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ABSTRACT: Combined measurements are described involving elastic and quasi-elastic neutron scattering, 
quasi-elastic light scattering, nuclear magnetic resonance, and swelling pressure on an end-linked poly- 
(dimethylsiloxane) (PDMS) gel swollen to equilibrium in a good solvent (toluene) and the equivalent solution. 
The factors affecting the collective diffusion coefficient are considered. The swelling pressure measurements 
show that the osmotic modulus is appreciably depressed in the gel. The neutron spin-echo measurements 
reveal no difference in the dynamic response at  intermediate and high values of the scattering vector Q. 
Elastic neutron scattering at  small Q detects nonuniformities in the network structure, which are absent from 
the solution. These nonuniformities play a major role in the dynamic response of the system at  lower Q and 
appear to be the cause of the observed reduction in osmotic pressure. The NMR measurements show a small 
increase of the solvent mobility in the gel. which is consistent with the appearance of structural nonuni- 
formities in the system. 

Introduction 
In classical theories of network swellinglJ it is assumed 

that the only distinction between polymer solutions and 
gels is the existence of a permanent elastic shear modulus 
G in the network. The free energy of the gel is expressed 
as the sum of an elastic contribution and a free energy of 
mixing. In scaling approaches the analogy between the 
mixing free energy of the gel and that of the solution is 
maintained.3 Measurements of solvent vapor pressure over 
polymer solutions and the equivalent have, however, 
revealed significant differences between the thermody- 
namic properties of the two states. Such discrepancies 
can be interpreted either as anomalies in the network 
elastic free ener&J or as a change in the osmotic mixing 
interaction between the solution and the gel.g10 Evidence 
from macroscopic experiments is more consistent with a 
lower osmotic pressure in the gel, but the associated change 
in the polymer-solvent interaction parameter is not, as 
sometimes proposed?JOsimply proportional to the number 
of cross-linking points: the decrease in osmotic pressure 
is found to be almost independent of the cross-linking 
density of the ge1.11J2 The underlying cause of the 
difference is not yet satisfactorily explained. 

The microscopic behavior of swollen polymer networks 
may be expected to be sensitive to thermodynamic changes 
in the system. For solutions, the collective diffusion 
coefficient D, gives a measure of the hydrodynamic 
correlation length l ~ .  

D, = K,/f (1) 
where K ,  (=qdII/d(a, II being the osmotic pressure) is the 
osmotic modulus. f is the polymer-solvent friction co- 
efficient 

f = 6*dSH2 (2) 
where 7 is the viscosity of the solvent. In a gel, on account 
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of the elastic modulus G, eq 2 transforms to13 
D, = M,/f (3) 

where M ,  is the longitudinal osmotic modulus. 
Several  author^'^-'^ have observed quasi-elastic light 

scattering measurements in which D, is larger in the gel 
than in solution. The opposite result has, however, also 
recently been reported.'* 

Further microscopic information is provided by small- 
angle scattering of neutrons or X-rays, which yields the 
static correlation length &. Generally the spectra from 
neutral solutions at polymer volume fraction (a adopt an 
Ornstein-Zernicke (Lorentzian) form 

where a is an apparatus constant, d, and d, are respectively 
the scattering densities of the polymer and solvent for 
neutrons or X-rays, and k and T are the Boltzmann 
constant and the absolute temperature. Q = [4?r/XI sin 
(6/2) is the usual scattering vector, 6 being the scattering 
angle and X the incident wavelength. In eq 4 it is supposed 
that Q& 5 1. 

For gels, the scattering response is more complex than 
eq 4 because the distribution of cross-links is not in general 
uniform: where these are densely clustered, the network 
is gathered into regions of higher concentration, while less 
cross-linked areas are looser and swell more. Such 
permanent departures from uniformity participate little 
in the dynamic fluctuations. It has been shown recently 
in several gel systemslszs that the scattering pattern from 
these static accumulations of polymer can be subtracted 
out of the SANS or SAXS spectra to reveal a liquidlike 
spectrum similar to eq 4. The values of t8 deduced for the 
gel are generally larger than those in the solution of the 
same mean concentration. 

Two possible explanations arise for the difference in 
osmotic behavior between the gel and the solution. The 
first is that the constraints due to cross-links modify the 
statistical arrangement within a polymer chain: this 
implies changes in the mobility of the polymer chains. 
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attenuates the echo amplitude in the ratio 

E(g)lE(g=O) = exp(-y2D,X) 
where 

X = 26'(A - 6/3) - 6ggo[tlZ + tzz + 6(tl + tz) + 26'13 - 27'1 (5) 
and in the present case 

r = t l + d + t z  and A = ?  

