
Macromolecules 1991, 24, 543-548 543 

Microscopic and Macroscopic Thermodynamic Observations in 
Swollen Poly(dimethylsi1oxane) Networks 

Simon Mallam: Ferenc Horkay? Anne-Marie Hecht: Adrian R. Rennie,f and 
Erik Geissler'J 

Laboratoire de Spectromktrie Physique,l Universitk Joseph Fourier-Grenoble I ,  B.P. 87, 
38402 St. Martin d'Heres Cedex, France, Department of Colloid Science, Eotvos Lorhnd 
University, Puskin u.11-13, H-1088 Budapest VIZZ, Hungary, and Znstitut Laue Langevin, 
156X Centre de Tri, 38042 Grenoble Cedex, France 

Received May 2, 1990; Revised Manuscript Received July 5,  1990 

ABSTRACT Poly(dimethylsi1oxane) (PDMS) networks swollen in toluene are investigated both by small- 
angle neutron scattering (SANS) and by swelling pressure measurements. The scattering signal from the 
gels, measured as a function of swelling, is resolved into two components, a solution-like part and a static 
part. The forward scattering intensity of the solution-like part contains all the thermodynamic information 
relevant to  the gel. The absolute intensity is obtained by calibrating against that of a standard water sample. 
The Flory-Huggins theory of polymer solutions is adopted to derive the swelling pressure of the gel from 
the scattering measurements. In addition, the swelling pressure is determined independently at different 
degrees of dilution of the gels. A comparison is made between these direct macroscopic observations and 
the results deduced from the scattering intensity. 

Introduction 
When cross-links are introduced in sufficient number 

to form a gel out of a dense array of polymer coils, the 
thermodynamic response of the resulting network swollen 
in a solvent is in general different from that of the 
equivalent solution.lI2 Although such differences may be 
attributed to anomalous elastic effects,3+ it has never- 
theless become increasingly clear that the underlying 
reason is more complex.'?8 The response seems more 
consistent with a modification of the polymer-solvent 
mixing interaction.9 

Small-angle neutron scattering techniques reveal the 
distribution of polymer segments on a short-range scale 
(5-100A). It is found that, due to gelation, the correlation 
lengths between chain segments are significantly larger in 
the case of a swollen network than in the solution of the 
same polymer at the same concentration.lOJ1 Recent 
neutron scattering observations on poly(dimethylsi1ox- 
ane) (PDMS) networks swollen to equilibrium in octane 
have shown that the fine-scale polymer distribution 
involves a t  least two characteristic 1engths.lz The shorter 
correlation length ( F )  was assumed to describe the rapid 
fluctuations in the position of the polymer chains that 
ensure thermodynamic equilibrium, while a longer distance 
(denoted here by E )  is needed to account for the static 
accumulations of polymer pinned down by junction points 
or clusters of such points. For that particular system, in 
which the two lengths were distinctly resolved, the 
numerical value of 5 exceeded that of the equivalent 
polymer solution by a factor of almost 2. If one pursues 
the analogy between gels and polymer solutions, scaling 
theories,13-15 which relate the osmotic pressure ll to the 
energy density of the fluctuations kT/F3, would imply that 
such a shift in the value of 5 should be accompanied by 
a decrease in the osmotic pressure exerted in the gel. 

The redistribution of the polymer chain segments 
induced by cross-links at  a microscopic level is expected 
to modify the macroscopic mechanical and swelling 
properties of the gel. Our purpose here is to examine the 
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structure of a gel system using neutron scattering results 
in a wide range of wave vectors and hence evaluate the 
thermodynamic properties. These results will be com- 
pared with macroscopic swelling pressure observations 
performed on similar gels.'6 The swollen network system 
investigated here is end-linked PDMS with toluene as the 
diluen t. 

Scattering Formalism 
Small-angle neutron scattering is a powerful tool for 

the investigation of small-scale structure of polymer 
solutions and ge l~ . '~ -~ l  The intensity 1(Q) of elastically 
scattered neutrons is measured as a function of the transfer 
wave vector Q = (47r/X) sin (8/2), X being the incident 
wavelength of the neutrons and 8 the scattering angle. 
1(Q) is proportional to the frequency a t  which a given 
spatial separation l / Q  arises among the different con- 
stituent particles in the sample. The wide range of Q 
available in small-angle neutron scattering allows the 
possibility of characterizing structural features of polymer 
systems over an extended scale of distances. 

