 0.50. (B) The swelling ratio of the networks in toluene, in terms of the volume fraction of the network in the
equilibrium swollen geb,, shown as a function of their DVB content. The solid line represents the glassy transition line, i.e. the
networks swollen in toluene are in a glassy state below this line.

that by treating S—DVB copolymers with a series of solvents of decreasing solvating power, increase in
the pore volume as well as in the specific surface area can be achieved [240]. Later on, the difference
between the dry and swollen state porosities was demonstrated by small angle X-ray scattering (SAXS)
measurements on S—DVB copolymers [241]. Using this technique, it was shown that the swollen state
porosity is constant and it is close to the porosity of the copolymer networks dried after the solvent

exchange process [236,241]. The swollen state porosity of the networks or the porosity of the networks
dried after the pore opening procedure is called ‘the maximum porosity’. It seems that the swollen state
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Fig. 27. Effect of the DVB concentration on the pore size distribution of macroporous S—DVB copolymers dried from toluene
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porosity (maximum porosity) can be preserved in the dried state if the interactions between the polymer
and the solvent are decreased before the drying process.

The porosity loss has also been observed in sulfonic acid group containing S—DVB copolymers during
drying from water [242,246] or in crosslinked poly(2,3-dihydroxypropyl methacryatsedium
methacrylate) beads depending on the solvent treatment [243]. In contrast to this, however, chloro-
methylation of S—DVB copolymers with monochlorodimethyl ether (MCDME) increased both the pore
volume and the specific surface area of the copolymers at medium crosslinker contents
[109,244,246,248]. This is explained by the fact that MCDME is a good solvent for S—DVB copolymers;
since after chloromethylation the samples are rinsed with nonsolvents, the chloromethylation process is
similar to the solvent exchange process by toluene—methanol treatment [109,244,248]. It has also been
reported that the change in the total porosity is dependent on the solvent treatment and is a reversible
process [109,239]. Fig. 25 illustrates the reversibility of the pore structure variation in S-DVB
copolymers [225]. The pores of sizes?¥ radius disappear during drying from toluene; if the same
polymer is re-swollen in toluene and then, after the solvent exchange procedure, dried from methanol,
the same pores can be detected by mercury porosimetry. This indicates that the actual pore structure
formed during the crosslinking process is memorized by the copolymer network [225].

Fig. 26A shows the apparent densities of S—DVB networks dried from toluene (open symbols) and
from water (filled symbols) plotted as a function of the DVB concentration [101]. The copolymers were
prepared in the presence of cyclohexanol as a diluer’at 0.50. Note that the density of nonporous
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Fig. 28. Effect of the solvating power of the diluent on the porosity variation of macroporous S—DVB copolymers dried from
toluene @) and methanol @). »3° = 0.5. DVB = 10%. Diluent= toluene (A), cyclohexanol/toluene (75/25 v/v) (B), and
cyclohexanol (C).

S—DVB networks is 1.05—1.08 g/cirthus, the smaller the apparent density of the networks from this
value, the higher is their porosities. It is seen that cyclohexanol as a nonsolvating diluent induces a
heterogeneous structure even at a very low degree of crosslinking. The density of the networks dried
from water decreases linearly with increasing DVB content up to 15%, and then remains constant at
about 0.55 g/cr which corresponds to a total porosity of 50%. However, the pores formed at
low crosslinker contents are unstable; the structure of the networks<«w20f6 DVB shrinks on

drying and all the pores disappear in the dried state. The stability of the porous structure starts to
increase as the DVB content increases from 15 to 30%. The pore size spectra of the copolymer
networks shown in Fig. 27 also show that increasing DVB content up to 18% increases the
number of meso and macropores [225]. However, these pores are unstable and collapse upor
drying from toluene. Further increase in the DVB concentration does not change the total
porosity but increases the stability of the pores.

The plot in Fig. 26B illustrates the swelling ratio of these networks in toluene. The volume fraction of
the network in the equilibrium swollen ge}, is plotted as a function of their DVB content. As expected,
increasing the DVB content of the networks at a given degree of monomer dilution decreases their
swelling ratio in toluene, i.e. increases the polymer concentration in the equilibrium swollen gel. Using
the modified Couchman—Karasz equation, [245,246] the glass transition temperature of Tye gels
calculated. The solid line in Fig. 26B is the glassy transition line of S—DVB networks equilibrium
swollen in toluene. It is seen that the networks witB0% DVB swollen in toluene are in the rubbery
state at room temperature. The networks with a higher DVB content, at which a stable porous structure
starts to appear, are in the glassy state. This result demonstrates that the pores in the network structur
collapse if the network is in the rubbery state before the drying process, whereas they do not collapse in
the glassy state [101,246]. Thus, increasing rigidity of the structure due to the increasing DVB content
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Fig. 29. Differential pore size distribution of S—-DVB copolymer beads dried from tolu@harid methanol®). DVB = 10
mol%. 13° = 0.50. Diluent= cyclohexanol. The reaction times and the fractional monomer conversions (in parenthesis) are
indicated in the figure.

favors the conservation of the porosity in the dry state due to the transition of the toluene swollen
network to the glassy state.