A being the interval between the leading edges of the field gradient 
pulses (Figure 1). The NMR Larmor angular frequency is w0 = 
THO, go is the gradient of the steady magnetic field Ho, and the 
gyromagnetic ratio y for protons is 26 752 s-l G-l. Calibration 
of the field gradientsg andgo was performed by comparison with 
the diffusion coefficient of H Z O . ~  By means of this calibration 
and eq 5, a value of DT for toluene was obtained, (2.3 f 0.1) x 

cm2 s-l, in good agreement with the results of Vrentas et al.30 
To measure the translation diffusion coefficient DT in the solution 
and in the gel, protonated toluene was used as diluent. On account 
of the low polymer concentration, the signal from the poly(dim- 
ethylsiloxane) is much smaller than that of the diluent. The two 
signals are easily distinguished because residual dipolar inter- 
actions between protons on the polymer chains make their 
transverse relaxation time TZ much shorter than that of the 
tolpene, with the result that only the solvent signal survives a t  
long times. Nonetheless, measurements were also made of DT 
in poly(dimethylsi1oxane) in deuterated toluene, where the only 
contribution to the signal comes from the polymer. In this case 
the echo attenuation was not a simple exponential, probably 
because of polydispersity in the sample. A stretched exponential 
of the form exp[-(r*D~X)~] with s = 0.75 yielded a good 
approximation for the decay function. 

Quasi-Elastic and Static Neutron Scattering. Neutron 
spin echo is now a well-established technique that is especially 
suited for probing the dynamic properties of polymer systems at  
values of 6j greater than are attainable by light scattering, when 
high resolution is r e q ~ i r e d . ~ l - ~  The procedure measures the loss 
of phase coherence in polarized neutrons as they are scattered 
inelastically by movements in the sample. Although the phase 
of the neutron polarization is coherent, the total wave function 
of the neutron beam has no coherence, so that heterodyning and 
its associated uncertainties can be discounted. The procedure 
consists of polarizing the incident beam parallel to the direction 
of flight and then rotating the neutron spins by r l2  with an 
off-axis magnetic pulse. After traveling a fixed distance through 
a steady precession field H, the neutrons are then subjected to 
a s pulse just before being scattered by the sample. After the 
sample, a (-H), s /2  sequence is applied, and the residual magnetic 
moment is measured by a polarization analyzer. The loss of 
intensity in the measured spin echo results from changes in the 
velocity distribution of the neutrons produced by inelastic 
scattering in the sample. By varying the magnetic field H, 
different precession angles of the spins are explored, in a way 
that is equivalent to varying the time separation between radio- 
frequency pulses in a conventional pulsed NMR experiment. 

The measurements were made on the IN11 instrument a t  the 
Institut Laue-Langevin (ILL), Grenoble, France, a t  three incident 
wavelengths: 5.7,8.7, and 11.3& with a wavelengthspread AAIX 
of about 20 % . These wavelengths span the time delay windows 
(r5,(r16, and 0-37 ns, respectively. The total Q range explored 
was between 0.025 and 0.477 A-1. At  the highest Q value the 
signal decay was too fast to give meaningful results. The object 
of the 11.3-A measurements was to extend the observations on 
the gels to longer delay times. 

The samples were contained in rectangular niobium cells of 
inner dimensions 4 X 30 x 40 mm3, and the gel was cut so that 
it just filled this space when fully swollen in toluene. A circular 
cadmium diaphragm of diameter 25 mm was fixed to the sample 
holder to limit the effective area of the beam. Fully deuterated 
toluene was used as the diluent for both network and solution, 
the latter being prepared to have the same concentration as the 
fully swollen gel (rp = 0.129). 

Static SANS measurements were also made on the D11 
instrument at ILL. The 64 X 64 cell detector was placed at 
distances between 1.2 and 4 m from the sample, with an incident 

A 
Figure 1. Field gradient pulse sequence for measurement of 
translational diffusion coefficient DT of toluene in PDMS. Radio- 
frequency pulses are designated by a12 and a, and field gradient 
pulses are of length 6. 

The second explanation is that the large-scale nonuni- 
formities of concentration in the gel alter the values of the 
average observed quantities. 

