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Radius of Gyration in Anisotropically Swollen 
Gels' 

Several reports have appeared concerning the effects 
produced by an external strain on the dimensions of a 
given polymer coil in polymer melts1r2 and in dry  gel^.^-^ 
Somewhat less attention seems to have been paid to the 
case of gels swollen in a good solvent,6 probably because 
any anisotropy is expected to be dwarfed by overwhelming 
isotropic effects of the osmotic pressure. 

In this communication we describe small-angle neutron 
scattering (SANS) measurements of the radius of gyration 
of deuterated chains, end-linked in a strongly deformed 
swollen gel. The samples, made at  the Centre de Re- 
cherche sur les MacromolBcules, Strasbourg, were model 
polystyrene gels consisting of chains of M, = 2 6 0 0 0  
Daltons, with 7 %  of the chains being deuterated. In the 
dry state the radius of gyration was found6 by SANS to 
be 43 A; more recent measurements on the same gels' gave 
44 A for the same parameter. 

We discuss first the isotropic swelling of gels, which 
proceeds in a manner proposed qualitatively by Bastide.8 
The mean distance between spatially nearest-neighbor 
cross-link points, R,, is assumed to increase affinely as the 
cube root of the swelling ratio q = V /  Vo, where Vo is the 
volume of the dry gel. Now it has been showns that a 
characteristic length relation exists between R, and the 
topologically (i.e., on the same chain) nearest-neighbor 
distance Rt between cross-links 

where 5 is the static screening length and A is a constant, 
proportional to the functionality of the cross-links, whose 
value is close to unity a t  low functionalities. Equation 1 
was derived to describe the distance between entanglement 
points in a semidilute polymer solution; the application 
to gels is achieved by imagining each entanglement to be 
transformed into a cross-link. Then, assuming that good 
solvent conditions prevail,1° i.e. 

one finds for the gel 

A similar relation holds for the radius of gyration of a free 
coil in semidilute solution." 

Since in the range of concentration being considered the 
radius of gyration R of the molecule is much largerll than 
5,  one may use Gaussian statistics as an approximation to 
define the dependence of R upon the mean square end- 
to-end length12 

RS3 = AR,24 (1) 

6 cx qo.75 (2) 

R,2 a qo.25 (3) 

R2 = Yl2(Nb2 + R,2) 
= Ro2(1 + q0.25 ) / 2  (4) 

Equation 4 is in good qualitative agreement with recent 
measurements by Bastide et al. on polystyrene g e h 7  In 
this equation, we have, however, neglected the fact that 
a t  high polymer concentrations the scaling relation (2) 
should be replaced by13 

Inclusion of this effect causes R2 to increase initially as (1 
+ q0.5) /2  until the semidilute region is reached and 
thereafter as (1 + q0.25)/2. 

Turning now to the anisotropic case, we make the basic 
assumption that there is no difference between a gel which 
has been swollen isotropically and then subjected to a 
uniaxial constraint and one which has been swollen an- 

[ 0: qo.5 (5) 

+ Measurements performed at the Institut Laue Langevin, Gre- 
noble. 

Table I 
Neutron Scattering Measurements from Anisotropically 

Swollen Polystyrene Gels 
sample 

relative Debye scattering intensity 
calcd relative intensity 

from concentration, thickness, and 
transmission 

dry sample major axis 01 ,  mm 
dry sample minor axis p ,  mm 
cell inner diameter y ,  mm 
applied constraint 8 = 01/p 
swelling ratio q 1  a 
swelling ratio q a 
measd Rl,  A 
measd R 11, A 
induced anisotropy R J R  11 (exptl) 
calcd R 

calcd Rli 

calcd Rl/Rll 
anisotropy of cluster scattering 

al/aII measd at distance 1/Q 

= 44d1  + q20.2s)/2}0-s, a 
= 44{(i + q10.25)/2}o.5, A 

200 a 
186 A 
118 A 

75 A 
9 0  a 

1 

2.0 
2.15 

13.5 
5.8 

14.7 
2.34 
1.28 
7.01 

55.4 
48.8 

50.4 

44.7 

1.14 

1.13 

1.7 

1.8 

1.7 

2 3 

1 .6  
1.62 

9.9 
6.0 

14.7 
1.65 
3.25 
8.85 

51.7 
47.8 

51.4 

47.6 

1.08 

1.08 

1.2 

1.3 

1.0 
1.0 

5.7 
5.7 

14.0 
1.0 

14.5 
14.5 
53.1 
53.1 

1.0 
53.5 

53.5 

1.0 

The swelling ratio q ,  is taken to be ( y / 0 1 ) ~ .  The 
subsequent swelling takes place only along the two axes 
perpendicular to 0 1 ;  the total swelling ratio is thus q 2  = 
(r/a)3S 2 .  

isotropically to the same degree of constraint. We there- 
fore examine the situation in which a dry gel placed in a 
container such that swelling along one of the axes is con- 
strained. Light scattering measurements in a similar sit- 
uation, that of gels deswollen uniaxially, have shown that 
the intensity of the dynamically scattered light and the 
collective diffusion coefficient are isotropic,14 even with 
compression ratios as high as 5. We assume therefore that 
here also 4 will remain isotropic to a good approximation, 
even though the gel is swollen anisotropically. 

