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Experimental Evidence for Inhomogeneous Swelling and Deformation in Statistical Gels
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Polymer concentration correlations in a network swollen by a solvent are studied by small-angle neu-
tron scattering. The network is made by statistical cross-linking of long chains in solution. At small
scattering vectors, the intensity strongly increases upon swelling. Upon stretching, unusually oriented
isointensity lines (“butterflies”) are observed. These effects are well described by a model of fractal
heterogeneities of cross-linking giving rise to nonhomogeneous swelling or deformation.

PACS numbers: 61.41.+e, 64.60.Cn, 64.70.Pf, 82.70.Gg

According to most current theories the properties of
polymer networks are determined by their structural
units alone, namely, the elementary meshes that connect
two nearest-neighbor cross-links. No correlations are
thought to exist on distance scales larger than the aver-
age mesh size.!™® These approaches have not been en-
tirely satisfactory, as their description of the elastic prop-
erties of rubbers and gels is essentially limited to semi-
quantitative estimates of behavior. On a microscopic
scale, they cannot explain a striking anomaly which has
been found recently in studies of the structure of rubbers
by small-angle neutron scattering (SANS). A network
containing small free labeled (deuterated) chains was
subjected to a uniaxial deformation and the isointensity
lines were mapped using a bidimensional neutron detec-
tor. The pattern observed was anisotropic, as expected,
but unexpectedly was oriented in the wrong direction.*>
The observed double-winged figures, called ‘“butterfly
patterns,” had their long axes aligned in the stretching
direction.* This phenomenon has attracted attention be-
cause its understanding might bring new elements to the
theoretical debate of the modeling of microstructural
properties of networks. %%

In this Letter, we present the results of two experi-
ments designed to shed some light on this situation. We
look for the existence of butterfly patterns in a somewhat
different situation, namely, the uniaxial elongation of
statistically cross-linked gels. The appearence of such
figures was predicted recently for such a case on the
basis of establishment of correlations between substruc-
tures larger than the average mesh size.’® This new mod-
el establishes a connection between the butterfly phe-
nomenon and a strong increase of scattering intensity
predicted to appear in a swelling experiment. Thus, we
investigate by SANS the swelling and the stretching of
networks synthesized under conditions as close as possi-
ble to the model assumptions.

Semidilute solutions are good reference systems for
discussing the structure of gels. They can be viewed as
homogeneous networks of finite lifetime and the way

they scatter light or neutrons is well described by exist-
ing theories.> When a contrast is established between
the polymer and the solvent, their neutron-scattering in-
tensity 7(g) has an Ornstein-Zernicke form I(g)~1(0)/
(1+g2%£?%) for g¢ <1. & is the correlation length scale
beyond which the elementary segments of the chains can
be considered as randomly distributed; on length scales
larger than & correlations along any given chain are
screened out. From geometrical arguments, one expects
E~¢ %77 ¢ being the polymer volume fraction; 7(0) is
predicted to be proportional to ¢2&3, ie., to ¢ ~%3!. Ex-
perimental results are in good agreement with these scal-
ing laws. >10

As mentioned above, the correlation length in homo-
geneous gels should not be larger than the size of the
average mesh. Moreover, it should not differ very much
from the correlation length of a semidilute solution of
the same polymer concentration.> The intensity scat-
tered by gels has been related for g <1 to the dynami-
cal fluctuations of the polymer concentration.®'! These
fluctuations are governed by both the osmotic pressure of
the gel and its shear modulus. Transforming a semidi-
lute solution into a gel by establishing permanent junc-
tions between chains can only increase the elasticity, i.e.,
raise the shear modulus and decrease the osmotic pres-
sure. The first effect is the larger and thus the balance is
in favor of a decrease of the dynamical fluctuations. As
a result, for homogeneous gels having no defects, one ex-
pects I(q)gel = I(q)solutiun-

