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Summary

Analysis of reported data on the swelling and de-
formation of polymer networks shows that the volume
-dependent term in the deformational free energy cannot
be neglected. The analysis is based on a comparison
between the equilibrium moduli of networks prepared at
various dilutions and.of the same degree of swelling
and on a comparison between concentration dependences
of the interaction parameter for a linear and a cross-
linked polymer.

Determination of the Magnitude of the Volume Term

The equilibrium deformational and swelling behav-
iour of polymer networks is determined by the defor-
mational free energy, AF , which for Gaussian net-
rorks may be written (JAﬁﬁg and GUTH 1943, GRAESSLEY
1975, FLORY 1953, WALL and FLORY 1951, HERMANS 1947,
FLORY 1976) in the form

AFgee/RT = Av (A2 +AZ +A2 =3)/2 - BV In(AA A) (1)

where R is the gas constant, T is temperature, A s
relative elongation with respect to the reference state
(= 1/1,, 1 and 1, are the deformed and initial sample
length respectively), v_ is molar concentrations of
elastically active netWork chains (EANC) .

The values of A and B were (DUSEK and PRINS 1969)
and still are (ALLEN 1976, FLORY 1979) an object of
discussion. According to a recent theory forwarded by
FLORY (1976, 1979), for a phantom network of Gaussian
chains it holds that B=0 and A = (fa-2)/fe (while for
an imperfect phantom network fe is the effective func-
tionality of an elastically active junction (DUSEK 1979)
for a perfect phantom network f. is the chemical func-
tionality of a junction). For a phantom network with
fully suppressed fluctuations of Jjunctions it is ex-
pected that A = 1, B = 2/f,.

Eq.(1) gives for the equilibrium shear modulus
in the swollen state the relation

Q = AVedVQ/3(V°)2’3(r—§\;—/I‘—%)RT (2)
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where v, is the volume fraction of the polymer in the
swollen state, v® is the volume fraction of the polymer
at network formation, v.gq 1s the molar concentration of
EANC in the dry state and rie, riy are the mean square
end-to-end chain distances in the state of network for-
mation and in the reference state, respectively. The
swelling equilibrium of the network is determined by

Ina, = In(1 - v, )+ v, +XvE +veqV, [Av]/3 (v0)2 (FE}/E%)-BVE] (3)

where X 1is the interaction parameter, V, is the molar
volume of the solvent and a, is the activity of the
solvent in the swollen network.

Assuming rZs/r2 = 1, the volume term (B or B/A)
may be determined by employing several procedures:

(1) Determination of & and B from equilibrium de-
formational and swelling data by using Eaqs (2) and (3)
which require the knowledge of vgq and X(v,); the most
difficult step is an independent determination of v 4
while adequately respecting the crosslinking process and
of the possible contribution of trapped entanglements.

(2) Determination of x and Bv.,gq from measurements
of the degree of swelling as a function of the activity
of solvent, from the deformation behaviour using the
F(v,) vs. v, plot (RIETSCH and FROEHLICH 1979, HORKAY
et al. 1979). With respect to Eq.(3) we have

F(v,)=[AveqV, (vo)23 vi? + In(1-v,)+v,-1na 1/v,BvgV, - XV2

the term comprising A may be obtained from measurement
of the modulus using Eq.(2). For solvents with X inde-
pendent of v,, the plot may rather be used in the de-
termination of X than Bv_4, because the intercept on
the y-axis is very little sensitive to a change in B
owing to the low Bv.gq compared with F(v,) for v,>0.

(3) Determination of B/A from the fraction of the
moduli G', G2 of networks prepared at various dilutions
characterized by the fractions v®' and v°2 and various
degrees of crosslinking so as to make the degree of
swelling of networks the same. Using a procedure in prin-
ciple suggested by MARK (1970), one obtains, by com-
bining Egs (2) and (3)

G1/G2= [1-B/A(v,/v02)2/3]/[1 - B/A(v,/v0")2/3) = X, ()

The procedure is based on an assumption that the con-
centration dependence of X is not affected by the net-
work topology given by vo and by the degree of cross-—
linking.

(4) Comparison of the concentration dependence of
the interaction parameter of a linear polymer, X;, and
of a crosslinked polymer, X, in a range where no im-
portant effect of crosslinking is expected makes poss-
ible a semiquantitative estimate of B/A.

