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Special features of free-radical crosslinking copolymerizations and the structure of the resulting prod-
ucts have been reviewed. Characteristic is the effect of spatial correlations on the apparent reactivity
of pendant double bonds. These correlations make the apparent reactivity in the course of copoly-
merization to increase (cyclization) and decrease (steric hindrances). At intermediate and higher con-
centrations of the crosslinker, compact structures are formed which are internally crosslinked. Only
pendant double bonds in the peripheral layer are able to take part in polymerization reactions whereas
the internal ones cannot react. The state of theoretical simulations of this structure growth is discus-
sed with a special emphasis on the development of the kinctic (coagulation) network formation theor-
ics so that the above mentioned features may be taken into account. Also, the important role of the
presence of a diluent during polymerization is discussed. It can result in a change of nctwork chain
conformations necessary for networks exhibiting volume phase transitions. Alternatively, it can induce
liquid-gel phase scparations resulting in inhomogencous networks having a variety of morphologies.
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1. INTRODUCTION

A wide varicty of lightly and highly crosslinked polymers are prepared by chain (free-
radical) copolymerization of mono- and polyunsaturated monomers. The polymeriza-
tion products range from soft and highly swollen gels to rigid, highly crosslinked
high-performance composite matrices or porous sorption materials. Wichterle has shown
that the same monomers, by changing the initial composition, can yicld either a soft hydro-
gell, or a macroporous network?; alternatively, a colloidal solution of a microgel* can be
obtaincd.

The free-radical crosslinking copolymerization of mono- and bisunsaturated
monomers as a method for preparation of polymer networks (crosslinked polymers) has
several special features compared with cither the stepwise polycondensation or polyad-
dition or crosslinking (vulcanization) of primary chains®. The main difference consists
in the activated (initiated) fast chain growth (propagation) which is responsible for the
difference in the structure of the products. At the same time, the special features of the
chain copolymerization make the modelling of network formation difficult and at pres-
ent there does not cxist any reliable method for predicting the formation—structure—
propertics relations.

This contribution attempts to review bricfly special features of free-radical copoly-
merization of mono- and polyunsaturated monomers, the resulting network structure
and its experimental cvidence. Also, the results of the presence of a diluent during
network formation will be briefly discussed. The last part will deal with the present
state of modelling of the structure growth by this mcchanism.

2. NETWORK FORMATION MECHANISMS

From the point of view of clementary rcaction steps, the free-radical crosslinking poly-
merization qualitatively does not differ from the linear polymerization of a monoun-
saturated monomer: It starts with initiation, procceds by propagation, in which the

Fia. 1
Structure of an ideal vinyl-divinyl copolymer
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monomers arc added to the active ends of growing chains, accompanicd by chain trans-
fer, and the active chain ends are deactivated by termination reactions. The difference
is in the presence of a multiunsaturated (c.g. bisunsaturated) monomer. If the bisunsatu-
rated monomer is incorporated into the growing chain, onc of the two double bonds
reacts and the other one becomes pendant. The pendant double bond also takes part in
the copolymerization and units with pendant double bonds are gradually converted into
units with both rcacted double bonds — crosslinks. An ideal structure is scen in Fig. 1.
It often happens that the chemical reactivity of a pendant double bond is equal to that
in the bisunsaturated monomer. The reaction scheme for copolymerization is then the
same as for a copolymerization of two monovinyl monomers (cf. e.g., Table I). For
uncqual reactivities (intrinsic or induced), the reaction scheme can be extended to
correspond to a ternary, quaternary, . ., clc. copolymerizations.

Yet, the effective reactivity of a pendant double bond can be different from its
“chemical” reactivity. This is due to spatial corrclations resulting in cyclization and
excluded volume. Spatial correlations make the cffective reactivity of the pendant
double bond to vary — typically, they make it first increase and then decrease.