We shall imagine that the swelling takes place in two 
stages: first, the gels swells isotropically in the solvent to 
some value of q, say ql, a t  which point one of the gel 
dimensions encounters the constraining wall of the con- 
tainer; the second, anisotropic, stage then occurs, with the 
gel swelling only in the two directions perpendicular to the 
initial constraint. The total swelling ratio a t  the end of 
the process is q2. The simplest assumption one can make 
is that  eq 4 applies to each of the principal axes in the 
swollen gel, and therefore 

R,/Rll = ((1 + q20.25)/(1 + q10.25))0.5 (6) 

For the experimental observations, three pairs of model 
polystyrene gels, fully protonated and partially deuterated, 
were used, each prepared with three molecules of di- 
vinylbenzene per living end of polystyrene. The experi- 
ments were performed on the small-angle scattering in- 
strument D11 at the Institut Laue Langevin at Grenoble, 
using an incident wavelength of 7.0 A, the sample-detector 
distance being set a t  1 0  m. 

The samples were made of thin slices of gel cut into the 
form of ellipses of varying aspect ratio: 2.4, 1.7, and 1.0 
(circular). When the samples were allowed to swell in 
carbon disulfide inside a circular quartz cell, the swelling 
gave rise to a homogeneous uniaxial constraint in the 
sample, with the symmetry axis lying in the plane of the 
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cell. The spacer between the cell windows was chosen SO 
that the sample could swell freely along the cylinder axis. 

The scattering patterns, after appropriate background 
subtraction, were found to contain two regions of interest. 

(a) At forward angles, an intense, strongly anisotropic 
scattering, extending up to wave transfer vectors Q = 1.5 
X .kl, was found. 

(b) For higher values of Q, a nearly linear region in a 
Zimm plot was obtained. The values of the radii of gy- 
ration deduced from these plots are obtained from the 
region 1 C QR C 2, i.e., outside the Guinier region. On the 
basis of the argument used above that the Gaussian ap- 
proximation should be acceptable, the analysis of the data 
from this region was performed by using the full Debye 
scattering function and a nonlinear regression procedure. 

In region b, for each azimuthal angle 4 with respect to 
the constraint in the gel, the values of R(4) were calculated, 
and a mean ellipticity was deduced. In Table I are shown 
the relative intensities of this contribution for each sample, 
compared with the relative intensities expected from a 
knowledge of the sample concentration and thickness. The 
agreement between these two sets of data suggests that the 
decomposition of the spectra into two separable parts is 
a satisfactory approximation. 

It can be seen from Table I that the induced anisotropy 
is much smaller than the applied constraint. In order to 
interpret this result, it is first necessary to verify that the 
polymer coils are effectively coupled to the network. This 
was done by assuming that p is the probability that a given 
labeled chain end is poisoned so that it cannot bind to the 
lattice when the gel is formed; then the number of doubly 
poisoned chains is proportional to p 2  and the residual 
number of deuterated molecules left in the gel after 
washing in solvent is proportional to 1 - p2 .  The original 
concentration of deuterated chains a t  preparation is known 
7 f 1%. By comparing the Raman spectra of a mixture 
of known composition of protonated and deuterated 
polystyrene in solution with CC14, we used the relative 
intensities of the features a t  3060 and 2290 cm-l (protons 
and deuterium, respectively) to calibrate the Raman 
spectra of the gels. The relative concentration of deu- 
terated polystyrene was found to be 0.065 f 0,009, in 
agreement with a value of p close to zero. The majority 
of the deuterated coils are therefore fully coupled to the 
network. 

We are thus in a position to compare the observed an- 
isotropies with a model, for example, that  defined by eq 
6. From Table I it can be seen that there is good quali- 
tative agreement between eq 6 and the experimental ob- 
servations of R,/Rll. The agreement between the calcu- 
lated and the observed values of R ,  and R!, taken sepa- 
rately is, however, not so good for sample l; this may be 
due in part to the neglect of the initially strong increase 
in R expected from eq 5. I t  should also be remembered 
that while the experimental ratios R,/R,, are each obtained 
from a single corrected spectrum and are therefore ex- 
pected to be relatively insensitive to errors of background 
subtraction, comparisons of the absolute value of R be- 
tween different samples is intrinsically more sensitive to 
this source of error. 

As for the anisotropic forward scattering (region a), we 
assume that this is caused by regions of higher coil density 
and is simply additive to that of the single coils. Although 
such a deconvolution is not likely to be rigorous, it is 
supported by the different anisotropic behavior of the two 
components. When the calculated Debye scattering 
function is subtracted from the total intensity and the 
difference is smoothed by interpolation, it is found that 
the excess intensity varies as Q", where n lies between 3.5 
and 4. This suggests a Porod type15 of distribution for the 
density fluctuations. The contours of the intensity profile 
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allow an effective constraint a,/al, to be calculated at  
different characteristic distances 1/Q. It can be seen from 
Table I that  this anisotropy, attributed to clusters, is 
comparable to but smaller than the applied constraint and, 
in the range 90-200 A, is independent of the scale of ob- 
servation. 

In conclusion, the samples we used appear to be inho- 
mogeneous, with some of the marked chains separated into 
well-defined zones with sharp boundaries, corresponding 
to a Porod law. The elastic response of these zones sug- 
gests that they are regions of high cross-linking density. 
Such features are common in other gels.16 

The single coils, which seem dispersed throughout the 
rest of the gel, produce a weakly anisotropic scattering 
pattern in the strained gels. Both the magnitude of this 
anisotropy and the change in coil dimensions on swelling 
are in good qualitative agreement with a model relating 
the spatial and the topological nearest-neighbor distances 
between cross-links with the screening length of the gel. 
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