Methods (2)-(4) do not require a separate deter-
mination of v.g, but method (2) is not suited for the
determination of B.
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Analysis of Experimental Data

Already the results obtained by Mark when employing
method (3) and the analysis of swelling data (RIETSCH
and FROELICH 1979) indicate that B/A is not negligibly
small. On the other hand, some selected data treated by
procedure (1) have been quoted as an example of a phan-
tom network (FLORY 1979). However, experimental data do
not always respect the two basic requirements for the
validity of Eq.(1): (1) Gaussian deformation behaviour
of the network, i.e. a negligibly small Mooney-Rivlin
constant C,, and (2) attainment of equilibrium. For this
reason, we subjected available experimental data to cri-
tical evaluation, and only those satisfying the require-
ments just mentioned were used in the analysis carried
out by means of methods (3) and (4).
(a) Modulil Ratio of Variously Diluted Networks

Usually, moduli of two networks having the same
equilibrium degree of swelling are obtained by interp-
olating the G vs.v, dependences for networks with a dif-
ferent degree of crosslinking and prepared at different
dilution. The analysis was performed involving data ob-
tained by us earlier (HASA et al.1967, ULBRICH et al.
1977, 1978)(Table I). In these systems, great attention
was concentrated on the attainment of equilibrium. If
the equilibrium was not attained within experimentally
available time intervals, extrapolation was made using
the separation of the force f(A,t) into a time, £, (%),
and deformation, fe(A) dependent part,

fOAE) = £ (N £,(t) (5)
using the relation by CHASSET AND THIRION (1965)
£,(8) =1+ (g, /t)m (6)

in which t ,m are constants. For these systems also the
other necessary condition, C,~ 0, was satisfied.

Fig.1 shows the dependence of G1/G2 on Xt (Eq.l4 for
B/A = 1/2 and B/A = 1) from data in Table I, along with
results published for polydimethylsiloxane networks
(PDMS) (JOHNSON and MARK 1972, YU and MARK 1973, 1975).
It is obvious that experimental data require predomi-
nantly the dependence of AFgee oOn volume (i.e. B#0; if
B =0, then from Eq.(4) G1/G2 =1), and that the experi-
ment is better fitted by B/A =1 than by B/A=1/2).

(b) Concentration Dependence of ¥

By combining the deformation and swelling experi-
ment, it is possible to calculate x(v,) for various
values of A and B using Egs (2) and (3). For low Vg4,
i.e. for low v,, the concentration dependence of X should
not be too much affected by the crosslinking alone and
should approach the dependence for a linear polymer
(DUSEK 1974). The dependences were constructed by using
three values of B/A:

(1) B/A = 0 corresponds to B=0; the value of A is
of no importance, because only the modulus G appears in Eq.(3).
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TABLE I

The ratio of the equilibrium moduli of networks G1/G2
prepared with various amounts of diluent

vol G' MPa

vo2

Va

G'/Ge®) X B/As1/2) X (B/A=1)

Poly(N-ethylmethacrylamide) in waterl)

0.822 0.1ko 0.701 0.156 1.00 0.98 0.94
0.637 0.099 0.701 0.148 1.01 1.02 1.04
Q.h443 0.059 0.701 0.110 1.26 1.07 1.38
0.345 0.008 0.701 0.047 (1.10) 1.06 1.14
Poly(N-ethylmethacrylamide) in dimethylsulphoxide?’
0.822 0.157 0.701 0.199 0.85 0.97 0.92
0.637 0.125 0.701 0.192 1.05 1.02 1.05
0.443 0.060 0.701 0.137 1.30 1.08 1.22
0.345 0.006 0.701 0.060 (1.10) 1.07 1.17
Poly(N-butylmethacrylamide) in dimethylsulphoxide?’
0.559 0.081 0.710 0.266 1.26 1.07 1.22
0.407 0.015 0.710 0.219 1.21 1.15 1.59
0.264 0.003 0.710 0.101  (1.40) 1.17 1.53
Poly(2-hydroxyethoxy-2-ethyl methacrylate) in water3)
0.80 0.016 1.00 0.149 (1.20) 1.03 1.07
0.80 0.059 1.00 0.217 1.25 1.04 1.10
0.80 0.087 1.00 0.238 1.17 1.0b 1.11
0.80 0.138 1.00 0.266 1.21 1.05 1,13
0.60 0.007 1.00 0.107 (1.50) 1.05 1.13
0.60 0.036 1.00 0.180 1.33 1.08 1.23
0.60 0.053 1.00 0.207 1.17 1.09 1.28
0.60 0.081 1.00 0.227 1.30 1.10 1.32
0.40 0.006 1.00 0.105 (1.40) 1.12 1.32
0.40 0.023 1.00 0.157 (1.31) 1.17 1.52
0.40 0.041 1.00 0.183 1.43 1.19 1.66
0.40 0.058 1.00 0.206 1.34 1.22 1.82
0.40 0.086 1.00 0.229 1.34 1.24 2.01
0.20 0.008 1.00 0.107 (1.80) 1.32 2.27
0.20 0.015 1.00 0.125 (1.90) 1.38 2.79
0.20 0.021 1.00 0.142 (1.65) 1.43 3.56
0.20 0.026 1,00 0.156  (1.43)  1.48 4,65
1) ULBRICH et al. 1977, 2) ULBRICH et al. 1978, 3) HASA et al.1967
2) brackets denote cases where the G* value was determined by
extrapolation
(2) B/A = 1/2 corresponds to B = 2/f,=1/2 (for