2.1. Cyclization

The apparent increasc in reactivity of the pendant double bond in the beginning is due
to the fact that, in addition to intcrmolccular reaction, also an intramolccular rcaction
can take place with pendant double bonds on the same growing chain or on chains
bonded chemically through crosslinks. That the intramolecular rcaction can be very
important at the beginning of the copolymerization follows from the following con-
sideration (Fig. 2): The active end of the growing macroradical (*) can attack the

TABLE I
Typical elementary reactions considered in ideal vinyl monomer (1)-divinyl monomer (2) copoly-
merization (cqual and independent reactivities of vinyl groups in the divinyl monomer)

Reaction Reaction scheme
Dissociation of initiator [—21
Initiation I+ M, — IM;
Propagation oM M, —.. MXM;
Transfer to monomer S Mp+ M, —.. M, + M;
Termination by recombination oML+ M_: - .. MM, . ..
‘Termination by disproportionation oM+ M; —-.. M +M,. ..

vy = 1.2
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doublc bonds of the monomers (propagation); it also can attack pendant doublc bonds
on other polymer molecules (intermolccular crosslinking) or pendant double bonds on
the same molecule (intramolecular crosslinking). At the very beginning of polymeriza-
tion, there exist only very few chains with pendant double bonds in the reaction system
dissolved in monomers (only the growing macroradical itself in the limit of zero con-
version), so that the chance the free radical meets such a pendant double bond is close
to zero. The probability of the intramolecular reaction depending on the chain flexi-
bility is finitc, so that the ratio of the extents of the intra- to intermolecular crosslinking
can initially be very high.

When the formation of a small ring by intramolccular crosslinking is casy, only small
rings are formed and no intermolecular crosslinking occurs (cyclopolymerization). The
result is a “linear” chain containing small rings. Monomers with strong tendency to
cyclopolymerization are represented for example by diallylamines or divinyl formals®,

The other extreme, when intramolecular crosslinking is weak, is represented by the
case of a very stiff bridge connccting the double bonds in the bisunsaturated monomer
and stiff backbonc chain. A very stiff bridge may not be a sufficient condition for
suppression of ring formation if the main chain is flexible. Then, “backbiting” becomes
possible after addition of onc or a few monomer units. Styrene—1,4-divinylbenzene co-
polymecrization can serve as an example where cyclization within the divinyl unit is not
possible but is observed during copolymerization. Cyclization is also difficult when the
connecting bridge is very long because, in the ideal case, the cyclization probability is
proportional to N2 where N is the number of monomer units in the connccting
bridge. Thus, copolymers of a,w-divinyl polycthers or polybutadienes of molecular
wecight of several thousands would hardly exhibit intramolecular crosslinking in bulk.

The overwhelming majority of crosslinking copolymerizations is the intermcdiate
casc between cyclopolymerization and cessentially ring-free copolymerization, with va-
rying but gencrally strong cyclization. It should be remembered, however, that cycliza-
tion is promoted by dilution and one can find strong cvidence of cyclization for (dilute)

Fii. 2
Possible reactions of a macroradical end (p propagation, X crosslinking, ¢ cyclization)
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solution copolymerizations of systems that do not show up cyclization in bulk poly-
merization.

2.2. Excluded-Volume Effects

The decrease in the apparent reactivity of the pendant double bond in crosslinking
copolymerizations is due to various Kinds of steric hindrance for the pendant double
bond which prevent it from either inter- or intramolccular crosslinking. These hind-
rances may cause a strong diffusion control of the reaction; the term “excluded vol-
ume” is associated with all these effects.

The excluded-volume effect on reactivity of a group can already exist at the pregel
stage. A group located inside a branched polymer has certainly less opportunity to react
than that at the periphery. In an intra- or intermolecularly crosslinked polymer, the
mobility and accessibility of a group is cven lower. As a rule, in vinyl-divinyl nctworks
there exists always an appreciable proportion of pendant double bonds irrespective of
the crosslinking conditions (see below).

2.3. Experimental Evidence For Changes in Apparent Reactivity
of Pendant Double Bonds

There exists abundant experimental evidence from the studies of low-conversion as
well as medium- and high-conversion copolymers about the changes in the apparent
reactivity of the pendant double bond.

2.3.1. Composition of Low-Conversion Copolymers

For a ring-frec copolymerization, the low conversion copolymers should contain units
of bisunsaturated monomers bearing pendant double bonds. The fraction of crosslinked
units (bisunsaturated monomer units with both reacted double bonds) is negligible.
With increasing conversion, the fraction of crosslinked units increases and the shape of
this dependence should depend on the reactivity ratios. Data on homopolymers and
copolymers’ of diallyl compounds, and on dimethacrylate® and divinylbenzene® co-
polymers show that, already at low conversions, the fraction of crosslinked units is
much higher. This can be explained by cyclization. Polymers of diallyl phthalate con-
tain less pendant double bonds than polymers of diallyl isophthalate because of higher
cyclization tendency of the former .

