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Phase Transition in Swollen Gels

4. Effect of Concentration of the Crosslinking Agent at Network Formation
on the Collapse and Mechanical Behaviour of Polyacrylamide Gels

M. llavsky and J. Hrouz

Institute of Macromolecular Chemistry, Czechoslovak Academy of Sciences,
CS-162 06 Prague 6, Czechoslovakia

Summary

The effect of concentration of the crosslinking agent on
the swelling equilibrium and mechanical behaviour of poly(acryl«
amide) gels with a low content of sodium methacrylate (molar
fraction XMNa © 0.012) was investigated in acetone-water mix-
tures. The increasing concentration of the crosslinking agent
suppresses the extent of phase transition A (determined by a
change in the gel volume) and decreases the critical value of
the interaction parameter X (given by the composition of the
acetone-water mixture) at which the collapse takes place; these
dependences are in a semiquantitative agreement with the recent
molecular theory which describes the swelling equilibria of
polyelectrolyte networks.

Introduction

The phase transition (collapse) given by the coexistence

of two polymer phases differing in the concentration and con-
formation of segments has been experimentally observed both on
poly(acrylamide) (PAAm) gels in an acetone-water mixture (TANA—
KA 1979, STEJSKAL et al. 1980, JANAS et al. 1980, ILAVSKY 1982)
and on poly(N,N—diethylacrylamide) gels in water alone (ILAVSK?
et al. 1982). The Jjumpwise change in volume at the phase tran-
sition is accompanied by a jumpwise change in mechanical proper-
ties of the gel (ILAVSKY 1982, ILAVSKY et al. 1982). The con-
ditions necessary to bring about a collapse appeared to be the
existence of a small number of charges (a’l mol.%) on the chain
and the possibility of preparation of homogeneous gels at high
dilution at network formation. Also, it has been found theore-
tically that =1 mol.% of charges on the chain affect free energy
of the swollen network AF to such an extent that under suitable
conditions the gel undergoes phase transition (ILAVSKY l981ﬁ

A comparison between theory and experiment gave a semiquantita-
tive fit (ILAVSKY 1982). Since a change in the elastic energy
of the network with swelling is markedly operative in the swell-
ing pressure of the network, one may expect that the occurrence
and extent of phase transition may be affected by the concen-
tration of the crosslinking agent and by the amount of diluent
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at network formation. The effect of these parameters on the
collapse has not been studied yet; experimental data in this
field will also allow us to verify earlier theory (HASA et al.
1975, ILAVSKY 1981) which describes swelling equilibria in
polyelectrolyte gels.

This study is concerned with the effect of concentration
of the crosslinking agent on the extent and position of phase
transition and on the mechanical behaviour of poly(acrylamide\
gels containing 1.2 mol.% of sodium methacrylate in acetone-
water mixtures; the experimental results thus obtained are
compared with an earlier theory describing the swellig equi-
libria of polyelectrolyte gels.

Experimental

Sample preparation: The samples were prepared from 100 ml of
an aqueous solution which contained 7 g acrylamide (AAm),

1.27 ml of 0.96 M solution of sodium methacrylate (MNa) (cor-
responds to the molar fraction x a = 0.012), 20 mg ammonium
persulphate and 20 mg sodium pyrosulphite. Six samples, A,B,C,
D,E and F, with a varying content of the crosslinking agent
(N,N,—methylenebisacrylamide)(MBAAm) - 0.02, 0.10, 0.115, 0.13,
0.20 and 0.70 g respectively - were prepared for the exper-
iments. All components with the exception of sodium pyrosul-
phite were dissolved in redistilled water and bubbled through
with nitrogen; after the addition of pyrosulphite and stirring,
the solution was poured into ampoules =1 cm in diameter which
after that were sealed. The polymerization proceeded at room
temperature for 23 h; after the polymerization the gels were
removed from the ampoules and cut into specimens =1 cm long.
Swelling: Acetone-water mixtures in the range 0-80 vol.%
acetone were prepared from redistilled water and acetone (re—
agent grade); pH of the mixture was then adjusted to 7.5
with a concentrated NaOH solution (pH #~7.5 guarantees that
the degree of jonization in the networks equals the molar
fraction XMNa with an accuracy higher than 0.5 % of the orig-
inally weigHed amount of MNa). While in the lower concentration
range of acetone (<50 Vol.%) the swelling was carried out on
samples after the preparation, at higher acetone contents

(>40 vol.%) partly dried samples were used for this purpose
(cf.ILAVSKY 1982). After swelling for 28 days the swelling
ratio X related to the state of network formation was deter-
mined from the equation

x = (D%/D)> - v¥/v (1)

in which D and D* are sample diameters after swelling or after
preparation, and V and v respectively are gel volumes in the
swollen state and after preparation. The measurements were
$arried out with an Abbé comparator (Zeiss Jena, accuracy
20.002 mm); the X values in Table 1 and plotted in Fig.l are
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the average from at least three measurements.

