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Abstract

The effect of temperature (7) is studied on the swelling of model poly(vinyl acetate) (PVAc) gels in isopropyl alcohol. The
theta temperature @ of these gels, at which the second osmotic virial coefficient A, vanishes, is close to that of the corre-
sponding high molecular mass polymer solution without cross-links so that solvent quality may be defined in the same way
as the corresponding precursor polymer solution. We quantified the swelling and deswelling of PVAc gels relative to their
size at the theta temperature, and also determined the effect of T on the shear modulus of these gels. It was found that both
swelling and deswelling data could be reduced to a universal scaling equation of the same general form as derived from
renormalization group (RG) theory for flexible linear polymer chains in solutions.

Introduction

Gels have recently been of particular interest in connection
with their use in various materials science applications. New
types of synthetic gels have been developed where the chem-
istry has been tailored to meet particular end uses [1, 2].

Early works aimed at understanding the thermodynam-
ics and mechanical behavior of rubber. Modeling this type
of material where the “dry rubber” was naturally chosen
as the reference state gave rise to the classical theories of
rubber elasticity developed by James and Guth [3-6], later
developed further by many other researchers to describe
important practical problems of network swelling [7]. These
well-known theories describe the swelling of cross-linked
polymers by combining the classical rubber elasticity model
with the mean field Flory—Huggins theory of the free energy
of mixing polymers with solvents [8].
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It is generally appreciated that the scaling theory of poly-
mer solutions developed by de Gennes [9], and its numerous
later extensions, represented an important advance over the
early mean field theories of polymer swelling. The thermo-
dynamic properties deduced by the scaling theory address-
ing fluctuation effects are not generally consistent with the
Flory—Huggins based theory of polymer excluded volume
interactions [10, 11]. The original scaling theory of poly-
mer solutions was mainly confined to the good solvent limit
where these fluctuation effects are largest, although scal-
ing arguments have often been applied to the theta solvent
condition in which the chain dimensions are approximately
“ideal”, i.e., flexible polymer chains can be described rea-
sonably by gaussain chains. However, the treatment of the
swelling and elasticity of chemically cross-linked polymer
networks made of flexible chains in solution as a function
of solvent quality requires a general framework that must go
beyond both the Flory—Huggins and scaling theories [12].

We focus on the effect of variable excluded volume
interaction strength or “solvent quality” on network swell-
ing and shear moduli based on experiments performed on
well-characterized model polymer gels in which the cross-
link density and T are varied over a wide range. We utilize
these observations, acquired over a period of decades, to test
the validity of theoretical frameworks proposed to describe
the thermodynamic and elastic properties of these gels. In
particular, we determine the changes in the network chain
dimensions and shear modulus when the solvent quality is
varied from “very good”, corresponding to 7 far above the
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theta point, to “very poor” where the solvent is ejected from
the gels. We refer here to solutions that phase separate upon
cooling. Many hydrogels “collapse” upon heating so that
the transition to a poor solvent regime occurs upon heating
rather than cooling [13, 14].

This change of swelling behavior can easily be incorpo-
rated in the swelling description described below through a
consideration of the absolute value of the difference between
T and @ in the definition of solvent quality). Experimental
studies of swelling and chain conformation of gels made
from a flexible linear polymer, poly(vinyl acetate) (PVAc),
are reported and then reanalyzed within the theoretical
framework described below [15].

Background

Significant progress beyond scaling theory was made on the
basis of the renormalization group (RG) theory to achieve a
quantitative description of the swelling and osmotic proper-
ties of flexible linear polymers under variable solvent qual-
ity conditions. Our objective is to apply results drawn from
this theoretical framework to describe excluded volume
effects in polymer networks cross-linked in solution. This
approach allows us to avoid the assumptions of the mean
field Flory—Huggins theory, which is known to provide an
inadequate description of semi-dilute and dilute polymer
solutions.

While there have been RG calculations for randomly
cross-linked networks, these predictions have not yet been
compared to experiments as in the case of linear polymers.
Chremos et al. [16] studied model branched polymer net-
works with variable excluded volume interaction strength
and compared his simulations to the RG theory with promis-
ing results. This simulation showed that the behavior of ran-
domly branched polymers exhibited a qualitatively similar
swelling behavior of polymer networks with variable solvent
quality as found for linear flexible polymer chains in solu-
tion, although with somewhat different scaling exponents.
This suggested to us that swelling measurements on PVAc
gels might be described by the same RG framework and the
present work investigates this possibility.

The PVAc networks were synthesized by cross-linking of
long polymer chains in solution (see Materials and Methods)
under conditions in which linear precursor chains are swol-
len, i.e., scaling theory describes the osmotic and elastic
behavior of these materials. This corresponds to a swelling
exponent v = 3/5, and the corresponding scaling exponent
for the concentration dependence of the shear modulus is
close to 2.25. These exponents require some explanation.