The extent of the pore structure variation depends on the relative magnitude of the glass transition
temperaturely;, of the network—solvent (gel) system and the drying temperaty&36]. If Tqi, >T,
most of the pores remain stable. Sifge, of a gel increases with the increasing crosslink density of the
network or with the decreasing volume fraction of the solvent inside the gel, highly crosslinked networks
have a stable pore structure (Fig. 27) [115].

Even when the pore stability condition given by the relafign, > T is achieved, a portion of the
number of pores collapses and the extent of the pore collapse is increased in networks prepared with poor
solvents as a diluent. Or conversely,Ti§;, < T, some of the pores remain stable after the drying
process. This behavior can be seen in Fig. 28, which represents the pore-size spectra of S—DVB
copolymers with 10% DVB content prepared in the presence of a fixed amount of a diluent [225].
The diluents used were a good, medium, and nonsolvent in Fig. 28A—C, respectively. It is seen that the
network prepared in nonsolvent has mostly unstable pores whereas the network structure formed in a
good solvent is stable. This behavior is a consequence of the crosslink density distribution within the
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network structure [226,247]. Due to the higher reactivity of the DVB monomer relative styrene, the final
S—-DVB network consists of regions of high and low crosslink densities, i.e. regions that swell either less
or more than the average degree of swelling of the network. The pores in loosely crosslinked (rubbery)
regions collapse on drying whereas those in the highly crosslinked (glassy) regions do not collapse.
Decreasing solvating power of the diluent used in the polymerization increases the extent of the inho-
mogeneities in the gel so that the pore structure variation becomes significant.

Fig. 29 illustrates how the variation in stability of the porous structure of S—DVB copolymer networks
varies as a function of time [223]. The crosslinking reactions were carried out using 10 mol% DVB in the
feed and using cyclohexanol as a nonsolvating diluent. The initial volume fraction of the monomers in
the organic phase was 0.5. Open symbols in the figures represent the porosities of the copolymer sample
dried from methanol; they correspond to the actual (swollen state) porosities. The filled symbols belong
to the network samples dried from toluene, i.e. they represent the stable part of the pores that canno
collapse upon drying. Gelation occurs in the reaction system after a reaction time of 25—30 min [223]. It
is seen that the pore sizes?2a0" A in radius formed during the polymerization are unstable and they
collapse during the drying process. However, the pores of sizes less thania@adius that appear at
the gel point, exist during the whole course of the polymerization reaction (filled symbols in Fig. 29).
These experimental results demonstrate that the stable pores in S—DVB copolymers form just beyonc
the macrogelation.

This is probably due to the higher reactivity of the DVB monomers compared to styrene; at the
beginning of the copolymerization, much more DVB is incorporated into the copolymer than is expected
based on the initial composition of the monomer mixture. Accordingly, the earlier formed and phase
separated nuclei and their agglomerates (microspheres) are highly crosslinked than those formed in :
later stage of the copolymerization when the major part of the DVB monomers have been used up
[226,247]. The early formed gel regions will constitute the interior of the microspheres whereas the later
formed and loosely crosslinked regions will locate at the surface of the microspheres. Thus, the pores
inside the first formed regions of the network remain stable during the drying process because these
regions will have higher crosslink density. Since the meso and macropores form the interstices of the
microspheres and agglomerates that form at later stages of the reactions, these network regions ar
loosely crosslinked and so the pores in these regions collapse upon drying in the rubbery state.

This feature of macroporous S—DVB networks was used to estimate their crosslink density distribu-
tion [237]. In Fig. 30, the change in the apparent density is plotted against the solubility pararoéter
the solvents used to treat the network. The apparent defysigcreases, i.e. the porosity increases with
increasing solubility parameter or polarity of the solvent. At a critical value of the poldgitgaches its
minimum value and then remains constant. This critical value corresponds to the transition of the whole
network from the rubbery to the glassy state. If one assumes a homogeneous crosslink density for the
globules inside the polymer network, the glassy transition of the network, and thus the opening of the
pores should occur abruptly in a critical solvent. However, Fig. 30 shows that the porosity increases
gradually by increasing the solvent polarity, indicating that the network regions pass into the glassy state
in different solvents. On exchanging a swelling solvent for a less solvating one, the highly crosslinked
regions cross the glass transition line first. With increasing concentration of DVB, the porosity changes
occur over a wider range of the solubility parameter values. This indicates that the inhomogeneity in the
networks increases with increasing DVB concentration. Note that the networks with lower crosslink
densities pass into the glassy state earlier, i.e. in less polar solvents than those with higher DVB
concentration. The results indicate that the crosslink density of the less crosslinked regions of the
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network decreases with increasing DVB concentration. By using SAXS it was shown that the degree of
inhomogeneity increases as the crosslinker content increases [249].