The purpose of this paper is to investigate the different 
factors contributing to D, by making comparative mea- 
surements between a gel and a solution, using a range of 
different experimental techniques. To this end, we 
describe thermodynamic and mechanical observations on 
a poly(dimethylsiloxane) gel fully swollen in toluene and 
on the equivalent solution. The static scattering properties 
of these samples, investigated by SANS, are compared 
with the results of osmotic investigations. The dynamic 
response of the polymer was measured by quasi-elastic 
light scattering at small Q and also by neutron spin echo 
to explore the movement of the polymer chains at larger 
Q vectors. The solvent mobility was probed by nuclear 
magnetic resonance. 

Experimental Procedures 
Sample Preparation. As reported elsewhere,1s~22~24 the gels 

were prepared from a melt of a,o-dihydroxy-terminated PDMS 
chains, kindly supplied by Dr. P. Pruvost of Dbpartement 
Silicones, Rh8ne-Poulenc, France. The viscosity-average mo- 
lecular weight of the precursor chains was M,, = 40 OOO. The 
cross-linking agent, ethyltriacetoxysilane (ETAS) was mixed in 
a dry-nitrogen atmosphere to produce a precursor mixture that 
develops cross-links when exposed to atmospheric water. No 
catalyzer was added. The mixture was poured into a PTFE mold 
and left for 2 months in a dust-free box in contact with the 
atmosphere. 

At the end of the curing process, the samples were stripped 
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 equi- 
librium concentration of the samples in excess toluene was 
measured. 

The PDMS solution was prepared at  the same concentration 
as the fully swollen gel from the same batch of PDMS, in the 
absence of a cross-linking agent. 

Swelling Pressure. 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.26B After reaching equilibrium (1-4 
weeks, depending on sample size), the concentration of both the 
solution and the gel was measured. The swelling pressure of the 
PDMS gels was calculated from the osmotic pressure of the equi- 
librium polymer solution. At each concentration the shear 
modulus was measured.% The polymer volume fractions were 
calculated from the known densities at 25 O C  of PDMW (PPDMS 
= 0.97 g cm-8) and protonated toluene (PT~H = 0.861 g ~ m - ~ ) , 8  
using the assumption of volume additivity. 

Nuclear Magnetic Reeonance. NMR measurements were 
performed at 36 MHz using a 1r/2-7-s sequence in which a pulsed 
field gradient g is applied to the sample for a time 6 following 
each of the s /2  and u radio-frequency pulses according to the 
scheme shown in Figure 1.28 A t  time 27 the field gradient 
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Figure 2. Mixing pressure of the gel (circles) and the solution 
(lines) calculated from refs 8, 19, and 35. A continuous line 
through gel points is given by eq 7 with x = 0.443 and w = 0.332. 

wavelength of 6 A, yielding an effective range in Q between 0.012 
and 0.25 A-1. The samples were contained between quartz 
windows separated by an annular Teflon spacer of thickness 2 
mm. Exposure times varying between 20 min and 1 h were used, 
depending on the sample-detector distance. 

Quasi-Elastic Light Scattering. Quasi-elastic light scat- 
tering measurements were made using a He-Ne laser with a fixed 
scattering angle of 39", the output of the photomultiplier being 
analyzed by a single-bit digital correlator. The samples were 
held in scattering cells with quartz windows separated by a 4- 
mm Teflon ring spacer, chosen so that the gel could swell fully 
to equilibrium in the available space. The same holder housed 
the solution, and the sample position was adjusted by a 
micrometer screw to select regions of the entrance window giving 
sufficient flare to introduce an appropriate local oscillator field. 
For the gel, static heterogeneities within the network scattered 
light sufficiently strongly to ensure heterodyning. 

For the solution, displacement of the observation zone in the 
sample from cloae to a window to the cell center caused the 
obeerved decay rate to increase by a factor of 2, as may be expected 
when the detection mode is changed from heterodyne to homo- 
dyne. Measurements were made at room temperature (20 "C)  
and corrected to 26.5 "C through the known temperature variation 
of the solvent viscosity in eq 1. 

Results 
Swelling Pressure. The osmotic pressure of a polymer 

solution can usually be described satisfactorily by the 
Flory-Huggins formalism2 

II = -(RT/u,)[ln (1 - cp) + cp (1 - l /x)  + xcp2 + wv31 (6) 
where R is the gas constant, u1 is the molar volume of the 
solvent, x is the ratio of the molar volume of the polymer 
to that of the solvent, and x and w are respectively the 
second- and third-order interaction parameters. 