Mechanical characteristics: Along with swelling, the deformation-
al characteristics were also measured with an apparatus de-
scribed earlier (HROUZ et al. 1979) operating in simple com-
pression. A cylindrical specimen (diameter =1 cm, height ¢vlcm)
was compressed between teflon surfaces to the compression A4,
and after relaxation for 30 s the force f was read off; on the
whole, 10 values A (in the range 0.7<A< 1) and f were deter-
mined. The modulus G was determined using the expression

-2

G = f/so(/\ - A) (2)

in which S is the initial cross-section of the sample. The G
values given in Table 1 and plotted in Fig.l are the average
from two measurements.

Results and Discussion

Swelling and mechanical characteristics

Data in Table 1 and plotted in Fig.l show that in series A
with the lowest concentration of the crosslinking agent there
exists a pronocunced phase transition reflected in a large dis-
continuity in the dependence of the swelling ratio X on acetone
concentration. The increasing content of the crosslinking agent
suppresses the phase tramsition, and in series F with the high-
est MBAAm content the dependence X on composition of the mix-
ture is continuous. A similar effect can be seen also in the
dependence of modulus G on acetone concentration. While in
series A the discontinuity in the dependence of G on the compo-
sition of the mixture is largest, it decreases with increasing
MBAAm content, and in series F the dependence becomes continu-
ous. Also, it can be seen in Fig.l that the extent of the tran-
sition Alog X ( Alog X = log X%- log X') markedly decreases
with the content of the crosslinking agent; on the other hand,
the critical acetone concentration at which the phase transition
takes place depends on the MBAAm content only little (Varying
between =45 and =40 vol.% of acetone). It is quite obvious,
therefore, that the increasing concentration of the crosslinking
agent (at a constant charge concentration on the chain, Xy a)
is reflected in an opposite effect compared either with the
time of ageing of PAAm gels (TANAKA et al. 1980, STEJSKAL et al.
1980, JANAS et al. 1980) or with a rise in the number of charges
in such system (ILAVSKY 1982).

The dependence of the shear modulus G on the swelling ratio
X is given in Fig.2. The modulus (at constant X) increases with
increasing concentration of the crosslinking agent as expected;
at lower X, parallel straight lines with slope of =~0.65 may
be drawn through the log G vs. log X dependences in the indi-
vidual series A-F. The same slope was found earlier for networks
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Fig.l Dependence of the swelling ratio X and modulus G (g cm )
on the acetone content a (vol.%) in acetone-water mixtures
Samples denoted in the Figure, O X, @ G

with a varying x. (ILAVSKY 1982). Departures from the linear
dependence of log on log X in the range X > 8 may be inter-
preted through the effect of the main transition region on G as
it has been done before (ILAVSKY 1982). The dependence of log G
on log X for samples A-F was used to determine the extrapolated
values of,the modulus G; for X= 1 (Gl = 44, 70, 78, 88, 135 and
187 g em ) , and from G; the concentration of e%astically ac-—
tive chains related to the dry state vexGl/RTlf (ve=3.6, 5.7,
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Fig.2 Dependence of the modulus G (g cm ~) on the swelling
ratio X
Samples: ©A, 6 ¢c, © D, @ E, OF

6.3, 7.1, 10.9, 15.2 x 1072 mol cm_j) where \p°:o.052 is the
volume fraction of the polymer at network formatigg calculated
using the density of the dry polymer Q-:l.35g cm ~ .The low y
values suggest high cyclization accompanying the structure
formation, which is a consequence of high dilution in the sys-
tem.

Comparison between theory and experiment

A necessary condition of phase transition in the gel con-
sists in the existence of the van der Waals loop in the depen-
dence of the swelling pressure P or of the interaction parameter
X on the volume fraction of the polymer in the swollen state
?Zé ?he composition of phases (?é and(pg) is given by (ILAVSKY
1981

Pz
LP.Z (T -1 )ay, =0 (3)

where . is the critical value of the interaction parameter
(in our case, given by the composition of the acetone-water _
mixture) at which the collapse takes place. The dependence of 7
on the composition of the gel (determined by ¢ ) in the case
of free swelling considered here is determined %y the condition
P=0. Using the known molecular parameters: experimentally de-
termined network density vy and the degree of ionization i=x
=0.012 and by means of Eq.f6) from (ILAVSKY 1981), the depenli1Na
dence 8f I on y was determined for experimentally found

Y, = ?;x values® (Fig.3).
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Fig.3 Dependence of the interaction parameter 1 on the volume
fraction of the polymer in the swollen state Yo
Samples: © A, ® B, 8 ¢, O D, ®@ E, O F

While for the highest network density the X vs. lf2 depen~
dence is a continuous one, discontinuity appears with de-
creasing Vv ; the extent of this discontinuity increases with
decreasingey . Application of Eq.(3) to the I vs. depen-
dence (Maxwell construction, cf. ILAVSKY 1981, ILA‘ﬁéK{’ 1982)
allowed both the extent of the collapse A= Io= lfé and T to
be determined. Fig.4 shows that the observed experimentalcde-—
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extent of the collapse A and
critical values of the inter-
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creases of both A and ¥ with increasing VvV are in agreement
with the earlier theory fILAVSKY 1981); whlfe the agreement in
A is rather good, it is less satisfactory with the parameter

1.

[o]
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