For a neutral polymer solution at  equilibrium, the 
scattering intensity in the region QF I 1 is described by 
the Lorentzian form's 

where a is an instrumental constant, pp and Pd are the 
scattering densities of the polymer and solvent, respec- 
tively, cp is the polymer volume fraction in the solution, II 
is the osmotic pressure, and is the polymer-polymer 
correlation length of the solution. It has been shown1' 
that in semidilute solutions in a good solvent, tB varies as 

In a gel, the polymer chains lose their individuality due 
to cross-links that bind them together. When the network 
is swollen, these cross-links generate elastic constraints 
that cause nonuniformities in the polymer concentration 
and exclude certain arrangements that would be explored 
by the polymer chains in a solution. As a result, the 

cp-314, 
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under a dry nitrogen atmosphere to produce a parent mixture 
that develops cross-links when exposed to atmospheric water. 
The parent mixture was diluted in chlorobenzene at 40% (gel 11, 
60% (gel 2), and 100% (pure polymer, gel 3) by volume and then 
placed in PTFE molds and left for 2 months in a closed jar. 
Excess water and chlorobenzene were included to ensure that 
cross-linkingtook place and to prevent solvent evaporation during 
the network formation. 

At the end of this process, the samples were removed from 
their molds and washed in octane, and the diluent was replaced 
by toluene, which is also a good solvent for PDMS at 25 "C. The 
extractable material, removed by successive solvent exchanges, 
did not exceed 4-5% by weight. The swelling equilibrium 
concehtration of the samples in excess toluene was measured. 

The swelling pressure was measured by enclosing the gels in 
dialysis bags and allowing them to come to equilibrium with a 
solution of poly(viny1 acetate) in toluene of known osmotic 
pressure.8," After equilibrium was reached (1-4 weeks, de- 
pending on the sample size), the concentration of both the solution 
and the gel was measured. The swelling pressure of the PDMS 
geb was calculated from the osmotic preeeure of the equilibrium 
polymer solution. The polymer volume frections were calculated 
from the known densities at 25 *C of PDMS" ( p p ~ ~  = 0.97 g 
cm-8) and protonated toluene (PTol~ = 0.861 g cmd),m using the 
assumption of volume additivity. 

The small-angle neutron scattering measurements were made 
on the D11 instrument at the Institut Laue Langevin, Grenoble. 
An incident wavelength of 6 A was used, with twosample-detector 
distances, 1.2 and 4 m. The Q range explored was 0.013 I Q I 
0.3 A-1, and counting times of between 20 min and 1 h were used. 
The ambient temperature during the experiments was 25 f 1 "C. 
After radial averaging, standard corrections for incoherent 
background, detector response, and cell window scattering were 
applied. Calibration of the scattered neutron intensity was 
performed by using the signal from a 1-mm-thick water snmple 
in conjunction with the absolute intensity measurements of 
Ragnetti et al.3l 

The analysis of the scattering spectra thus obtained was 
performed in the case of the gels by a nonlinear fittingprocedurelz 
to 

Z(Q) = ZL(O)(l+ QatZ)-' + ZG(0) e~p(-Q%'~/2) (8) 

in which ZL(O) (Lorentzian) and Zo(0) (Gaussian) are linear 
coefficients and 4 and E were varied iteratively to minimize the 
variance between the experimental data and eq 8. In eq 8 the 
first term arises from the solution-like part of the gel. The 
stability of the resulting values of [ and E was checked by 
successively reducing the Q range of the data used for the fitting 
procedure. A previous investigation1z of thew PDMS networks 
has demonstrated that, in the Q range explored in the prewnt 
cam, the gels are chemically homogeneous; i.e., the cross-linker 
makes no observable contribution to the scattering intensity. 