7. Theoretical considerations

Although many experimental studies have dealt with the porosity formation in FCC in the presence of
several diluents, only a few were concerned with the theory of formation of heterogeneities in such
systems. The feature of FCC is that a network forms at relatively low conversions and is therefore highly
swollen with the diluent—monomer mixture, so that phase separation occurs not far from the gel point.
Dusek [250—-252] was the first who treated the phase separation during the network formation process
under the assumption of thermodynamic phase equilibrium between the network and separated phases ir
every step of the polymerization reaction. By using Flory’s theory of swelling equilibrium and the theory
of rubber elasticity, he derived relations between the volume of the network phase and the monomer
conversion [251].

Similar thermodynamic relations were also reported by Boots et al. [253] to predict the onset of phase
separation in crosslinking copolymerization of divinyl monomers. An important assumption involved in
the derivation of Dusek’s and Boots equations is that all polymer molecules beyond the gel point belong
to the gel. Thus, in these models, the existence of sol molecules in the reaction system is simply ignored.
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However, the gel fractiolV, i.e. the weight fraction of polymer chains that belong to the gel, is known

to be zero at the gel point and it increases as the polymerization proceeds, but never attains unity at
monomer conversion less than 100%. Therefore, a realistic thermodynamic model that describes the
phase equilibria in an FCC system should take into account the distribution of soluble polymers between
the gel and the separated diluent phases. Moreover, in Dusek’s and Boots models, the kinetics of FCC
was not taken into account. For example, different vinyl group reactivities in the FCC system as well as

the variation of the gel crosslink density, depending on the reaction conditions are neglected.

The prediction of the porosity of the copolymers formed by FCC of vinyl/divinyl monomers requires
both a kinetic and thermodynamic treatment of the reaction system. A kinetic-thermodynamic model
developed recently takes into account all the features of a heterogeneous crosslinking copolymerizatior
system [254,255]. Comparison of the model predictions with the experimental data provided good
agreement [255]. In the following section, a review of this model and comparison with experiments
will be presented.

7.1. Condition of phase separation during crosslinking polymerization

The reaction mixture of FCC beyond the gel point remains homogeneous as long as the growing
polymer network is able to absorb all the available monomers and the diluent [250]. In other words, the
reaction mixture is homogeneousif of the partially formed network is smaller than its degree of
dilution 19. As the copolymerization and crosslinking reactions proceed, that is, as the crosslink density
of the network increases, a critical point is passed at whidhecomes equal te, i.e. the equilibrium
degree of swelling of the network in the monomer—diluent mixture becomes equal to its degree of
dilution. At this point, since the dilution of a network cannot be greater than its equilibrium degree of
swelling, the reaction system will separate into two phases; network and separated phases. Note that th
separated phase, which consists of soluble components, will constitute the porous structure of the fina
material.

Thus, the condition for incipient phase separation during FCC is given by [250]

vy = Vg (18

After phase separation, both and$ will change with further polymerization but the equality given by
Eq. (18) still holds for the network phase. Letand »3° be the fractional volume conversion of the
monomers and the initial volume fraction of the monomers in the monomer—diluent mixture, neglecting
the volume contractionys increases with the monomer conversioms follows:

Vg = avgo (19

At complete monomer conversign = 1), the phase separation condition given by Eq. (18) reduces to:
2z <=1 (20

In order to test the validity of Eqgs. (20) or (18) for the formation of a macroporous structure,
experiments were carried out using S—DVB comonomer system and using cyclohexanol [101,102]
and di-2-ethylhexyl phthalate (DOP) [107,246] as the diluent. Fig. 31A shows howlthe ratio
varies with the DVB concentration used in the network synthesis. It is seen thgftheratio decreases
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Fig. 31.13% v, ratio (A), the total porosity P% and the apparent densj{), and the swelling ratio in tolueng(C) of S—DVB
networks plotted as a function of their DVB contents. DiluenDOP, 13° = 0.52. The open symbols in (C) represent the
swelling ratio of the networks prepared without using a diluent.

below unity between 18 and 22% DVB, which is the phase separation condition of Eq. (20). Indeed, an
abrupt increase in the poros®(or decrease in the apparent dendyof the networks appears between

the same DVB concentrations (Fig. 31B). In Fig. 31C, the volume swelling ratio of the networks in
toluene in terms o¥, is shown as a function of the DVB concentration. The filled and open symbols
represeni, values of the networks prepared with and without using a diluent, respectively. Itis seen that
that the networks formed below 18% DVB are in a swollen state, i.e. they swell much more than the
corresponding networks prepared without using a diluent. This indicates that the diluent used in the
synthesis remains in the gel phase during the reactions. However, above 18% P¥pidly increases

and approaches that of homogeneous networks, indicating separation of the diluent out of the network
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Fig. 32. Schematic representation of FCC system (A) before and (B) after phase separation.

phase. Fig. 31 thus shows that Eq. (18) correctly predicts the formation condition of porosity during
FCC.