There is a quantitative difference between the polymerization of diallyl and divinyl
compounds due to the fact that the length of the primary chains in allyl polymerization
is lower because of degradative chain transfer. The fraction of the units with pendant
double bonds depends on the flexibility of the bridge connecting the allyl groups, and
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decreases with dilution. For divinyl copolymers of much higher molecular weight of
primary chains, these dependences are less pronounced or absent.

Very interesting is the dependence of the composition of the low conversion ethylene
dimecthacrylate (EDMA)-styrene copolymers on the composition of the feed®. If the
content of EDMA units with both rcacted vinyls is plotted against the concentration of
the EDMA monomer in the feed, one can see that their content in the copolymer is not
zero (as it would be for a ring-free copolymerization). Initially, their content is roughly
proportional to the EDMA concentration in the feced. However, by further increasing
the amount of the EDMA monomer in the feed the content of doubly reacted EDMA
units in the copolymer docs not grow any more and all EDMA units arc incorporated in
the copolymer only as units with pendant vinyls (Fig. 3). Apparently, the reactivity of
the pendant vinyls is initially enhanced by cyclization but it becomes low due to cxist-
ing intramolccular crosslinking when additional portions of EDMA are introduced (ex-
cluded-volume effect).

2.3.2. Changes in Composition with Conversion

The decrease in the fraction of units with pendant double bonds from 1 to 0 with con-
version increasing from O to 1 expected for the ideal case has never been found in
reality. The real decreasc is less steep starting with a value less than unity and reaching
a value higher than zero at full conversion of the monomers. An example of styrene—di-
vinylbenzene copolymers is scen in Fig. 4. The higher is the content of the crosslinker,
the flatter is the conversion dependence and the higher is the residual unsaturation.

0-15 2
XEDMA
010 .
FiG. 3
Molar fraction (of all monomeric units) of
ethylene dimethacrylate (EDMA) units with both
0-05 - reacted double bonds, xgpya, in low-conversion

(soluble) styrene—EDMA cop()lymcrs8 as a func-
tion of the weight fraction of EDMA in the feed,
wepMa- Yolume fractions of monomers in the feed

1 ! L vo: O 1.0, ® 0.8, V0.6, ¥ 0.4, A 0.2. The curves
02 0-4 06 arc calculated for the model taking into account
Wepma e
cyclization: T vy = 1.0, 2vy = 0.25
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Important is the fact that for a high concentration of the crosslinker the composition of
the formed copolymer with respect to the content of pendant vinyls is almost the same
at the beginning as well as at the end of copolymerization! The existence of residual
pendant double bonds in fully cured (or even postcured) vinyl—divinyl copolymers is a

510 11,12).

gencral phenomenon (cf. references in reviews™'™ or refs

2.3.3. Crosslinking Efficiency

Another measure of wastage of pendant double bonds in intramolecular reactions is the
determination of the fraction of crosslinks that are intermolecular. A crosslink is con-
sidcred intermolecular if it contributes to the increase in the molecular mass in the
pregel region, or to gelation.

The mecasurement of the molccular weight averages as a function of the conversion
shows that the crosslinking efficiency (ratio of the effective number of crosslinks to the
total number of crosslinks) is always lower than unity, decreases with decreasing con-
version and, at low conversion it rcaches the values of 0.1 — 0.01.

Another possibility of finding the crosslinking cfficiency is the detcrmination of the
gel point conversion. The values calculated for a ring-frec model yield values which are
lower than the experimental ones by a factor of the order of 107! to 102, For cxample,
the gel point conversions in the polymerization of cthylene dimcthacrylate vary be-
tween 1 — 2 wt.% (ring-free value about 0.01 wt.%). For polymerization of 1,3-divinyl-
benzene it was found to be 2 wt.% (ring-free value about 0.05 wt.%).
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FiG. 4

Molar fraction (of all DVB units) of the units with pendant double bond, xRy, in styrene—1,3-divi-
nylbenzene copolymers as a function of weight conversion, &, (rcf.q): a8 wt% DVB, b 15 wi.%
DVB. The curves are calculated for copolymerization without cyclization
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Because the knowledge of the molecular mass of the primary chains is important in
calculation of the crosslinking efficiency, a number of experiments have been per-
formed with bisunsaturated monomers where the vinyls are connected with a bridge
that can be split by hydrolysis, oxidation, etc.