It is important to note that the swelling exponent for
an equilibrium ensemble of randomly branched polymers
forming a swollen network is exactly v =2 in three spatial
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Scheme 1 Cross-linking of dissolved PVA chains with glutaradehyde
in the presence of HCI1

dimensions [17], which implies that the osmotic and shear
moduli scale with the polymer volume fraction as ¢°. This
scaling is clearly observed in the simulations of Chremos
et al. for the size randomly branched networks and in the
corresponding consistent scaling of the osmotic modulus
and with the concentration correlation length scaling as,
&~¢ ~' [18]. This change of scaling exponents is expected
from the change of the linear polymer to a branched polymer
universality class. However, it is plausible to assume that
cross-linking of high molecular mass polymers locks the
network into a non-equilibrium state of the material before
the cross-links were introduced, i.e., we hypothesize that
topological constraints do not allow the network to relax
to an equilibrium randomly branched polymer studied in
previous simulations, but rather the networks cross-linked in
semi-dilute solution should preserve the scaling properties
of linear semi-dilute polymer solutions for which v = 3/5.
Our observations discussed below are consistent with this
hypothesis, but this “memory effect” reflecting the thermo-
dynamic state of cross-linking clearly deserves further study
before it can be uncritically accepted.

Materials and methods
Preparation of polyvinyl alcohol gels

Polyvinyl alcohol (PVA) gels were made by cross-linking
aqueous PVA solutions of different concentrations, ¢ =3.0,
6.0, 9.0, and 12.0 mass % with glutaraldehyde (GDA,
Merck) at pH 1.5 at 25 °C [15]. The average chain length
between neighboring cross-links was varied from 50 to 400
monomer units. Cylindrical gel samples (1 cm in diameter
and 1 cm in height) were made in a mold. After gelation the
gel samples were equilibrated with distilled water to remove
HCI and unreacted polymeric materials.(Scheme 1).

Preparation of poly(vinyl acetate) gels
PVAc gels were prepared from PVA gels by acetylation in

a mixture of acetic anhydride (40 vol %)-acetic acid (10 vol
%)-pyridine (50 vol %) at 90 °C for 8 h. The details of the
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chemical procedure have been discussed in previous publica-
tions [15, 19, 20]. The gel samples were washed with tolu-
ene. The extent of acetylation was measured and an agree-
ment within 1 to 2% was found between the calculated and
experimentally determined values. The dry PVAc networks
were swollen in isopropyl alcohol.

Shear modulus measurements

The shear modulus G of the gels was determined using a
TA.XT2I HR Texture Analyser (Stable Micro Systems, UK),
by uniaxial compression measurements [21]. G was esti-
mated using the Mooney—Rivlin relation [22, 23],

o =2(A=A(C, + Cy/A), (1

where o is the reduced stress (force per unit undeformed
cross-section), A (=L/L,, L and L, are the lengths of the
deformed and undeformed gel specimen, respectively) is the
deformation ratio and C; and C, are constants. In Eq. 1 the
value of 2 C| is equal to the shear modulus G of the gel. It
was found that the value of C, was approximately zero in all
PVAc/isopropyl alcohol gels. This result is consistent with
many previous findings reported for other swollen polymer
networks.

Uniaxial compression measurements were performed at
30, 37, 45, 50, 52, 55, 60, and 70 °C on PVAc gels swollen
in isopropyl alcohol. The reproducibility of the whole proce-
dure, including gel preparation, and modulus measurements
was found to be 4 to 5%.

Results and discussion

As noted above, PVAc gels have been studied as a model
material in a large body of high-quality measurements.
Of particular interest for the present work is a series of

measurements on the mechanical and swelling properties
of these networks by Horkay and Zrinyi [15, 19]. We use
these data obtained over an exceptionally wide range of tem-
peratures to investigate the effect of solvent quality on the
swelling and elastic properties to derive a universal equation
of state.

Influence of solvent quality on swelling of PVAc
networks

Figure 1a shows the equilibrium swelling degree 1/ ¢, of
PVAc gels as a function of T. The initial polymer concen-
tration ranges from 3 to 12% polymer mass percent and the
T varies from 30 to 70 °C. We quantify the cross-linking
density by the average number of monomer units between
cross-links, estimated from the stoichiometry of the cross-
linking process. In this figure, the gels are designated by the
mass percent of the polymer at cross-linking and the average
number of monomer units between neighboring cross-links.