7.2. Conversion-dependent phase equilibria

In free-radical crosslinking copolymerization (FCC) of vinyl/divinyl monomers, the reaction system
beyond the gel point involves the unreacted monomers, (non)solvent, soluble polymers and a polymer
network. Usually, the network starts to form at relatively low monomer conversion and is therefore
highly swollen with the diluent—monomer mixture, so that phase separation occurs not far from the gel
point. In the following, we will call the mixture of the unreacted monomers and the (non)solvent as the
diluent. The FCC system at a given degree of monomer conversion can be considered as a ternary syste!
consisting of the diluent, network, and the soluble polymer (Fig. 32A). For this ternary system
consisting of three components, the diluent, network, and soluble polymer, respectively, all
concentrations and properties of the components are functions of the monomer conversion.
Consider the reaction system at a volume conversion of the monomewghich is above the
critical conversion for the onset of a phase separation. At this conversion, the diluent and soluble
polymers will distribute between the network and separated phases, whereas the network will
only exist in the network phase (Fig. 32B). We can thus analyze the system as a network
immersed in a polymer solution. Swelling of a nonionic polymer network in such a system is
governed by at least two free energy terms [256,257], i.e. the changes in the free-energy of
mixing AG,, and in the free energy of elastic deformatit,, :

AG = AG,, + AGy 1)
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According to the Flory—Huggins theory [2331G,, is given by

AGm = RT(Z N; In Yy + anvj)(”) (229

i<j

wheren; is the moles of the species = 1, 2, and 3) 4 its volume fractiony; the interaction parameter
between the speciésaandj, R the gas constant, afidis temperature. According to the affine network
model, the free energy of elastic deformatidG,,, is given by [233]

AGy = (32)(RT/NVY((1 1) %2 = 1 — In(bY/wy) ) (22b)

whereN is the average number of segments in the network chain¥gisdhe molar volume of solvent.
Substitution of Egs. (22a) and (22b) into Eqg. (21) and differentiating with respect to the number of moles
of the diluentn; and the soluble polymen; yield the following equations for the excess chemical
potentialsu. of the components 1 and 3 in both network and separated phases [254]

A _ 2/3
PL o NT2O8RST — 0y/2) + vy + (L= v) — vely + (xaave + xaava)(L — 1) — Xaavavs

RT
(233

oL R T RV WL 230
RT ~ MY v3( Y) + X13V3 (23D
AMs L2297 — L) + (L) In
VRT — vy V) vo/2) + (Uy) In vg

UYL = v3) — vp + (xaav1 + x23v2)(1 — v3) — X201 (249
AM% / / —1 /2
JRT ~ Wy)yInvyg —vi(1 -y )+ xizv'y (24b

wherey is the number of segments in the soluble polymer. Note that the symbols with a prielate to

the separated phase, whereas those without this superscript relate to the network phase. The state o
equilibrium between the network and separated phases in FCC is obtained when the diluent and the
soluble polymers inside the network phase are in thermodynamic equilibrium with those in the separated
phase. This equilibrium state is described by the equality of the chemical potential of these components
in both phases. Thus, at swelling equilibrium, we have:

Apg — Aps=0 (25

Apg —Auz =0 (26)

Substitution of Egs. (23a)—(24b) into Egs. (25) and (26) and using the phase separation condition
given by Eq. (18), one obtains the following system of equations describing the equilibrium condition
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between the network and separated phases during FCC [254,255]

/

05N"19 + In (ﬂ) + Ay — vh)

41
_ o 0? 2 12 . 0. _
(v3 = valy) + x1ov5 + x13(3 — V'3) + (x12 + x13 = x23)1213 =0 (27)
V1 / / 0
—In (7) + (Vy) In(wa/v3) + 2x13(¥53 — v3) + (X23 — X12 — X19)2 =0 (28
1
Application of material balance to each phase gives the two additional equations:
V1+Vg+v3=l (29
vi+ =1 (30)

At the start of the polymerization, the reaction mixture only contains the monomers and the solvent with
volume fractionsi9® and 1— 13°, respectively. LetW, be the weight fraction of polymer chains that
belong to the gel anu, be the volume fraction of the network phase in the reaction system at volume
conversiona, from the material balance, we have the following equalities:

19 = TpWy/Vy (3D

(1 — Wy) = waVg + v3(1 — V) (32

where,, is the volume fraction of sot- gel polymer in the whole reaction system (netwerlseparated
phases), i.e.

_ avgo(l — €

T A - e 33

€ is the contraction factor defined lay= 1 — dy,/dp, dy; anddp being the densities of the monomers and
the polymer respectively (we assume equal densities for the monomers used).

The system of the six equations (Eqgs. (27)—(32)) contains 15 parameters. Five of these parameter:
(15°, x12, X13, X23, @ande) are system specific and therefore, they are fixed by the experimental conditions
(type and concentration of the monomers and the diluent). However, three parariétes éndy)
change continuously with the monomer conversion. These three conversion-dependent parameters ar
the output of the kinetic model of FCC given in the following section. Thus, knowing these 8 parameters
and takingx as the independent variable, Egs. (27)—(32) can be solved numerically for the six remaining
unknownsyg, vy, 19, v, ¥4 and vs. Note that the porositf of the networks relates tq, through the
equationP = 1 — v,, and thew,/v; ratio represents the distribution of soluble polymers between the
network and the separated phases.