Results and Discussion 

In Figure 1 is displayed the scattering intensity Z(Q) for 
a PDMS network swollen in toluene and for the corre- 
sponding polymer solution. Data measured a t  both the 
1.2- and 4-m sample-detector distances are shown. In the 
double-logarithmic representation, the excess scattering 
from the gel (open circles) a t  small Q values indicates the 
presence of large static scatterers. At  increasing Q, the 
discrepancy between the gel and the solution decreases, 
and at  Q E 0.08 A-1, the two curves cross over so that a t  
higher Q values the scattering from the solution exceeds 
that of the gel. In this figure is also plotted the Lorent- 
zian curve (dotted line) obtained by fitting eq 1 to the 
experimental data from the solution in the small-Q region 
of the spectrum. At  high Q values, the observed intensity 
falls below the calculated line. This so-called intermediate 
regime, which has been investigated by RBwi80,9~ is 
influenced by several factors, such as finite chain dimen- 
sions, persistence length, etc. 

scattering intensity can no longer be described by eq 1: 
a contribution from the regions of the sample whose 
movement is restricted by the cross-links must also be 
included. The approximation adopted here assumes that 
these regions have a Gaussian spatial distribution that 
can be modeled by the concentration correlation function12 

In eq 2 (69) is the mean square amplitude of the 
concentration excursions due to the effects of cross-linking, 
E is their mean size, and ( c p )  is the average concentration. 
In addition to the long-distance fluctuations in the local 
concentration described in eq 2, short-range fluctuations 
occur as in a polymer solution. These two contributions 
are assumed to be decoupled. The total scattering 
intensity thus contains two terms. The first arises from 
the solution-like part of the gel and is of the form of eq 
1. The second, due to the static concentration variations 
caused by the puckering of the network by the cross-links, 
is the spatial Fourier transform of eq 2. Thus the total 
scattering intensity is 

where is the correlation length in the solution-like part 
of the gel. 

In eq 1 the scattering intensity at  small angles from a 
solution is inversely proportional to the osmotic modulus 
K = cp(dll/dcp). In a swollen network, the counterpart of 
the osmotic pressure is the osmotic swelling pressure w. 
Due to the nonvanishing shear modulus (G,) of such 
systems, the forward scattering intensity is governed by 
the longitudinal osmotic modulus 

(4) 
Inserting M,, the intensity of the solution-like part, ZdO)  
(the subscript L referring to the Lorentzian form of eq 1) 
becomes 

M, = (CPaw/acp) + 4G,/3 

IL(0) = a b p -  ~ # k T ~ ~ / [ ( ( p a w / a ( ~ )  + 4G,/31 (5 )  
The swelling pressure is9*22 

w = II, - G, (6) 
where II, is the osmotic contribution arising from the 
mixing of the cross-linked polymer and the solvent, and 
G, is the shear modulus of the gel. According to the 
classical rubber elasticity theory,=B G, varies with polymer 
volume fraction cp as 

G, = (7) 
where Go is a constant that depends on the network 
structure. 

The validity of eq 6 has been confirmed experimentally 
for several different gel systems swollen in a variety of 
diluents.9J6,22.25,26 

Experimemtd Procedure 
As reported elsewhere,12J'J the g Is were prepared from a melt 

of a,w-dihydroxy-terminated PD& chelne, kindly supplied by 
RhBne Poulenc DBpartement Silicoase. The viecosity-average 
molecular weight of the precursor chains whs MI = 40 OOO. The 
cross-linking agent, ethyltriacetoxysilme (ETAS), was mixed 
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the straight line through the experimental points is 

log [, = (0.504 f 0.012) - (0.74 f 0.01) log cp (9) 
The slope of eq 9 is in agreement with the theoretically 
expected good-solvent value of -3/4 and is close to the 
value found by Munch et al.33 for the hydrodynamic 
correlation length in quasi-elastic light scattering. [The 
ratio of the hydrodynamic correlation length (ref 33) to 
the static correlation length reported here is 1.7. This 
ratio is comparable with those reported by Brown and 
M ~ r t e n s e n ~ ~  for other polymer-solvent systems.] 

Also shown in Figure 3 is the variation of the short- 
range and the long-range correlation lengths in the gel, ,& 
and E ,  as a function of cp. The two points at the smallest 
concentration refer to gel samples 1 and 2, while the rest 
are obtained at different degrees of swelling from gel 
sample 3. The lower limits of the vertical bars denoting 
Fg are the fits of the data to eq 8. Fitting these data to a 
Zimm plot in the quasi-linear Qtg < 2 region yields rather 
similar values (upper limits of vertical bars). Both tg and 
E decrease with increasing polymer volume fraction, the 
variation being less pronounced for the long-range cor- 
relation length. Expressed as power laws, these two 
parameters vary with deswelling as 