Nevertheless, gels are often intrinsically heterogeneous
at scales larger than the average mesh size.® We focus
here on a semidilute solution of polymer volume fraction
¢, and correlation length &, which is subsequently sta-
tistically cross-linked. We will consider the case when
the number of junctions is large enough that no sol frac-
tion remains after cross-linking. The random arrange-
ment of cross-links in space creates regions where the
cross-linking density is higher than average. This disor-
der can be described as a site percolation: The “hard”
regions have the topology of percolation clusters. For a
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sufficiently high cross-linking density, they are substan-
tially interpenetrated and the larger ones have a self-
similar structure [as schematically shown in Fig. 1(a)].
In the prepared state, these clusters should not be detect-
able by a scattering technique because there is no “con-
trast” between the cross-linked and the uncross-linked
entanglements. When put in contact with an excess of
solvent, however, such gels should swell heterogeneously.
The solvent is essentially absorbed by the regions in be-
tween the clusters, where the chains can still move with
respect to each other. The polymer concentration would
then be different inside the clusters than in the rest of the
gel. The more densely cross-linked regions are expected
to be less deformed than the average of the gel; thus, the
swelling should result in a partial expulsion of smaller
clusters from the larger ones. Moreover, the random ar-
rangement of the more cross-linked regions should be
destroyed by the swelling [see Fig. 1(b); for simplicity,
undeformed clusters are drawn]. Thus, in the expanded
gel, one expects the length scale of the fluctuations of
monomer concentration (characterized by a new correla-
tion length £.) to be now larger than the average dis-
tance between cross-links. For scales larger than &,, one
can argue that the swelling may be described through a
direct analogy with the dilution of percolation clusters:
For 1/6.<q <1/&,, one expects I(g)~gq ~%° where
% =D(3—1) depends on the polydispersity of the clus-
ters (described by 7) and on their fractal dimension D.
One expects &, ~¢ ~ > and 1(0) ~¢ ~%3, where ¢ is the
monomer volume fraction. 2

We now turn to elongated gels. In the case of defor-
mation of homogeneous networks, the scattering intensi-
ty should decrease relative to the isotropic case for g
parallel to the stretching axis, as in all chain-orientation
processes. Thus, the isointensity curves should have a
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FIG. 1. Schematic representation of a randomly cross-
linked gel. Regions of higher cross-linking density are marked
in black. Chains are not shown, except in the magnified inset
of (a), where the black dots represent the cross-links. (a)
Preparation state; (b) gel swollen with respect to the prepara-
tion state; (c) uniaxially extended gel [with respect to the state
of (b)]. The deformation of the clusters, smaller than the mac-
roscopic one, is not represented.
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long axis perpendicular to the stretching direction.!> On
the contrary, in the case of heterogeneous networks, this
normal anisotropy is expected to be at least partially
masked at low g by another phenomenon: It is reason-
able to expect that the strongly cross-linked regions de-
form less than the weakly cross-linked ones. Thus, upon
stretching of the sample, the clusters should separate, as
in the case of swelling, but now in the direction parallel
to the stretching [see Fig. 1(c); for simplicity, the clus-
ters are drawn undeformed]. As a result, one expects the
gel to become less homogeneous in this direction and the
scattering intensity to increase at low g. In the perpen-
dicular direction, the dimension of the sample is con-
tracted, due to Poisson’s effect: The more cross-linked
clusters, if they deform less than the average, should in-
terpenetrate more in this direction. Thus, the scattering
intensity should decrease in the perpendicular direction.
The scattering has been calculated under a further sim-
plification: Any deformation of clusters and chains di-
rectly induced by the shear strain has been neglected,
only variations of cluster shapes due to changes with
elongation of the screening of excluded volume interac-
tions have been taken into account. The resulting calcu-
lated isointensity curves exhibit butterfly patterns, with a
long axis parallel to the stretching direction (Fig. 2).
This model is the only one of which we are aware that
predicts the appearance of such butterfly patterns in
swollen gels that have been deformed.

Statistically cross-linked gels were prepared using a
Friedel-Crafts reaction.'* Polystyrene chains (M, ~7
x10°) were dissolved at a concentration ¢ (by volume)
of 0.1 in 1,2-dichloroethane. Small amounts of cross-
linker [1,4-bis(chloromethyl)benzene at concentration c,
equal to 0.8% in mole/mole] and coreactor (SnCly, 2%
mole/mole) were then added to the solution. This mix-
ture was heated at 60°C for two days. Under washing
in tetrahydrofuran, the residual sol fraction was very
low, less than 0.1%. Then, the samples were dried, pol-
ished, and reswollen by placing the desired amount of
solvent (deuterated toluene) inside the cells used for

« elongation m

FIG. 2. Example of calculated isointensity curves for a
correlation length equal to 50 A before deformation and for an
elongation ratio equal to 1.35. Range of scattering-vector am-
plitude: 0.005 A '<g<0.1 A7",
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FIG. 3. Isotropically regrouped neutron-scattering intensi-
ties vs scattering-vector amplitude for a gel at different concen-
trations ¢ and for the corresponding semidilute solutions (of
same ¢).

SANS. Samples of the same gel (¢ =0.09 £0.01) were
uniaxially elongated in an airtight container. The
stretching ratio A (length divided by initial length)
ranged from 1 to 1.85.

