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Phase Transition in Swol len Gels 
5. Effect of the Amount of Diluent at Network Formation on the Collapse 
and Mechanical Behavior of Polyacrylamide Networks 
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Summary 

The effect of the concentration of diluent (water) at the 
formation of polyacrylamide networks with a small content of 
sodium methacrylate (mole fraction of MNa groups in the PAAm 
chain XMN a = 0.012) on the swelling and mechanical equilibria 
of gels in acetone-water mixtures was investigated. With inc- 
reasing polymer content at network formation both the extent 
of phase transition A (determined by a change in the macro- 
scopic dimensions of gels) and the critical value of the inter- 
action parameter X~ (given by the composition of the acetone- 
water mixture at t~e collapse) decrease; the observed dependen- 
ces are in a semiquantitative agreement with the theory. The 
observed jumpwise change in the modulus of gels correlates well 
with a change in the gel volume at the collapse. 

IntroduCtion 

Coexistence of two phases at the phase transition (collap- 
se) of the swollen polymer network differing in the concen- 
tration and conformation of the segments was experimentally 
observed both in polyacrylamide (PAAm) (TANAKA 1979, STEJSKAL 
et al. 1980, JANAS et al. 1980, ILAVSKY 1982) and in poly(N,N- 
diethylacrylamide) (PDAAm) (ILAVSK~ et al. 1982) networks. An 
infinitesimal change in external parameters (e.g., temperature 
or composition of the solvent) brings about an approximately 
tenfold to hundredfold change in the macroscopic volume of the 
gel; a jumpwise change in the volume is accompanied by a simi- 
lar change in the equilibrium modulus of the gel. A condition 
of the occurrence of phase transition consists in the presence 
of a low number of charges on the chain and in the possibility 
to prepare homogeneous gels at high dilution at network form- 
ation. It has been found experimentally that both the increas- 
ing charge content on the chain (ILAVSK~ 1982) and the de- 
creasing network density (ILAVSK~ and HROUZ 1982) increase the 
extent of phase transition and the critical value of the inter- 
action parameter at which the collapse takes place. 

Phase transition is determined by the balance of several 
forces in the swollen network, particularly by elastic force 
(corresponding to a change in the chain configuration with 
swelling), osmotic force (corresponding to the mixing of poly- 
mer segments with the solvent and to the mixing of ions with 
the solvent) and the force which corresponds to a change in the 
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energy of electrostatic interactions with swelling. It has 
been shown theoretically (ILAVSK~ 1981) that by including all 
these forces into the swelling equilibrium of polyelectrolyte 
gels, a relationship is obtained for the free energy of the 
swollen network ~F which under suitable conditions may be used 
to predict phase transition (dependence of the swelling pres- 
sure P on the composition of gels has the shape of the van der 
Waals loop - i.e., it is nonmonotonic) . Comparison between the 
theory and experimental data obtained both with gels having 
various charge contents on the chain and with gels of various 
network density ~d (at constant dilution at network formation) 
showed a semiquantitative agreement (ILAVSK~ 1982, ILAVSKY and 
HROUZ 1982). 

Another parameter which may affect the elastic energy of 
the gel is the amount of diluent at network formation at con- 
stant ~d; the effect of this parameter on the formation and 
extent of the collapse has not yet been studied. This study is 
therefore concerned with the effect of the amount of water at 
the formation of polyacrylamide networks (these contain ~1.2 
mol.% of sodium methacrylate) on their swelling equilibria and 
mechanical behaviour in acetone-water mixtures; the results 
obtained are compared with a theory suggested earlier. 