(9a) log lg = (0.45 f 0.04) - (1.01 f 0.07) log cp 

and 

log E = (1.69 f 0.04) - (0.12 f 0.06) log cp (9b) 
The concentration dependence of [g is stronger than 

found for the polymer solution. This result implies that 
the concentration of the solution-like regions is lower, and 
varies faster, than the average concentration of the sample. 
In contrast, the variation of E with cp described in eq 9b 
is weaker than might be expected from the separation of 
densely cross-linked regions in a uniformly expanding 
matrix: such a situation would give rise to a distance 
variation of the form E a cp-1/3. The exponent appearing 
in eq 9b is in better agreement with the concentration 
dependence of a linear chain" or a star35 molecule in a 
good solvent ( E  a P-'/~). 

In Figure 4 are displayed the absolute intensities of the 
solution-like contribution from the gellL(0) (open circles), 
compared with those of the polymer solutions (crosses). 
In this double-logarithmic representation, the latter 
(including the most concentrated sample, cp > 0.2) can be 
approximated by a simple power dependence with an 
apparent exponent -0.44 f 0.05. In a good solvent in the 
semidilute regime, the expected exponent36 is approxi- 
mately -0.31. In the gel the intensity of the Lorentzian 
component decreases much faster than for the solution, 
and its behavior cannot be described by a simple relation 
of the same form. 

From eq 1 or 3, it follows that the quantity l ~ ( O ) / [ 3  
should be proportional to 9. The experimental depen- 
dence of this ratio upon cp is shown in Figure 5, both for 
the solution and for the gel. The slopes of the resulting 
two straight lines in this log-log plot are almost identical 
(ca. 1.8) but differ from the expected value of 2. In 
addition, the value of IL(O)/~~ for the gel is shifted along 
the concentration axis by a factor of approximately 1.35 
with respect to that of the solution. This finding is in 
qualitative agreement with previously reported osmotic 
observations, according to which the osmotic contribution 
of the cross-linked polymer follows a concentration de- 
pendence similar to that of the solution. Generally, 
however, the mixing pressure n, in the gel is smaller than 
that of the solution of infinite polymer molecular weight.9 
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Figure 1. Double-logarithmic representation of the corrected 
scattering intensity Z(Q) for a PDMS-toluene solution at volume 
fraction cp = 0.155 (+) and for PDMS gel 3 swollen in toluene at 
cp = 0.166 (0). The dotted line is the least-squares fit of the 
solution data to eq 1 in the Guinier range Qf < 1. 
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Figure 2. Zimm plot of same data as in Figure 1: gel (0); solution 
(+). The height of the vertical bars of the crosses shows statistical 
error of the measurements. The Q range explored here is that 
obtained from the 4-m sample-detector position on D11. The 
straight line through the solution data points is the same Lorent- 
zian fit as shown in Figure 1. The curve drawn through the gel 
data points is the fit to eq 8 with the parameters listed in Table 
I (cp = 0.166). 

Figure 2 shows the data from the same samples in a 
Zimm representation, obtained a t  the 4-m sample-detector 
distance. The straight line passing through the data points 
from the solution (crosses) is the least-squares fit to the 
Lorentzian line shape of eq 1, from the region Q[ C 1. The 
same Lorentzian fit is displayed in Figure 1. 

For the gel, the extra scattering a t  small Q values does 
not permit a linear Zimm fit to be used. The procedure 
employed here was to fit eq 8 to the data points obtained 
from the 4-m detector position, using a nonlinear least- 
squares method, as in ref 12. (The data a t  higher Q values 
is, as in the solution, contaminated by the local structure 
of the monomers.) The parameters deduced from the fits 
of the neutron spectra to eq 8 are summarized in Table 
I. The last column of this table lists the calculated ratios 
of (a$) / ((p)2, which decrease strongly as the gel is deswol- 
len, indicating that the static concentration fluctuations 
diminish with increasing polymer volume fraction. 