Four spectra corresponding to the same gel swollen at
different concentrations ¢ are plotted in Fig. 3, together
with those of semidilute solutions at the same concentra-
tions.'> At the concentration of the state of preparation
(¢=0.1), the signal of the solution and the gel coincide
almost exactly; the effects of the cross-linking are not
detectable in this state. When the same amounts of sol-
vent are added to the two types of systems, I(g) in-
creases much more at low g in the gels than in the solu-
tions. This means that, upon swelling, the fluctuations of
concentration increase much more at large length scales
in gels than in the equivalent solutions. We have seen
above that such behavior is not predicted by the standard
theories of homogeneous gels and cannot be explained by
dynamical fluctuations in polymer concentration since
such fluctuations must be smaller in gels than in solu-
tions. Thus, as predicted by the new model discussed
above, the large concentration fluctuations probed here
must be quenched and produced by heterogeneous swel-
ling process. At equilibrium swelling, the signal tends
asymptotically towards a straight line of slope ¥, for ¢
in the range 1/&. < g < 1/&,, in agreement with the mod-
el.

The correlation lengths in gels and semidilute solutions
were determined by selecting from the log-log represen-
tation the data points that level off at low ¢ and fitting
them with the equation 7(g) =7(0)/(1+¢2%£?). This ex-
pression for I(g), the classical one for solutions,’ has
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FIG. 4. Correlation lengths £ and zero-angle extrapolated
intensities vs polymer volume fraction for a given gel at dif-
ferent swelling degrees and for a series of semidilute solutions.
Apparent exponents: gel, I(0) ~¢ ~'> and £~¢ ~ ' solutions,
1(0)~¢ %7 and E~¢ ~078,

been used because it is better suited to the detection of
trends than the function proposed in Ref. 9; it allows the
comparison of the values found for & and 7(0) in the
cross-linked and uncross-linked systems together with
the comparison of the values obtained in our measure-
ments with those available in the literature for solutions.
The variation of & as a function of ¢ for the solutions is
in good agreement with the expectation £~¢ %77 (Fig.
4); the absolute values agree well with those reported in
the literature.'® In the case of the gels, & increases more
strongly with ¢ (Fig. 4); the exponent found (over the
limited range of concentrations) is —1.65+0.15, in
agreement with the variation expected for &. from the
model.® With regard to 7(0), the difference between the
gels and the solutions is larger. The values for the solu-
tion are in approximate agreement with the expected
¢ ~%3 law. However, the exponent is much higher in the
case of the gels (—1.510.1), and close to the value ex-
pected from the model.®

In the case of the stretched sample, the isointensity
lines have, at low g, the shape of butterfly patterns, with

= elongation m

FIG. 5. Experimental isointensity curves for a gel submitted
to a uniaxial elongation by a factor A =1.5. The rectangle in
the center indicates the limits of the beamstop. Range of scat-
tering-vector amplitude: 0.006 A ™' <g <0.044 A"
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the long axis aligned with the direction of elongation.
An example is shown in Fig. 5. Although less anisotrop-
ic, they resemble the ones calculated with the model of
heterogeneous gels, in which strain-induced stretching of
the clusters and of the chains were neglected (Fig. 2).
The results disagree completely with the classical pic-
ture: A strong increase of intensity rather than a de-
crease is observed in the direction of elongation. The
qualitative agreement with the new model implies that
the deformation process is strongly inhomogeneous, since
the classical anisotropy appears to be masked at large
length scales. The classical effects only appear at higher
q values, where ellipses with the long axis perpendicular
to the elongation direction can be seen. Presumably,
they reflect a net average chain orientation in elongated
gels at small length scales.

The results reported here are the first observation of
butterfly patterns in swollen polymer gels. The scatter-
ing patterns observed are in qualitative agreement with a
recent model of the deformation of gels containing frac-
tal cross-linking heterogeneities greater than the average
mesh size of the network and having a large distribution
of sizes.” Furthermore, the observed neutron-scattering
behavior of gels isotropically swollen by solvent is in
quantitative agreement with this model. Analogous phe-
nomena may be exhibited by other kinds of systems, pro-
vided they contain large substructures having a distribu-
tion of sizes. Note that the latter do not need to be frac-
tal; the important requirements are that these substruc-
tures be interpenetrated and that the amount of their in-
terpenetration can be modified by a macroscopic strain.
In particular, such a picture could explain the butterfly
patterns that have been observed in rubbers and polymer
melts in which free short labeled chains behave as a kind
of polymeric solvent.*> Such phenomena, if observed,
would mean that in these systems deformation is also far
less homogeneous than is usually assumed.

The authors are indebted to C. Lartigue, L. Leibler,
and F. Schosseler for fruitful discussions. The manu-
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