Experimental 

Sample preparation: To six samples, A,B,C,D,E and F containing 
5,9,15,20,30 and 40 g acrylamide (AAm) respectively, sodium 
methacrylate (MNa) was added in such an amount that the mole 
fraction of MNa in PAAm chain was constant, i.e. XMN a = 0.012. 
The crosslinking agent, N,N'-methylenebisacrylamide, was used 
in the respective amounts 0.15, 0.09, 0.03, 0.015, 0.01, and 
0.008 g. After the addition of 20 mg of ammonium persulphate, 
all components were dissolved in redistilled water so as to 
bring the total volume of the mixture up to 100 ml. After the 
mixture had been flushed with nitrogen, 20 mg of sodium pyro- 
sulphite was added, and on mixing the solution was poured into 
ampoules, zl cm in diameter, which were then sealed. The poly- 
merization proceeded at room temperature for some three hours; 
after that, the gels were removed and cut into specimens, 
about I cm long. The volume fractions ~~ of the polymer at 
network formation calculated using the weight of the monomer 
and the density of the dry copolymer (P = 1.35 g cm-3), were 
respectively 0.037, 0.068, 0.115, 0.156, 0.24 and 0.33 for 
samples A-F. 
Swelling: Twenty water-acetone mixtures in the range 0-80 vol.% 
of acetone were prepared from redistilled water and acetone 
(analytical grade purity). The specimens of freshly prepared 
networks were used for swelling in mixtures with low acetone 
concentrations (<50 vol.%) ; partly dried specimens were used 
for swelling in mixtures with high acetone concentrations 
(>40 vol.%, cf. ILAVSKY 1982). After swelling for 28 days, the 
swelling ratio X related to the state at network formation was 
determined from 

X = (D*/D) 3 = V*/V, (I) 

where D* and D respectively is the diameter of the sample 
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after network formation and after swelling, and V* and V 
respectively is the gel volume after the preparation or after 
swelling in the mixture. The diameters of the gels were 
measured with an Abb4 comparator (Zeiss Jena, accuracy • 
mm); the X values plotted in Fig.1 are the average from at 
least three measurements. The X values can be used in the cal- 
culation of the volume fraction of the polymer in the swollen 
state ~2 = Vd/V = ~~ (V d and V respectively is the dry and 
swollen gel volume). 
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Fig.1 =Dependence of the swelling ratio X and of the modulus G 
(g cm- ) on the acetone content a (vol.%) in acetone-water 
mixtures 
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Mechanical behaviour: Along with swelling the deformational 
characteristics were measured in simple compression using an 
apparatus described earlier (HROUZ et al. 1979). A cylindrical 
sample was compressed by teflon surfaces to compression X and 
after 30 s of relaxation the force f was read off; ten values 

and f were determined (in the range 0.7 < X < I ). The shear 
modulus G (Table I, Fig.l) was determined from 

G = f/So(X-2-X) , (2) 

where S is the initial cross-section of the sample. 
o 

Results and Discussion 

It can be seen in Fig.1 that the increasing monomer con- 
tent at network formation suppresses the extent of the col- 
lapse A log X = log X" - log X'; in samples E,F the dependence 
of the swelling ratio X on the acetone concentration is already 
continuous. A similar effect of monomer concentration at net- 
work formation may also be observed in the dependence of the 
shear modulus G on the acetone-water mixture composition. While 
with samples A-D the dependence of G on concentration is dis- 
continuous, the same dependence in the case of samples, E,F is 
a continuous one. Also, Fig.1 shows that the critical acetone 
concentration at which phase transition takes place depends on 
the monomer concentration only little (it varies from ~45 vol.% 
to ~42 vol.% of acetone in samples A-D). 

The magnitude of the change in the modulus at the collapse 
A log G = log G'- A log G" (cf.Fig.1) as a function of the 
extent of the collapse ~ log X is shown in Fig.2, which also 
presents data obtained earlier both with samples having a dif- 
ferent number of charges on the chain (ILAVSK~ 1982) and with 
those having a different concentration of the crosslinking 
agent at network formation (ILAVSK~ and HROUZ 1982). In the 
first approximation this dependence is a straight line with 
a slope of ~0.65. This means that a jumpwise change in the 
equilibrium modulus at phase transition is due to a similar 
change in the macroscopic gel volume. 

A ~ 9 0  
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Fig.2 Dependence of the jump- 
wise change in the modulus 
A log G on the jumpwise change 
in the swelling ratio A log X 
at phase transition 
�9 data from the paper ILAVSK~ 
(1982) obtained with samples 
with varying XMN a content, 

data from the paper ILAVSK~ 
and HROUZ (1982) with varying 
content of the crosslinking 
agent, O this paper 
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With increasing monomer content at network formation the 
modulus G also increases (at constant X), and the log G vs. 
log X dependences of the individual A-F samples in the range 
of lower X may be represented by approximately parallel 
straight lines with the slope s ~0.5-0.6 (Fig.3). A similar 