2.3.4. Structure of the Pregel Copolymers

The structurc and behaviour of the pregel polymers depends on the structure growth
mechanism. Hydrodynamic and intramolecular dynamics behaviour depends on
whether the molecules are just branched or also internally crosslinked. Viscometry of
dilute solutions and NMR spectroscopy have been mainly used for this purpose.

[t is known that the intrinsic viscosity of branched polymers is lower than that of
linear polymers of the same molecular weight; in the case of the vinyl-divinyl co-
polymers, it was found to be cven lower. This is due to intramolccular crosslinking!?.
The intrinsic viscosity of low-conversion vinyl-divinyl copolymers is the lower, the
higher is the content of the divinyl monomer. With increasing conversion, the increase
in viscosity is the stceper, the higher is the divinyl monomer content because these
systems gel carlier on the conversion scale!®. The intrinsic viscosity—molecular weight
dependence of these polymers resembles that found for solution of crosslinked micro-
gel particles prepared in microemulsions!>16,

The NMR techniques can also bring evidence of the compactness of the molecules
formed by crosslinking chain copolymerization. In high-resolution 'H NMR of low-
conversion solublc cthylene dimethacrylate—styrene copolymers only a part of the
structure units could be seen!’. This part (unconstrained) decreased from 100% at low
concentrations of the crosslinker to low values at its high concentrations (Fig. 5). De-

1 T
Pepma o
05 - o ]
o
FiG. 5
®) Molar fraction of EDMA units with constrained
(ex NMR) pendant double bonds pgpya in low-
conversion styrenc—ethylene dimethacrylate co-
polymers as a function of weight fraction of
1 EDMA in the feed, wgpya (rcf58‘17)
0 0-5 1
Weoma
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were obtained. These were characterized by permeabilities to oxygen and nitrogen and
by selectivities. In addition, the phase structure of the membranes made from PPO and
poly(l) was also subjected to examination.

H?=(|:H I, R = 3-dimethylaminopheny!
OC\N,CO II, R = 2,4,6-tribromophenyl
é 111, R = 2,3,4,5,6-pentabromopheny!
IV, R = 2,4.6-trichlorophenyl
Ir-v V. R = 23,4,56-pentabromophenyl

EXPERIMENTAL

Materials

Substituted N-phenylmaleimides were prepared by the reaction of the corresponding aniline with ma-
leic anhydride, followed by cyclodchydration of the maleamic acids obtained®. The following malei-
mides were obtained: I, m.p. 98 °C; II, m.p. 142 °C; I, m.p. 215 °C; IV, m.p. 131 °C; V, m.p. 150 °C.
Acctone solutions of the imides (1.15 mol I-!) and 2,2'-azobis(isobutyronitrile) (0.015 mol I™') were
heated in sealed glass ampoules at 60 °C for 48 h; the polymaleimides were precipitated from solu-
tions by a sixfold excess of ethanol. Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) was a commer-
cial product (Spolana Neratovice, The Czech Republic).

Preparation of Membranes

The membranes were obtained by casting a chloroform solution (0.1 g ml™") of PPO or PPO/poly-
imide mixture on a glass plate to form a 0.35 mm layer. After solvent evaporation at room tempera-
ture, the membranes with a thickness of approximately 30 um were released by immersing in water.

Mcthods

Number-average molecular weights ﬁn of poly(N-arylmaleimides) were measured on a Perkin-Elmer
vapour pressure osmometer. The molecular weight of PPO was determined by GPC in toluene. In
both cases, polystyrene standards were used for calibration.

Transport propertics of the membranes were studied with the use of a laboratory-made apparatus’
equipped with a thermal conductivity detector. The permeabilities, P, were determined from the
amounts of O, and N, which passed through a membrane placed in the cell. The selectivity was ex-
pressed by the permeability ratio ag,/N, = Po,/Pn,

The phase structure of the membranes was examined by scanning electron microscopy (SEM) both
from the membrane and the fracture surfaces. The samples were sputter-coated with a gold layer
about 10 nm thick, observed and micrographed, using Jeol JSM 35 and JSM 6400 instruments.

Collect. Czech. Chem. Commun. (Vol. 58) (1993)
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the primary molecular weights as a function of the polymerization conversion hint at
such mechanism?!.

Thus, gelation proceeds by mechanisms completely different from those leading to
branching trees — the postulate of the classic Flory—Stockmayer branching theory. It
may rather resemble some kind of chemical aggregation of colloidal particles. This is
why gelation is so much delayed on the conversion scale. Thus, the structure near the
gel point is rather heterogeneous. At higher conversions, the “void” space containing
monomers is filled in by polymerization, so that the high-conversion structure appears
to be more homogencous.