We introduce a reduced variable for the description of the
swelling data based on previous studies of excluded volume
effects on the swelling and mechanical properties of gels.
It is generally accepted that the theta point at which binary
excluded volume interactions of long flexible polymers
vanishes is a natural reference T of polymer solutions. For
PVAc gels in isopropyl alcohol the “theta temperature” @
equals 52 °C, which corresponds to the 7 at which attractive
binary excluded volume interactions compensate repulsive
binary excluded volume interactions. We have previously
determined A, as a function of T for our PVAc gels in iso-
propyl alcohol [24], and we show its variation with T in the
inset of Fig. 1b.

We next define the reduced temperature, t=(7-0) / T, as
a measure of “solvent quality”, where 7 <0 corresponds to
a “poor solvent” and 7> >0 to a “good solvent”. In Fig. 1b,
we show the gel “swelling factor” a’ (= gel volume relative
to its volume at @) as a function of the reduced temperature.
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The swelling curves cross at the reduced temperature,
7=0, i.e., the theta point.

The natural excluded volume parameter for gels is the
reduced variable, (7/¢,) where 1/¢, is defined as the ratio of
the volume of the gel under theta conditions to its value in

its dry state Vgel, dry,

1/¢0 = Vgel,H/Vgel, dry* (2)

Then the excluded volume interaction z, is given by the
relation,

2 = (t/60,), 3)

where 0 is a constant which varies with solvent and polymer
type as in the case of flexible polymers in solution. [25]

In Fig. 2, is compared the a(z,) data for PVAc/isopropyl
alcohol gels to the RG theoretical expression [26-28],

a(2)? = (1 +z/u)> V% 1+ b(z/u") /(1 +2z/u")|, 2> 0
(4a)

where (2v—1)/¢ equals 2/5 using the Flory approximation
of v = 3/5 in d=3 (the value appropriate to linear flexible

Fig.2 Swelling factor a for PVAc-isopropyl alcohol gels as a func-
tion of the excluded volume interaction z, in the good solvent regime
(z>0). Symbols are the same as in Fig. 1a. Continuous line is a fit of
the data to RG expression for « in Eq. (4b) with the gel excluded vol-
ume variable z, defined by Zrinyi and Horkay [20]. Inset a: Fit of the
swelling data to the tanh function given in Eq. (5). The continuous
line through the data points are least squares fit to the phenomenolog-
ical function [29], a=1+ B tanh (c zg) with B=0.4 and ¢=3.16. Inset
b: Log-log representation of a as a function of (—z,) for PVAc/iso-
propyl alcohol gels in the deswelling regime below & (z,<0). Zrinyi
and Horkay [20] predict that Ot(zg)3 ~ 1/(—zg) and we compare the data
with this scaling relation [solid line in figure: =0.31 [1/(—zg)°‘33]
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chains, as described above) and the constant b is taken to be
empirical. #* is a characteristic constant of the RG theory
describing the width of linear variation of @ on z that can be
adsorbed into z in comparisons to experiment. More gen-
erally, these exponents are well described by Eq. (4b) for
dimensionality d <4,

o/Qv-1)~4(1-20/3+¢*/6),0p=(4—d)/2, (4b)

which leads to the exact exponents v(d=1)=1,
v(d=2)=3/4, and v(d=3) ~ 10/17 ~ 0.588 and exact limit-
ing behavior upon approaching the critical dimension d =4,
above which v=1/2. In general, this scaling form holds for
any measure of polymer size and any polymer topology in
the linear polymer universality class (linear, ring, comb, star,
etc.) where the constant b is polymer and topology specific.
We note that the large z, asymptotic scaling of a(z,) pre-
dicted by Eq. (4a) coincides with the scaling arguments
given by Zrinyi and Horkay [20] for the large repulsive
excluded volume interaction regime where a(z,) ~z, ' for
Zg — 0.

In Fig. 2, we also compare our (x(zg) data to the simple
sigmoidal function,

a(zg) =~ 1 + Btanh (czg), 5)

suggested as an approximation by Karim et al. [29] for
describing the swelling and deswelling of both PVAc gels
and end-grafted polymer brush layers. In this equation, B
and ¢ are phenomenological constants. This functional form
was suggested heuristically by the common sigmoidal func-
tional form describing the density profile of interfaces [29],
and we show a comparison to this heuristically deduced
functional form in inset a of Fig. 2. This form fits also the
experimental data reasonably well. Evidently, measurements
in the range of a much larger excluded volume interaction
strength z, are required to test the scaling prediction of
Eq. (5) and the simplicity of the tanh approximant of a(z,)
for practical applications.

At any rate, the resulting swelling curve for our solution
cross-linked gels appears to be remarkably universal, at least
for this particular type of polymer, and again we observe a
close similarity with swelling data observed for the radius
of gyration (R,) of flexible polymer chains in solution [25,
30, 31] when the temperature is varied over a broad range.