3~ 

~ G  

2.0 

~-0 

, i r l , 

Fig.3 Dependence2of the 
modulus G (g cm- ) on 
the swelling ratio X 
Samples: ~ A, ~ B, e c, 
| D, Q E ,  O F  

slope has been observed earlier for networks with a varying 
number of charges on the chain (ILAVSK~ 1982) and for those 
with various concentration of elastically active chains 
(ILAVSKY and HROUZ 1982). From the log G vs. log X dependences 
of samples A-F, the GI values were extrapolated for X=I 
(G I = 51,98,126,170,4~9 and 757 g cm-2). From GI, the concen- 
trations ~d of elastically active chains related to the dry 
state were calculated (~d = GI/~ ~ ~d = 5.5, 5.8, 4.4, 4.4, 
7.3 and 9.1 x 10 -5 mole cm-3). The required constant v d value 
of samples A-F was achieved by a large decrease in the concen- 
tration of the crosslinking agent, which suggests a quick rise 
in the efficiency of the crosslinking reaction with increasing 
monomer content at network formation. Obviously, the ef- 
ficiency of the crosslinking reaction increases mainly owing 
to the lower cyclization at network formation. 

Comparison between theory and experiment 

If the dependence of,swelling pressure P (cf.Eqs (I)-(5) 
in the paper ILAVSK~ 1981 ) on the volume fraction of the 
polymer in the swollen state #2 (characterizing the composition 
of the gel) shows the van der Waals loop, two phases with the 
compositions #2' and ~2" may coexist in the network. In the 
case of free swelling (P=0) the composition of the coexisting 
phases is determined by the condition (ILAVSK~ 1981) 

" 

~y, (~-Xc)d~ 2 = 0 (3) 

where the dependence of the interaction parameter ~ on ~2 
(also having the van der Waals loop) is determined by the 

*In this paper the contribution ~4 in Eq. (5) should be negative 
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condition of free swelling, i.e. P=0 (Eq. (6) in the paper by 
ILAVSK~ 1981), and Xc is the critical value of the interaction 
parameter (in this case given by the composition of the 
acetone-water mixture) at which the collapse takes place. 

From the known molecular parameters (molecular weights of 
the monomer unit M o = 71 g mole -I, density p = 1.35 g cm -3, 
T = 298 K, experimental ~~ values, mole volume V I of the 
acetone-water mixture, experimental network density ~d and the 
degree of ionization i = XMNa ~ = 0.012) and using Eq. (6) of the 
paper by ILAVSK~ (1981), the ~ vs. ~2 dependence was calculated 
for the experimentally determined ~2 of samples A-F (Fig.4). 
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O-t 0"2 0"3 0 4  0 5  

~2 

Fig.4 Dependence of the 
interaction parameter X 
on the volume fraction 
of the polymer in the 
swollen state 92 
Samples denoted as in 
Fig.3 

While for samples E and F with the highest 9 ~ values the ~ vs. 
92 dependence is continuous, a discontinuity is observed with 
A-D samples (characteristic of the phase transition), the 
magnitude of which increases with decreasing monomer content 
in the polymerization mixture. Application of Eq. (3) to the 
X vs. 92 dependence (Maxwell~s construction, cf. Fig.7 in the 
paper ILAVSK~ 1982) of samples A-D allowed both the extent of 
the collapse A = ~2" - 92~ and Xc to be determined (in the 
discontinuity range the X vs. 92 dependence was calculated 
using Eq. (6) in the paper ILAVSK~ 1981); the values A and Xc 
were then compared with the experimental ones (Fig.5). 

Fig.5 Dependence of the 
extent of the collapse A and 0~ 
critical value of the inter- 
action parameter Xc on the A 
volume fraction of the poly- 
mer at network formation ~~ ~ 

theoretical prediction 
given by Eq. (3), O experi- 065 

-~"9' e O 
mental A - 2-- 2 cor- 
responds to X of th 
acetone-water mixture of the Xc 
polyacrylamide network 
without charges (ILAVSK~ 1982) 0-60 
at which the collapse takes 
place 

I l I 

I I ! 
0"05 040 045 ,r" 
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Fig.5 shows that with increasing 4 ~ both A and Xc decrease, 
in agreement with the theoretical prediction; while the fit 
between the experiment and theory in the extent of the col- 
lapse A is good, for the interaction parameter Xc it is less 
satisfactory. 
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