In a network in equilibrium with a pure solvent, the 
osmotic pressure of the chains, II,, is equal to the elastic 
restoring pressure of the polymer coils." In simple 
networks not subject to local association effects such as 
crystallization or hydrogen bonding, the elastic restoring 
presaure is equal to the elastic modulus, G. (The subscript 
m in 11, denotes "mixing", i.e., the osmotic pressure of 
a polymer of infinite molecular weight.) The pressure 
exerted during swelling is thus 

w = I I m , - G  (7) 
The mixing pressure of the gel, II,, is obtained from 

the swelling pressure w and the shear modulus G, both of 
which are directly measured quantities. In Figure 2 the 
quantity II, = w + G is shown as a function of 

Table I 
Interaction Parameters for PDMS-Toluene Solutions at T 

= 25 "C Obtained from Equation 7 

sample X W ref 
solution 0.465 0 8 and 27 
solution 0.430 0.179 35 
solution 0.439 0.216 19 and this work 
gel 0.443 0.332 

concentration for the gel investigated here (open circles) 
at 25 "C. Also shown are various estimates of the mixing 
pressure I I m  (Le., x = m), for PDMS-toluene solutions at 
the same temperature. The curves of II, vs cp displayed 
are literature data,8J9927936 obtained by various different 
techniques (swelling measurements, static light scattering, 
and SANS), and are all in plausible mutual agreement. 
The data for the gel lie significantly below the solution 
curves. Table I lists the parameters, found for PDMS 
toluene solutions by the different authors, in the expression 
for the mixing pressures 

JJm = - (RT/ul ) [h  (1 - (P) + (0 + XV' + wCp"1 (8) 
Application of eq 8 to the mixing pressure of the gel, II 
= w + G, yields x = 0.443 and w = 0.331 and is displayemdt 
in Figure 2 (continuous line through experimental points). 

According to eq 4, the scattering intensity from a polymer 
solution is inversely proportional to the osmotic com- 
pressional modulus K,. For polymer solutions of high 
molecular weight ( x  - =J), eq 8 gives for this quantity 

K, = danm/w 
= (RT/U,)cpZ[1/(1 - d - 2x - 3wcpl (9) 

Thus, for a solution at the same concentration as the 
swollen PDMS network investigated here (cp = 0.129), eq 
9 yields 

Solution: K, = 71.9 kPa (9a) 
(usingx = 0.439and w = 0.216). Theequivalent calculation 
for the gel (x = 0.443, w = 0.331) gives 

Gel: K, = cp(dIIJdcp) 
= 51.9 kPa (9b) 

In gels, the osmotic modulus governing the intensity of 
quasi-elastically scattered light or neutrons is the longi- 
tudinal osmotic modulus13 

(10) 
The elastic modulus of the gel obeys a relation of the form 

G = GOqm (11) 

M, = cpdw/dcp + 4G/3 

where the experimentally determined parameters are 
respectively GO = 54.9 f 0.4 kPa and m = 0.330 f 0.004 
(Figure 3). This value of m is in agreement with the 
classical prediction m = l/3." Taking m = gives for M ,  
at equilibrium swelling concentration cpe 

M, = 79.6 kPa (12) 
The resulte in eqs 9a and 12 state that in scattering 
measurements on this gel the reduction of mixing pressure 
caused by cross-linking is overcompensated slightly (ca. 
10%) by the contribution of the elastic modulus. 

Small-Angle Neutron Scattering. The results of 
small-angle neutron elastic scattering measurements on 
PDMS gels and solutions have been described elsewhere.lS 
The scheme used separated the scattering spectra of the 
swollen gels into a static part and a liquidlike part, Is(Q) 
and IL(Q), each having a distinct characteristic length. 
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Table I1 
Scattering Parameters for a Swollen PDMS Network and a 

Solution, Analyzed with Equations 16 and 17 

l o g  G /kPa 

10- 
- 1  - 0 8  -0 6 -0 4 

m o  
Figure 3. Measured values of the elastic shear modulus G as a 
function of swelling. The straight line shown has a slope m = 
0.330. 

I K Q )  / c T - '  @ 
l(0) 100 , 

I h l C I  

gel 0.166 2.69 2.44' 0.010564/3 15.7' 2.4 X 10-3 
solution 0.155 2.45 14.5 

a The decomposition procedure of ref 19 for this sample yielded 
A = 3.43 cm-I and E = 16.7 A. A calculated from eqs 8 and 9 for the 
same gel sample as in ref 19 (G = 26.7 e a ) .  