The networks prepared with a low concentration of the crosslinking monomer (say
1% and below) do not exhibit such hcterogencous structurc but they may contain
cycles. Many of the hydrophilic gels developed and studied by Wichterle arc from this
category. However, polymerization in morc dilute solutions enhances cyclization and a
weak microgel-like structure may again be formed.

4
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It should be noted that duc to the non-ideal course of the free-radical crosslinking
copolymerization the reactivity ratios for many vinyl-divinyl pairs published in the
literature are to be taken with extreme caution because they have been calculated disre-
garding cyclization.

3. MODELLING OF FREE-RADICAL CROSSLINKING COPOLYMERIZATION

As the free-radical crosslinking copolymerization is thec most complex way of prepara-
tion of polymer networks from the viewpoint of evolution of structure, also its theore-
tical modelling is rather complex. The complexity is twofold: (i) complex kinetically-
controlled reaction mechanism, and (ii) strong spatial correlations and great difference
from the branching-tree picturc.

It is not the purposc of this article to discuss the present statc and applicability of
various branching theorics and the reader is referred, for ecxample, to a recent over-
view?2?, However, the application of the so-called statistical theories (the structures are
generated from structure units in different reaction states) can be ruled out because
these theories in the absence of spatial corrclations, do not cven describe correctly
network formation determined by a complex reaction mechanism like that given in
Table I.

The use of the kinctic (coagulation) theory or computer simulation in space are the
other options. The former can treat the so-called time (stochastic) correlations rigo-
rously whereas spatial correlations only as an approximation. The current methods of
computer simulation (lattice or off-lattice percolation) can take spatial correlations into
account, but their applicability is still limited by a full immobility of the structures
during nctwork formation (no diffusion). Under these conditions, it is not possible to
take a complex reaction mechanism (like that given in Table ) into account. The only
scrious attempt to model free-radical polymerization of a tetrafunctional (e.g divinyl)
monomer by percolation was made by Boots (cf., c.g. ref.??). The simulation consisted
in distributing randomly the points of initiation on a lattice, from which the structure
could grow with practically no termination. The clusters do not exhibit any translational
movement and also its interior is immobile. Despite of these limitations, the qualitative
picture resembles that drawn from the experimental results: an array of (poorly) inter-
connected clusters strongly intermolecularly crosslinked. Quantitative comparison fails
because the calculated values of parameters depend on the type of lattice, arc insensi-
tive to many ratc constants of clementary reaction steps, and the method cannot deal
with copolymerizations. However, an improvement of the percolation models in
general is under way.

It has been tempting to develop the kinetic methods that can deal rigorously with the
details of the chemical mechanisms and that are able to account for the cffects of spa-
tial correlations: cyclization and excluded volume. A very bricf explanation of the basis
of the kinetic method may be worthwhile.

Collect. Czech. Chem. Commun. (Vol. 58) (1993)
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The structure growth process is described by a set of Kinetic differential equations
characterizing the time changes in concentration of each molecule, c,;, where x is the
number of monomeric units and / is the number of unreacted functional groups. The
quantities X and [/ can be vectors, i.c. a molecule can be composed of different
monomeric units, and the groups can be different and can have different reactivity. For
instance, for a bimolecular addition reaction

deg/dt = ¢ ¥ Keyshmle,,, + S K=yl =m+1)c,_y1 1 Cymars

ym »m

where the positive term means the rate of formation of the given molecule and the
negative one the rate of its transformation. The quantities K(x,y;/,m) are effective rate
constants (called kernels in Smoluchowski coagulation equations) dependent on the
number of unreacted functional groups / and m but may also be dependent on the struc-
ture of the molecule given by x and y. With such a formulation, the evolution in time of
concentration of cach distinguishable molccule in the whole system, governed by
clementary rcactions given, c.g., in Table I, is described by several infinite sets of
differential cquation.

For the simplest case of chemical kinetics, K(x,y;/,m) = Im. There exist ways of
solving these systems of differential equations numerically in terms of the moments of
the molecular mass distribution and gelation, possibly including the Tromsdorff effect
(depending only on the molecular mass average but the same for all molccular weights
(cf., c.g. ref.%). More advanced variants can calculate also the sol fraction, crosslinking
density, cte. (cf.refs?*2% and an outline in review™).