7.3. Kinetics of gel formation and growth during free-radical crosslinking copolymerization

Although several theories of gel formation and gel growth have been developed in the past half
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Fig. 33. Types of the vinyl groups and the radical centers present during FCC of vinyl/divinyl monomers.

century, kinetic approaches are widely used to describe the gel formation process in free-radical cross-
linking copolymerization (FCC) [24,258—266]. This is mainly due to the fact that kinetic models take
into account all the kinetic features of FCC and so offer a more realistic approach to the microscopic
phenomena occurring during the free-radical polymerization reactions.

The kinetic treatment of FCC usually makes the following assumptions:

1. Steady-state approximation for the concentration of each radical species.

2. Cyclization and multiple crosslinking reactions occur at constant rates.

3. Equal reactivity for the vinyl groups on the divinyl monomer (crosslinker).

4. All the functional groups distribute homogeneously in the reaction system. This assumption is a
consequence of the mean-field nature of the kinetic theories.

Vinyl—divinyl monomer copolymerization reactions involve at least three types of vinyl groups: (i)
those on monovinyl monomeé,); (ii) on divinyl monomer M,); and (iii) on polymer chains, i.e.
pendant vinylsils). Copolymerization of the three types of vinyl groups results in the formation of three
types of growing radicals, depending on the location of the radical center, namely, those with monovinyl
monomer unit at the en@,*), divinyl monomer unit with one unreacted vinyl (pendant vinyl) at the
end (M,*), and divinylmonomer unit with both reacted vinyls at the €N*) (Fig. 33). In order to
simplify the kinetic treatment of the reaction system, the instantaneous rate constants for propagation
(Ko1. Kp2), crosslinking(k,s), and termination reaction&?) are defined as follows:

ki = D Ko (349
j

ke = Z Z Kicij Xi % (34b
]

K= > k%X (340
i

k' =k +ky (,j=1,2and3 (34d)
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Here,ky; is the propagation rate constant between radibgisand vinylsM;, ki; andk; are the
termination rate constants between radicals of tjgpesandM;* by coupling €) and by disproportiona-
tion (d), respectively; is the instantaneous mole fraction of the radMat, i.e. x, = [M;*]/[R"], where
[R*]is the total radical concentration defined[B/] = > [M;=]. The instantaneous mole fraction of the
radical specieg; can easily be evaluated as in a terpolymerization. Invoking the steady-state approx-
imation for each of the radical species separately, and assuming that the propagation rates are muc
larger than both the initiation and termination rates, one obtains:

X1:X2:X3:1:a:b (353)
where

_ kp1aMaI{ kpa1[My] + Kyzo[Ma] + (Kp13Kpzo/kp12)[M3]}

47 koMl KyaMy] + KoMyl + (Kogikozd Koo [M]}

(35b

b— (Kp13 + aky23)[M3]
Kpai[M1] + Kpzo[Mo]

Note that for the crosslinking copolymerization of styrene (S) with technical divinylbenzene (DVB),
which is a mixture of meta (m) and para (p) isomers of DVB as well as of ethyl styrene (ES), six types of
vinyl groups exist: those on 3n-ES, p-ES, mDVB, p-DVB, and on the polymer chains (pendant
vinyls). Eg. (1) can also be applied to this reaction system wjth- 1-6.

In FCC, the propagation rate constants of the elementary reactions for monomeric vinyls are reaction
controlled up to about 80% of the monomer conversion. Therefore, it is reasonable to assume constan
propagation rate constants during the reactions. However, termination rates of polymer radicals are
diffusion controlled. Many models have been proposed to calculate the diffusion controlled termination
rate constank; during the linear and crosslinking polymerizations. The resulting expressions involve,
however, parameters that are not available for real systems. Tobita and Hamielec suggested the follow
ing empirical equations for the diffusion controlled termination in FCC [261]:

(350

k= K forx < 7, (340

ke = K exp{— Z;(x — Z,)} forx > Z, (34f)

wherex is the monomer conversiod; andZ, are adjustable parameters. In S—DVB copolymerization,
the termination reactions are chemically controlled prior to gelation but become diffusion controlled
beyond gelation [267]. Thus, the paramelgequals to the monomer conversion at the gel pginthe
parameterZ; describing the variation of kvith the monomer conversion x was evaluated from the
experimental time-conversion data of S—DVB copolymerization [268]. Calculation resultZgize

15+ 1, independent on the level of DVB (4-8%) and on the polymerization temperature (7090
[268]. Applying Egs (34a)—(34f), one may derive the rate equations for the concentration of the initiator
I and vinyl groupaV; as follows

r = —kqll] (36)

v, = —Kpa[R'1IM] (37)
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My, = —2Kpa[R'1[M,] (39)

v, = (1 = Keyo)Koa[M2][R'] — (1 + kno)koa[R'1[Ms] (39
where

[R] = (2f ky[l1/k)®® (40)

f is the initiator efficiencyk, the decomposition rate constant of the initiatqy, the fraction of DVB
units consumed by cyclization reactions dqdis the average number of multiple crosslinks formed per
intermolecular link.