Table I11 
Translational Diffusion Coefficients from Field Gradient 

Proton NMR 
sample cp T/"C DT/ 105 cm2 6-1 

To1 H 0 26.5 2.3 i 0.1 
To1 H 0 31.5 
soYTol H 0.129 26.5 1.86 i 0.07 
sol/Tol H 0.129 31.5 1.96 i 0.07 
gel/Tol H 0.129 26.5 1.98 i 0.09 
gel/Tol H 0.129 31.5 2.16 i 0.08 
sol/Tol D 0.129 26.5 0.0152 i 0.006' 

a Obtained from a stretched exponential. 

2.45 i 0.1 

001 0 i;:::l 01 1 1 1  T 0 1  I i 1 1  

Q 1h-I 
Figure 4. Double-logarithmic representation of the SANS signal 
from gel (0) and solution (X). The dotted line is the amplitude 
of the static component in the gel signal calculated from eqs 16 
and 17. Right-hand curve: static intensity expressed as a fraction 
of the total scattering. Q vectors explored in the neutron spin- 
echo experiment are shown by vertical arrows on the ordinate 
axis. 

Is(Q) is the intensity scattered by the permanent non- 
uniformities in the polymer concentration maintained by 
the cross-links, while the liquidlike (ergodic) part IL(Q) 
arises from thermodynamic fluctuations of the polymer 
chains around these mean positions. In a SANS exper- 
iment the decomposition 

I (Q)  = Is(Q) + IL(Q) (13) 
is not unique. The choice of the form of the two 
components is limited by the condition of i n~a r i ance ;~~  
i.e., in a statistically isotropic binary system that has no 
long-range order 

JomI(Q) Qz dQ = a[2.rr2(d, - dJ2(Av2)1 (14) 

where 

(Aqz) = dl- d 
= ( A ( p 2 ) ~  + (A&, (15) 

At  small values of Q, the thermodynamic contribution 
IL(Q)  is approximated by expression 4. At  short distances, 
however, the polymer chain behaves like a rod of finite 
radius r,, This means that at large Q the scattering 
function tends to (1/Q) exp(-Qzrc2/2). Thus 

IL(Q) = A(1 + Qr,/d% exp(-Qzr;/2)/(1 + Qztz) (16) 
This form,m which possesses a finite second moment and 
agrees well with the observed shape of the scattering 
function for the solutions at  high Q in the concentration 
range investigated here (cf. Figure 4), yields a value rc = 
4.0 A. 

For the static scattering spectrum Is(Q), earlier obser- 
vations on hydrogels37 and recent work on randomly cross- 

linked swollen n e t w o r k ~ ~ s ~ ~  suggest that this contribution 
may be fractallike, with an intensity varying as 8 - p  over 
a limited range. The requirement of a finite value for 
( A$)s implies a cutoff at high Q for such a distribution. 
A simple choice for the cutoff is the same as that adopted 
for IL(Q); i.e. 

Is(Q) = BQ-p exp(-QZr;/2)/(1 + Qztz) (17) 
The representation of Is(Q) by eq 17 is a convenient but 
not unique choice. Other simple expressions involving r, 
and [, however, produce unphysical values for the coef- 
ficient B or else give notably poorer fits to the data. 
Equation 17 introduces only two new adjustable param- 
eters ( B  and p )  in addition to those for the solution. [An 
objection to eq 17 is its Q - 0 behavior. Observation of 
the lower cutoff in the 8 - p  behavior is masked by scattering 
from large poly(ethy1siloxane) particles that form during 
the cross-linking process,zz but in the Q range of interest 
for the present neutron scattering measurements, the 
contribution from these particles is vanishingly small. The 
lower cutoff in the 8 - P  behavior of the polymer spectrum 
is not in fact important for the calculation of the second 
moment (provided p < 3), but ignorance of the low Q 
response of the system is a handicap in estimating the 
collective diffusion coefficient D, (see below).] 

The use of a stretched exponential formz0 in the place 
of eq 17 gives an acceptable alternative fit but requires an 
additional parameter. Other descriptions of the static 
structure factor of gels based on a purely fractal approach39 
do not fit our results at all. 