Figure 3 shows the values of the correlation length & for 
the PDMS solutions (open circles). In the double- 
logarithmic representation of this figure, the equation of 
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Table I 
Scattering Parameters from PDMS Networks and Solutions in Toluene at 26 O C  

sample vol fract cp €/A E/A ZL(O)/cm-' a Zo(O)/cm-' ( ( a4 ) ( o/ 10-9 

-2 4 

- 2 8  

-32  

-3 6 

sol 
sol 
sol 
sol 
gel 1 
gel 2 
gel 3 
gel 3 
gel 3 
gel 3 
gel 3 

/, 0.' 
SW- 1 79*0W/ ,/ 

*z, ,,f' 

;,' 9/' . /' ,, 

f' ,d Slqn-1  7 6 4 0 8  
, i , .  

;,J Q 

,Y.' p 
,,' ,/ 

. 
./' ./ .: i 

. ,,fi ,.:.' 
i ,,' i 

j ,'. 

0.086 
0.115 
0.155 
0.206 
0.129 
0.130 
0.166 
0.177 
0.223 
0.254 
0.363 

20.0 
15.9 
12.9 
10.3 
21.8 
18.6 
16.7 
15.6 
13.4 
11.1 
7.8 

3.21 
2.90 
2.59 
2.15 

67.5 4.40 2.24 
67.9 3.74 1.54 
59.5 3.43 1.77 
63.6 3.40 1.75 
57.5 2.92 1.27 
57.3 2.26 0.97 
56.3 1.35 0.35 

a Intensities calibrated with respect to 1 mmHpO for incident neutron wavelength 6 A (da/dQ = 0.857 cm-l)F1 

I O  1 , \ , ,  , 

08 
1 2  1 0  08 06 0 4  02 0 

-log 10Q 

Figure 8. Double-1 thmic plot of comh&ion length 6 as a 
punction of polymer "%e fraction pin P~~to lueneao1u t iom 
(0) with cofisoponding straigbt.line fit (eq 9). Vertical bars 
denote short-range correlation length for the gels, &; crosses refer 
to long-range correlation length E.  

log ,& IL(0) 1 

08 I 
v -  

I .2 1.0 0.8 0.6 0.4 0.2 0 
- log l o Q  

Figure 4. Double-logarithmic plot of the Lorentzian inteneity 
ZdO) as a function of (p for PDMS-toluene solutions (+) ead gel 
3 (0). The power law fit shown for the solution data has a slope 
of -0.44. 

In the light of these earlier results, the parallel found here 
between the solution and the gel behavior provides support 
for our hypothesis that the thermodynamic properties of 
the swollen network are contained in the Lorentzian 
component of the gel signal. The Gaussian contribution 
has much leas influence on the oemotic response. 

Comparison of the scattering intensity from the gel with 
the macroscopic osmotic observatioas provides a unique 
test of the consistency between the macroscopic and 
microscopic results. The PDMS gels investigated here 
seem to be a good model system for thiscomparison, since 
the small valuea of (SCp2) / (cp)' found, even a t  the lowest 
polymer concentration (Table I), imply that the osmotic 
properties are not expected to be strongly influenced by 
the nonuniformities of the gel structure.% 

13.7 
6.8 
9.1 
6.0 
4.4 
2.5 
0.6 



Macromolecules, Vol. 24, No. 2, 1991 

d?Q2/11(0)  

Swollen Poly(dimethylsi1oxane) Networks 547 

consistent with a model for the gel in which densely cross- 
linked regions give rise to excess static scattering at small 
transfer wave vectors Q, while at higher Q values the 
scattering is dominated by the surrounding swollen matrix, 
which exhibits solution-like behavior. 

The two regions can each be described by a correlation 
length, E and tg, respectively. The short-range correlation 
length tg can be approximated by a power law behavior 
as a function of polymer volume fraction cp, with an 
exponent -1, Le., a stronger dependence than in the solution 
( ~ - 0 . ~ ~ ) .  In addition, the value of tg is significantly greater 
than that of the solution, &, the difference becoming 
smaller for increasing cp. This behavior is consistent with 
the existence of a solution-like fraction with diminished 
polymer concentration in the gel. The long-range corre- 
lation length E varies much more weakly with cp, the 
apparent exponent being -0.12. 

It is shown that the thermodynamic properties of the 
gel are contained principally in the solution-like (Lorent- 
zian) part of the total scattering spectrum, which in the 
present samples can be resolved from the static part. An 
attempt is made to compare the osmotic swelling pressure 
of the gel deduced from the intensity of this component 
with that measured on the swollen macroscopic gel. In 
the light of the uncertainties of the independent obser- 
vations, the agreement found is reasonable. 
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