The formulation of Kinetics in terms of concentrations of molecules and numbers and
reactivities of the groups is based on the postulate of equal accessibility of all groups
irrespective of the size and shape oi the molecuie they are @ part of . The cyclization
rcaction can be formally included it cyclization is considered uncorrelaied, i.c. inde-
pendent of the separation distance of the reacting groups in the molecule. This is, how-
cver, not realistic.

Within the framework of the kinctic theory, one can model the steric excluded vol-
ume effect, as schematically shown in Fig. 6, by a irick which makes the apparcat
reactivity dependent on the size (and structure) of the reacting molecule. Actually (Fig. 6),
the reactivity of the greups decreases from the surface to the centre of the microgel
molecule and more groups are thus affected in larger (and more compact; wolecules
than in the smaller ones. In the theory, this is taken cquivalent to the case when all
groups in the molecule have lower reactivity and the decrease in reactivity is higher for
larger and more compact molccuies.

Collect. Czech. Chem. Commun. (Vol. 58) (1293)
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Mathematically, these features are reflected in the functional dependence of the ker-
ncl. Whereas, for the conventional chemical kinctics (all groups equally accessible in-
dependently of the size of the molecule)

K(xyslm) o Im
for a constrained reactivity
K(x,y;l,m) o« 1% m°,

where the exponents g, and o, can be a function of the molecule structure, i.e. of x and
/, and y and m, rcspcctively.'[f the molecule is a spherc with reactive groups on the
periphery o = 2/3. The values of the exponents o, and o, are generally expected to
decrease with increasing x or y. Likewise, for the cycliza'lion process one can write
down the following cquations

de,/dt = -K(x,Dc,; + K(x,l +2)c,;,
with

K(x]) « IP1 = [1+r

expecting the exponent p first to increase (more partner groups to react) and then to
decrease (partner groups are less accessible).

If one visualizes the reacting molccules as (fractal) objects in which the surface is
proportional to their reaction ability we have the situations given in Fig. 7.

A simple modification of the functional form of the kernel can thus account for a
variety of spatial correlations. However, the departure from the simple exponents o, =
0, = 1 makes the moment method for the solution of the kinctic differential equations
iriapplicablc. Instead, one can use a Monte-Carlo mcthod of simulation of processes
described by the above differential cquations with finite systcms (10% - 107 monomeric
units) devcloped by us?*~ 28,

The molecules are kept in the computer memory. A random number gencrator selects
molccules or their pairs for reaction. The probability of finding them is weighted by the
value of the respective kernels. If the system is sufficiently large, the largest molecule
in the system suddcenly steeply grows in size at the gel point and its mass becomes
comparable with the rest of the distribution. The largest molccule represents the gel, the
rest of the distribution the sol. Proper sclection of the exponents and its functional
dependence will make possible to simulate the structure evolution during frec-radical
crosslinking copolymerization under various conditions.

Collect. Czech. Chem. Commun. (Vol. 58) (1993)
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4. ROLE OF A DILUENT IN CROSSLINKING COPOLYMERIZATION
A diluent present during copolymerization can have several effects:

I) lowers the glass transition of the resulting network: the product is swollen (usually
less than to equilibrium) and rubbery,

2) lowers the reaction rate,

3) increases cyclization,

4) may somewhat affect the chain conformation, but important is that after its remo-
val, in the dry network, the network chains become supercoiled,

5) may bring about phase separation (macro- or microsyneresis).

The effect 1) is very important for preparation of soft materials and has been utilized
in Wichterle’s spin casting of soft contact lenscs.

Here, we will just briefly review cffects 4) and 5) noting in passing that the increase
in cyclization due to dilution can induce structural inhomogeneity (without phase sep-
aration) or make it stronger.

Normally, a possible (small) change in chain conformation by the presence of di-
luent, supercoiling of chains after the dilucnt removal, and a certain degree of their
relaxation after reswelling influence somewhat the mechanical behaviour in the rubbery
state which is accounted for in the rubber elasticity theories. No dramatic change is
expected.