In the characterization of gel forming systems, an important property is the distribution of molecular
weights of polymer molecules. LgP,] be the concentration of polymer molecules composed of
structural units, normalization gives

Q= > r"P] (41)
r=1

whereQ), is thenth moment of the polymer distributiqim = 0, 1, 2, ...). Theith average chain length of
molecules(i = 1,2,3,...) is defined as
- Qi
X = —<_
' Q.

For example, the second average of the chain length distribution called weight-average chain length is
given byX, = Q,/Q,. Up to the onset of gelation, all molecules present in FCC system are finite. At the
incipient formation of an infinite structure, which is called the gel point, the second moment of the
polymer distribution, i.e. the weight-average chain length of polymers diverges:

(42

Lim Q, = oo (43)

tot,

wheret, is the time required for the onset of gelation. Beyond the gel point, both an infinite network (gel)
and finite molecules (sol) coexist in the polymerization system. The kinetic treatment of the post-
gelation period assumes a steady state concentration for the radical concentration in the sol and in the
whole reaction system. Using this approach, the moment equations of the polymer distribution in vinyl/
divinyl monomer copolymerization both before and after the gel point were derived previously [263—
265].

In a batch isothermal crosslinking copolymerization, the reaction voMmwdl also change during
the reactions due to the differences in the densities of the mondyp{@nonomer densities are assumed
to be equal) and the polymég. If Srepresents the concentration of spetjég; and the moments of the
polymer distributionQ,, a mass balance requires:

_dvS _ds . Ssav

"STVa T d TV (49
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Table 4

Kinetic constants and parameters for S-commercial DVB copolymerization using dibenzoyl peroxide as an initiaté, [255]
and kpz” represent the propagation rate constants between radicats-BMB or p-DVB, respectively, andis, is the average
reactivity ratio of pendant vinyls to monomeric vinyls on DVB isomers

Constant: Reference
f=05

kg = 6.38% 10 572 exp[—1243 kJ mol Y/(RT)] [269]
kop = 2.4% 10° Imol™*.s™* exp[—37.5 kJ mol /(RT)] [270]
Koz = Kot/ 1.18 [271]
F3, = 1/10 [266]
kye =03 [222]
kmc =

ko = 1.26x 10° Imol™* s exp[—7.03 kJ mol '/(RT)] [269]
ky=0 [269]
dy = 924— 0.918(T — 273 g1 ? [272]
dp = 10848 — 0.605T — 273 g1 * [272]

where d//dt is the rate of volume change, which, assuming ideal solutions, is given by:

‘jj—\t/ = —eerMi V, i=1, 2'and 2) (45)
whereV; is the molar volume of the monomer with vinyl group of tyipende is the contraction factor
(E =1- dM/dp)

Thus, if the rate constants and the parameters are known, the mass balance equations of the kineti
model represented by Eq (44) can be solved numerically to predict the vinyl group conversions, gel
points, chain length averages and gel crosslink density as a function of the reaction time. The indepen-
dent variable reaction timecan be replaced with the mole conversioor the volume conversioa of
the monomers using the equations:

Qv

X= MoV (46)
. ( 1+ HAVN, B

a=1 (m)” X 4D

whereV, is the initial volume My is the initial monomer concentratioaY = V, — V,, f, andfy, are the
mole fractions of DVM at conversior and at zero conversion, respectively.

7.4. Theoretical predictions
The model was solved recently for a batch isothermal S-commercial DVB copolymerization in the

presence of dibenzoyl peroxide as the initiator [255]. For the solution of the kinetic model, the following
reasonable approximations were also made: (i) the propagation, crosslinking and termination rate
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Fig. 34. The weight fraction of géd/, , the number- and weight-average degrees of polymerization of branched moleXules
andX, ), and the number of segments in the network chalrghown as a function of the monomer conversion x in S—DVB
copolymerization. DVB= 70 mol%. 13° = 0.20. Temperature= 7C°C. [I] = 0.1 M.

constants are independent of the type of the radical endkpil.p.: Kp21 = Koz1 = Kp1, €tc. (i) The
initiator efficiency is 0.5. (iv) The reactivity ratio of S with the first double bondrefand p-DVB
(r{» andr,r, respectively) are temperature-independent in the temperature range from 50Go 190
Previous experimental studies indicate that, in a wide range of the crosslinker concentration, the pendant
vinyl group reactivity is ten to hundred fold smaller than the reactivity of the vinyl groups on divinyl
monomers [266,267]. For the simulation we assumentfat 1/10 in S—DVB copolymerization system
in the presence of inert diluents.