The RG method is unfortunately not applicable in the
regime in which z, is negative [32, 33] where polymer chains
tend to collapse forming a compact globular structure. Since
there is no RG treatment of self-attracting polymers, there
is no RG theory describing the phase behavior of polymer
solutions. Moreover, the assumption of the existence of uni-
versality in the scaling functions is more questionable in the
regime of polymer deswelling because of the emergence of
relevant many-body interactions when the chains start to
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collapse. [33] Nonetheless, it is plausible to hypothesize that
the definition of z,, which accounts for ternary interactions,
might be sufficient in the self-attracting polymer regime.
Along this lines, Zrinyi and Horkay [20] argued that o:(zg)3
should scale in the self-attracting regime as, oc(zg)3 ~1/(—z,)
similar to scaling arguments made previously for linear
polymers in solution. In Fig. 2, inset b indicates that this
scaling relation indeed describes the PVAc gel behavior in
the poor solvent regime. As noted above, the universality of
this scaling must be checked through measurements on other
solution cross-linked networks.

Influence of solvent quality on the elastic modulus
of PVAc gels

We now focus on the effect of excluded volume interaction
and varying the cross-link density on the shear modulus G
of our solution cross-linked PVAc/isopropyl alcohol gels.
Figure 3 shows that G / RT scales as a power of ¢.. Above
the theta temperature, the experimental value of the scaling
exponent 7 is close to the predicted good solvent value 2.25,
in agreement with the self-avoiding linear polymer value
(Flory estimate of v = 3/5) and at the theta temperature the
scaling exponent (n=3.1) is near to the theoretical value
n=3. (This is an important test of internal consistency of our
hypothesis that our networks should exhibit the scaling prop-
erties of linear flexible chains and of our estimation of the
theta point from the vanishing of the second osmotic virial
coefficient.) The dashed lines in Fig. 3 show the dependence
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Fig.3 Shear modulus G/RT vs polymer concentration ¢, under equi-
librium conditions for PVAc/isopropyl alcohol gels at different T.
Dashed lines: dependence of G/RT for nominally identical gel sam-
ples on ¢.. Inset shows the variation of the power-law exponents with
T. Symbols are the same as in Fig. la

of G/RT on ¢, when T is varied for identical networks of
fixed values of cross-linking density and initial polymer con-
centration. In particular, the log—log plot indicates that G /
RT scales as ¢, 3, as one would expect from the classical
rubber elasticity theory [3].

We note that G/RT extrapolates to a common value cor-
responding to the material in its dried state, ¢ = 1. Neither
the variation of the polymer concentration at cross-linking
nor the length of the network chains affect this value.

Figure 4 shows the T dependence of G in terms of similar
reduced variables as that of network swelling and deswelling
in the previous section. The symbols designating the sam-
ples and the thermodynamic conditions are the same as the
network swelling data described above. As a first stage of
the data reduction, the inset to Fig. 4 shows G/RT as a func-
tion of the reduced temperature, z=(7-0)/T [19]. The main
figure shows that all our G observations can described by a
near universal function of z,, where this scaling applies in
both the good and poor solvent regimes. This data reduction
would appear to indicate that our equation of state descrip-
tion of the swelling behavior of the PVAc gels also applies
to G. Further studies are required to test the universality of
this reduced variable scaling for G for other solution cross-
linked polymer networks having different chemistries and
solvents. The shear modulus of these solution cross-linked
gels evidently progressively diminishes with increased gel
swelling over the observed range of network swelling.
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Fig.4 Shear modulus G normalized by its value at the theta tem-
perature G, as a function of the dimensionless excluded volume
interaction parameter z, for PVAc gels swollen in isopropyl alcohol.
Symbols are the same as in Fig. la. Inset: Shear modulus G/RT as a
function of = for PVAc/isopropyl alcohol gels
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Recently, it has been observed that the elasticity of poly-
mer networks is influenced by enthalpic interactions [34]
in addition to purely entropic changes with network defor-
mation, but no theoretical explanation of this phenomenon
was presented. It is evident that the dependence of G on z,
implies that this quantity is enthalpy dependent in a specific
fashion.

Conclusions

The swelling of polymer gels formed by cross-linking poly-
mers in solutions is discussed under variable solvent qual-
ity conditions. As opposed to previous studies, the theta
condition is used as a reference point for describing net-
work swelling. The reduced variable description of network
swelling relies on the reduced excluded volume interaction
parameter z, appropriate to network polymers. The reduced
variable description of the effect of solvent quality on swell-
ing of polymer networks is extended to describe the solvent
quality dependence of the shear modulus of solution cross-
linked polymer gels.

We note that further experimental studies on well-char-
acterized networks will be required to better understand the
material limitations of the scaling description described in
the present work, and specifically the universality of the
network dimensions on the excluded volume interaction z,
below the theta point.
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