However, when the network is prepared in the presence of a large quantity of a
diluent and the diluent is removed, the network chains become strongly supercoiled.
When this network is reswollen in a poor solvent, the scgment—segment contacts still

FiG. 7
Schematic shapes of structures with surfaces pro-
portional to the number of accessible functional
groups with the value of the exponent ¢ indicated

0-213
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remain to be numerous and the degree of swelling is low. The tendency of the super-
coiled chains to expand is compensated by the attractive segment—segment intcractions.
Now, if the number of these segment—segment contacts is slightly decreased, ¢.g. by a
change in temperature (the sign depends on the temperature cocfficient of the polymer—
solvent interaction), the system may suddenly undergo a cooperative volume transition
and cxpands; if the temperature is changed in the opposite direction, the gel collapses
(Fig. 8). Conceptually, this transition resembles the liquefaction of a real (van der
Waals) gas. This transition was predicted?” in 1967 but it took another ten years before
it was found experimentally?®. The rcason for such a time lag was the fact that the
original theory was derived for non-ionic gels where the polymer—solvent interaction’
was governcd by the Flory—Huggins intcraction paramecter with no or a slight concen-
tration dependence. The transition was predicted to be possible for a gel prepared at a
high dilution and simultancously higher crosslinking density — two factors mutually

removing
diluent
——
dry
poorer

solvent

with diluent

N . above T,
after preparation

poorer
solvent
below T,

T.+dTr

P re—

T.-dr
FiG. 8

Schematic representation of changes of the shape of network showing the temperature-induced vol-
ume phase transition and positive temperature coefficient of swelling for networks prepared in the
presence of a diluent (T, is critical temperature)
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exclusive because they both assist solvent—gel phase separation during polymerization
(see below) which is an unwanted phenomenon. Tanaka?® in 1977 found that introduc-
tion of a few ionized groups in the gel structurc makes the dilution — crosslinking
degree conditions for phase transition much milder. This can be seen very well in the
behaviour of the free-energy expression for the swollen system.

Since then, many new systems have been found (cf. e.g. ref.<”) and also the phe-
nomenon itself has grown from an interesting academic problem to challenging appli-
cations mainly in biosciences but not only thcre. Some of these applications are
reviewed in a recent monograph™’. The gels arc called responsive or stimuli-sensitive
where the stimuli mcan not only changes in temperature, pH, salt concentration, but
also light, enzymes, receptors, etc. which offers application in pharmacy and medicine
not to mention one of the oldest application — concentration of solutions containing
high-molccular-weight substances.

Much older than the volume phase transition, characterized by coexistence and tran-
sition between two swollen gel phases, is the phase scparation by which a liquid phase
(not containing a crosslinked polymer) is scparated from a swollen gel. This kind of
syneresis is as old as colloid scicnce and syneresis manifested by deswelling or appear-
ance of new phase dispersed in the gel was observed in many natural colloidal gels.

The phenomenon of phase scparation during nctwork formation is much newer. The-
oretically, if taken as a kinetic process it has not yct been well described. Phase separ-
ation during network formation can occur for two main reasons':

a) change of polymer—solvent interaction (x-syncresis)

b) increase in molecular weights and beyond the gel point of the crosslinking density
(v-syneresis).

The onset of phasc separation can be explained by the fact that the equilibrium de-
gree of swelling decreases with increasing crosslinking density and the crosslinking
density increases with increasing polymerization conversion. Phase separation sets in
when the amount of the present diluent (dilucnt—-monomer mixture) is equal to the
equilibrium swelling capacity of the network.

With respect to the form of the scparated phase, phase scparation (syneresis) can
occur as macrosyneresis and microsyneresis. The diffcrence is schematically shown in
Fig. 9. Macrosyneresis is close to equilibrium and can occur as a result of slow cross-
linking processes after gel point when a coherent network exists. The onset of phase
separation and phase cquilibria changing with increasing conversion were treated the-

r.20

orctically by combining the swelling and network formation theorics™2. Since the ratio
of phasc volumes changes, the network and its response is more complex.
Microsyneresis is a more common form of phasc separation occurring during net-
work formation. It should be pointed out that microsyneresis often occurs in weak gels
as a result of a change of polymer—solvent interaction: the gel just becomes turbid
instead of shrinking and remaining transparent and homogencous. Wichterle’s water-
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swollen lightly crosslinked poly(2-hydroxycthyl methacrylate) gels are a striking
example. The development of turbidity induced by temperature changes had been
known perhaps since their discovery, but a systematic study by light-scattering and
transmission methods was started by Sedli¢ek® in 1967. During later studies, it was
found that the turbidity developed by a temperature change is not stable in time and
decreases until, after several months, a transparent gel of smaller volume is recovered.
Non-equilibrium microsyneresis has passed into the stable form — macrosyneresis
(Fig. 9). It was remarkable that the size of the scparated particles (water droplets) did
not essentially change but their number continuously decreased™®. This could be ex-
plained by a theoretical model in which the nctwork was locally deformed by the for-
ming droplet. The constancy of the droplet diameter was explained by the existence of
a minimum of free energy arising from the compensation of the cnergy change by
ncetwork deformation (increasing with droplet size) and energy of the gel-water inter-
face (increasing with decreasing diameter at constant scparated volume)**. These phe-
nomena are important for understanding phase separation during network formation.
There, the turbidity developed during polymerization is fixed by subsequently formed
crosslinks and becomes fully or partly permanent (Fig. 10).