a network close to a perfect one), and A=1 (the case

of fully suppressed fluctuations of junctions).
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Fig.1l Comparison of the moduli G1/G? of variously di-
luted networks with the theoretical prediction X (Eq.l)

O dry polydimethylsiloxane (PDMS) (JOHNSON and MARK
1972), ® swollen PDMS (YU and MARK 1973),® PDMS in comr
pression (YU and MARK 1975),0 poly(N-ethylmethacryl-
amide)-water (ULBRICH et al. 1977),®m poly(N-ethylmeth~
acrylamide)-dimethylsulphoxide (DMSOx) (ULBRICH et al.
1978), ™ poly(N-butylmethacrylamide)-DMSOx (ULBRICH

et al. 1978), A poly(2-hydroxyethoxy-2-ethylmethacrylate)
-water (HASA et al. 1967), — theoretical prediction

(3) B/A = 1; ratio which better satisfied the de-
formation behaviour of dilute networks.

Data in Figs 2-U4 were calculated from reported
data on the degree of swelling and modulus; the pub-
lished data of ¥X(v,), originally calculated assuming
B/A = 1/2, were recalculated. It may be seen from Figs
2-4 that the assumption B/A = 0 leads to the greatest
divergency of the dependences of X, and X,s for B/A
= 1/2 the difference X, - X; 1s thé smallest. In ad-
dition to data in Figs 2-4, the concentration depen-
dence of X, for the system fluoroelastomer Viton AHV
-methylethylketone is also worth mentioning; this de-
pendence is best extrapolated at B/A = 1 to X = -0.005
for v,z 1, determined by gas chromatography (FOGIEL
1975, McCATHERN and THOMPSON 1972).

Conclusion

Even under conditions where the equilibrium defor-
mation and swelling behaviour closely approach an ideal
behaviour given by the validity of the functional de-
pendence of the deformational free energy defined by
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Fig.2 The dependence of the interaction parameter, X,
(Eq.3) on the volume fraction of the polymer in the
swollen state, v,, for polydimethylsiloxane networks
in cyclohexane

(a) compression-dry state (YU and MARK 1975; vo=1: O,
D,A; v =0.58: @,Mm,4; vo=0.45:0,0,4; v® =0,4: 0,8,
A; v®=0,28: 0,8,4; --- dependence found solutions
(FLORY and SHIH 1972);

(b) extension-swollen state (YU and MARK 1973); vo=1:
0 ,0,A; v0=0.75: @M 4A; v0 =0.62: 0,,A; v° =0.55; ®,8,
A; vo=0,U8: ©,M,A; vo=0,40;: @ ™ A; vo=0.30: ©,H,4;

--- dependence found for solutions (FLORY and SHIH 1972)

02 03 04 05

Fig.3 The concentration dependence of ¥ for polydi-
methylsiloxane networks in benzene

0,0,0 data on networks (St.PIERRE et al. 1959), --- de-
pendence found for solutions (FLORY and SHIH 1972)
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Fig.4 The concentration dependence of X for polystyrene
networks in various diluents

(a) in chloroform (BERANOVA and DUSEK 1669), A poly-
styrene in solution (BAWN and WAJID 1956)

(b) in benzene (BERANOVA and DUSZEK 1969), --- poly-
styrene solutions (MARON and DANIELS 1968)

(¢) in acetone BERANOVA and DUSEK 1969), A polystyrene
solutions (BAWN and WAJID 1956),

Eq.(1), B/A and the volume dependence of AFg.¢ cannot
be regarded as negligible. As to the magnitude of B/A
no unambiguous result could be obtained by the treat-
ment of various systems and by using various methods.
Values satisfying the experiment seem to be situated
between 1/2 and unity.
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