The values of the kinetic constants and the parameters used in the calculations are collected in Table 4.
For the solution of the thermodynamic-kinetic model, the gel point conversiand the values o,
y(X;), and N were first calculated using the kinetic rate equations as a function of the monomer
conversionx. Then, these data were used for the solution of the thermodynamic equations of the
model to predict the critical conversion for the onset of a phase separation in FCC as well as the volume
fraction of the separated phade— »,), which corresponds to, assuming isochoric conditions, the total
porosityP of the final copolymer network. Solution of the thermodynamic equations require the values
of the interaction parameterg;,, xis and y,s. Since the sol molecules and the gel have the same
chemical composition, it was assumed that 0. The diluent in S—DVB copolymerization (component
1) consists of the unreacted monomers and of the (non)solvent (pore forming agent), which changes its
composition depending on the monomer conversion. As a result, the overall solvating power of the
component 1 for the polymer changes as the monomers are consumed in the polymerizatiog,,Thus,
can be calculated from the monomer—polyrpgk™ and solvent—polymey;3) interaction parameters
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Fig. 35. Variation of the total porositl? of S—DVB networks with the monomer conversiarin the presence of various
diluents. The diluent—polymer interaction parameter va}gié'sused in the calculations are indicated in the figure. See legend
to Fig. 34 for the reaction conditions.

as:

X12 = X15"+ (33 — X5 Ps (489
where & is the volume fraction of the (non)solvent in the diluent mixture, i.e.

1- V(Z)O
1= o 0 (48b)

&, =
XN is reported to be 0.42 ang? represents the thermodynamic quality of the pore forming agent,
which is one of the independent variables of the model.

Fig. 34 shows the sol and gel properties as a function of the monomer conversicB8—DVB
copolymerization at 7 in the presence of 0.1 M dibenzoyl peroxide as the initiator. Initial monomer
mixture contains 70 mol% DVB isomers and the total monomer concentration is 20(vgﬂ% 0.20).

The weight-average polymerization degree of branched polymiXgrgyoes to infinity atx = 0.073

which corresponds to the critical conversignfor the onset of gelation. Beyond the gel point, the
amount of polystyrene chains incorporated into the netwdk increases and the number of segments
between successive crosslinks decreases abruptly. At the same time, the size of the soluble polymers
rapidly decreases due to the predominant crosslinking reactions between the sol molecules of larger size
and the gel. Ak > 0.3, the gel fraction approaches to unity and the size of soluble poly(ig@ndX5)
decreases to the size of the primary molecules. These are the well known features of S—DVB copoly-
merization carried out in the presence of a high amount of DVB.

For the same reaction conditions, the effect of the thermodynamic quality of the diluent represented by
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Fig. 36. (A) Variation of monomer conversion x with the reaction time in S—DVB copolymerization at various initial monomer
concentrations. The gel points are shown as filled circles. BAS mol%. [I[,= 0.1 M. Temperature= 70°C. Volume
fraction of the monomers in the initial monomer mixtwd = 0.05 (1), 0.10 (2), 0.20 (3), 0.40 (4), 0.60 (5), and 0.80 (6).
(B) The weight fraction of geW,, the number of segments in the network chaihgotted curves), and the weight-average
degree of polymerization of branched molecuksshown as a function of the monomer conversioat various initial
monomer concentrations [255].

53 on the porosity development in S—DVB copolymers is shown in Fig. 35xEbk 0.5, i.e. in the
presence of good solvating diluents, the reaction system phase separates beyond the gel point due to th
crosslink density £)-induced syneresis. Thus, in accord with the experimental observations, porous S—
DVB networks can be prepared even in the presence of good solvents as a diluent. As the monomer
conversion increases, the porosity also increases due to the simultaneous increase of the crosslink
density of the network ™. For x9 = 0.5, i.e. in the presence of precipitating diluents, the polymer-
ization system is discontinuous at the gel point because of the repulsive interactions between the

polymer segments and solvent moleculgsirf{duced syneresis) which induce phase separation prior
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Fig. 37. Variation of the total porositf? of S—DVB networks formed in S—DVB copolymerization with the monomer
conversionx for various initial monomer concentratior. [255] DVB = 50 mol%, [, = 0.1 M. Temperature= 70°C. Xig'

values used in the calculations are indicated in the figure. Volume fraction of the monomers in the initial monomer mixture
190 = 0.05 (1), 0.10 (2), 0.20 (3), 0.40 (4), and 0.60 (5).

to gelation. Thus, the kinetic gel point, at which the second moment of the polymer distribution

diverges, does not correspond to a macrogelation point; it rather corresponds to a critical point, at which
microgel or macrogel particles start to appear in the reaction system containing unreacted monomers
precipitating diluent and soluble polymers. Beyond this point, the porosity decreases on increasing the
monomer conversion. This is due to the fact that as the gel grows, that is, as the weight fraction of the gel
W, increases, the volume of the separated phase necessarily decreases. The porosity starts to increase
high monomer conversions due to the predominant crosslinking reactions, which reduces the volume of
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DVB mol % =70

Fig. 38. The total porosity P of S—DVB networks formecat 0.99 plotted as a function of the quali %' and the amouni°
of the diluent present during the polymerization. [255]D¥& 0 mol%, [I,= 0.1 M. Temperature= 70°C.

the gel phase. These predictions of the model were also confirmed by experiments, as seen in Figs. 9 anc
10.