The hcterogencous porous materials obtained by crosslinking copolymcrization in
the presence of a diluent were commercialized in the late fifties and early sixties (mac-
roporous ion cxchangers, sorbents, chromatographic scparation materials, membranes).

microsyneresis

swollen (aX)
gel

(-a7)

solvent

clear
gel

FiG. 9
Micro- and macrosyneresis in swollen gels induced by a change in polymer—solvent interaction par-
ameter, Ay
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The diluents used in polymerization range from poor to good solvents and lincar oli-
gomers and polymers soluble in the monomers!?. The morphologics vary from droplets
in the soft-gel type (low crosslinking densities) to two co-continuous phases and pow-
der in the diluent type (not so much interesting commercially). Even more complicated
structures arc sometimes observed (skins on pore surfaces).

The basic driving mechanism in the formation of these porous structures is phase
scparation but the above discussed inhomogeneous nature of the free-radical crosslink-
ing copolymecrization is an important factor determining the morphology, particularly at
higher crosslinking densities. Important is the moment at which phasc separation starts
and the phase volume ratio at this moment. If phasc separation starts before the gel
point, coalescence of separated microphase particles gives rise to coarse structure with
large pores. This is, for example, the casc of oligo(dimethysiloxane)s — strong precipi-
tants — added to styrenc and divinylbenzene. If phase separation starts farther beyond
the gel point, the network is relatively dense and the excess liquid cannot form a micro-
separated phase and is rather squeczed out of the gel (macrosyneresis) (Fig. 10). The

diluent
swollen
o gel
<¢"\
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o
«©
00 % S 3
oo o ©
monomers o ©O
« diluent microsyneresis ©o turbid o 9
—_— o gel O,
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Fiag. 10
Phase separation in the course of copolymerization ((V,/V). is critical relative volume of separated
polymer phase, v crosslink density)
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best moment for the phase separation to start is at or just beyond the gel point. The
formed morphology is then fixed by continuous crosslinking.

Another important factor is that the actual diluent for the formed polymer is the
monomer—diluent mixture. The monomer is usually a good solvent and it is being con-
sumed as polymerization proceeds. The transfer of the monomer from the liquid phase
to the polymer phase (formation of a kind of intcrpenetrating network) can have an
intcresting effect called inverse syneresis'®35, The uptake of the monomer by the sep-
arated nctwork structure brings about its volume cxpansion, so that the volume of the
porous copolymer is higher than the volume of the original monomer—diluent mixture
(Fig. 11).

The dry and some swollen porous sorbent matcrials arc usually in the glassy state at
room temperature. It has been found that the morphology of pores depends on the
history of the network transferred into the dry state. The transition into the glass can
lock in the actual morfology of the polymer (cf. c.g. refs* ~3%). Thus, removal of the
diluent by drying at clevated temperature (the polymer is rubbery during drying) yields
a less porous structure than that obtained by a solvent exchange from good solvent to

polymerization,
monomers microsyneresis

a + diluent _—

(V) &1

expanded
IPN
swollen
network
b ':;’:G‘:; polymerization void
L ——
Va
i VsV +V,
hollow
cube

FiG. 11
Schematic representation of inverse syneresis: @ during crosslinking copolymerization, b explanation
of the volume expansion by a case of hollow cube swollen and filled with a diluent-monomer mix-
ture leading to an expanded interpenctrationing network (IPN) and a void space
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non-solvent. Hence, physical morphology is supcrimposed on chemical morphology
and the systems undcrgo a slow physical aging. This aging is supposed to occur much
fastcr because of a larger locked-in frec volume. Thus, combination of copolymeriza-
tion with phase separation and glass transition and possible fixation of the physical
morphologies by crosslinking can be of use for preparation of a wide variety of porous
structures.
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