Effect of the initial monomer concentratian®) on the kinetics of S—DVB copolymerization is
shown in Fig. 36. The gel point conversiorscalculated fromX, versusx curves (Fig. 36B) are
illustrated in Fig. 36A as filled circles. Under the selected reaction conditions (50 mol% DVB,
70°C, [l]o=0.1 M), as the initial monomer concentration increases from 5 to 80 v/iv%, the gel
point conversionx. at which X, goes to infinity decreases from 0.326 to 0.022. The acceleration
of the polymerization and crosslinking reactions becomes significant on increasing the monomer
concentration due to the earlier gelation. Also, the growth rate of the gel in terms of its mass
(W) and its crosslink densityN %) increases significantly on increasing the monomer concen-
tration in the initial reaction mixture.

Fig. 37 illustrates the variation of porosit of S—DVB networks with conversiorx for
various initial monomer concentrations. The monomer concentration affects significantly the
porosity of the copolymer networks. In the presence of a good solygiit= 0.4), the reaction
system phase separates at or beyond gelation; the higher the initial degree of dilution of the
reaction system, the higher the porosity of the resulting copolymer network. The porosity
increases on increasing the monomer conversion due to the simultaneous increase of the crosslink
density. However, in the presence of a poor solvedf = 0.6), the porosity first decreases with
monomer conversion due to increased volume of the gel phase but then, it increases again due to
the crosslinking reactions.

The results demonstrate that the networks prepared in nonsolvating diluents or in more diluted
solutions exhibit larger porosity values. These dependencies are collected in Fig. 38 for a wide range
of parameter values, which shows the variation of porosity P as a function of the quality and the amount
of the diluent present during the polymerization. Calculations were for 70 mol% DVB in the initial
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Fig. 39. The total porosity P of S—DVB networks formedkat 0.99 plotted as a function of the initial concentrations of the
DVB and the total monomers. [255£3 = 0.60. [I] o= 0.1 M. Temperature= 70°C.

monomer mixture and for a monomer conversion ef 0.99. It is seen that the final porosity of S—-DVB
networks strongly depends both on the degree of dilutfSrand on the extent of the thermodynamic
interactions between the diluent and network segmgijtsComparison of the model predictions with

the experimental data (Figs. 12—14) indicates that the theory predicts all the trends observed by
experiment.

In Fig. 39, the calculated porosities of S—DVB networks formed at a monomer conversion
0.99 are shown as a function of the DVB and the initial monomer concentration. It is seen that
the porosity of S—DVB networks increases with increasing DVB content of the monomer
mixture. In the presence of sufficient amount of DVB, the porosity does not change with a
further increase in the DVB concentration. The maximum value of porosity obtained at high
DVB contents is close to the amount of the diluent present during the reactions. Moreover, Fig.
39 also indicates that, to obtain porous copolymers, a critical amount of DVB, or, a critical
degree of initial monomer dilution is required. The critical DVB concentration decreases with
increasing degree of dilution of the monomers. A comparison of Fig. 39 with the experimental
data in Fig. 15 shows that the predictions of the model are in excellent agreement with the
experimental data.

The effects of the polymerization temperature and the initiator concentration on the porosity of S—
DVB networks were also studied using the model [255]. The porosity of partially formed netgotks
0.5) increases with increasing temperature or with increasing initiator concentration. Thus, the partially
formed networks obtained at higher temperatures or at higher initiator concentrations should
exhibit higher porosities due to the delayed gelation and lower gel fractions. Calculations also
indicate that the final porosity of the networks slightly increases on decreasing the polymerization
temperature or the initiator concentration. However, this effect is, compared to the other effects
insignificant [255].
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8. Concluding remarks

Macroporous copolymer networks form as a result of a phase separation during the free-radical
crosslinking copolymerization of vinyl and divinyl monomers in the presence of an inert diluent.

In this article, we have outlined the experimental techniques developed in recent years for the
synthesis of macroporous copolymer networks. It has been demonstrated that a variety of porous
structures can be obtained during the crosslinking process by changing the independent variables
of the network synthesis, i.e. the extent of the polymer—(dildemonomer) interactions, the
amounts of the crosslinker and the diluent as well as the initiator concentration or the polymer-
ization temperature.

The reaction system leading to macroporous networks is a (quasi)ternary system composed of a
polymer network, soluble polymers, and low molecular compounds (monomers and diluent). All
concentrations and properties of the components of the system change continuously during the cross-
linking process. This article also demonstrates that the theoretical models recently developed correctly
predict the phase separation condition during the crosslinking process as well as the total porosity of the
resulting macroporous networks.

It is hoped that the present paper will stimulate additional experimental efforts on the synthesis of
macroporous networks with uniform pores of desired sizes. Open problems for future study in connec-
tion with the theoretical modeling of macroporous network formation include the prediction of the pore
size distribution of the material from the synthesis parameters.
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