Substitution of eqs 16 and 17 into eq 11 yields good fits 
to the spectra in the Q range explored (Figure 4). For a 
set of identical PDMS gels at  different degrees of swelling, 
nonlinear least-squares fitting, in which the four param- 
eters A, B ,  p, and [ are allowed to vary, gives p = 4/3 in 
each case. The value of p is therefore taken as fixed, thus 
leaving only three free variables. The resulting correlation 
lengths ,$ are greater than those in the solution. Table I1 
lists the parameters obtained from this analysis for a typical 
gel sample. 

Nuclear Magnetic Resonance. The results of NMR 
measurements are listed in Table 111. The translational 
diffusion coefficient of the solvent molecules may also be 
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Table IV 
Relative Intensity of Static Scattering for Gel 1 

(Extrapolated) 

I O  

0 5  

0 1  1 
0 5 IO 15 20 

Figure 5. Neutron spin-echo amplitudes of the signal from 
PDMS-toluene gel (0) and solution (+) at incident wavelength 
h = 8.7 A. Curves shown are two-cumulant fits to the data. 

7A 

0 

I 
Delay (ns) 

Figure 6. Neutron spin-echo amplitudes of the signal from 
PDMS-toluene gel (0) and solution (+) at incident wavelength 
X = 5.7 A. 

written in the Stokes-Einstein form 

D, = kTI(6uga) (18) 
where a is an effective radius of a toluene molecule. 
Inspection of Table I11 reveals that the effective viscosities 
felt by the diluent in the gel and the solution are not greatly 
different, but their probable relative order is qsol > qgel. 
Such a change would be consistent with a change in the 
spatial arrangement of the polymer in the gel (see the 
Discussion). 

Neutron Spin Echo. Typical spin-echo relaxation 
curves are shown in Figures 5 and 6 for the solution (+) 
and the swollen PDMS gel (0). These curves are corrected 
for solvent scattering and elastic scattering from the nio- 
bium container. Smaller apparent relaxation rates for the 
gel than for the solution can be seen in the lower Q range. 
Before interpreting these results, however, it is essential 
to identify possible sources of static scattering that may 
give rise to a constant background and increase the 
apparent time constant of the decay. In the case of polymer 
melts, a quasi-static component can arise due to the 
constraining presence of entanglements surrounding a 
given marked chain.40~~~ In the present gels, there are no 
marked chains, and the coherent scattering is associated 
only with the contrast between the polymer and solvent. 
The principal sources of static scattering in these samples 
are as follows: 

(1) Static Accumulations of Polymer. In polymer 
solutions the concentration is smooth for distances greater 
than the correlation length t. In networks, however, elastic 
neutron scattering measurements show "islands" of higher 
than average concentration and cross-link density, which 

8 M A  Q1A-l MQ)/UL(Q) + MQ)I 
2.0 8.7 0.025 0.35 
2.5 8.7 0.03 0.30 
3.5 8.7 0.044 0.20 
5.0 8.7 0.063 0.127 
8.0 8.7 0.101 0.066 
13.0 8.7 0.164 0.031 
14.0 5.7 0.269 0.014 
19.0 5.7 0.364 0.008 

0 

-0 1 - 
a -0 

1 -0 2 
? 
Q 0 -0 3 
m - 

-0.4 

-0.5 - 
0 10 20 30 40 ns 

Figure 7. Neutron spin-echo decays at Q = 0.030 A-l. PDMS 
solution (*) and swollen gel (+) at X = 8.7 A, 6 = 2.5O; (0) gel at 
X = 11.3 A, 6 = 3.2'. The vertical shift between these decays is 
the correction for static scattering in the gel at this Q. 

emerge when the gel is swollen. Such islands, although 
contributing strongly to the scattering signal, Is, do not 
add significantly to the osmotic behavior of the whole gel.19 

(2) Macroscopic Impurities. As described previ- 
ously,22 the present networks contain beads of a foreign 
polymer [poly(ethylsiloxane)l caused by precipitation of 
excess cross-linker. For the range of transfer wave vectors 
explored here, on account of the Q+ dependence of this 
contribution, the static intensity Ifp = 2uS(dfp - d)2Q-4 
scattered by this source is negligibly small. (Here S is the 
internal surface of the beads, dfp the scattering length 
density of the foreign polymer, and d the mean scattering 
length density of the gel.) 

The proportion in which the static component, IS, 
contributes to the total scattering intensity depends upon 
the structure and distribution of the nonuniformities in 
concentration. Table IV lists the fraction of static 
scattering deduced from eqs 16 and 17 for the Q values 
explored in the spin-echo measurements. Figure 7 shows 
the spin-echo decays for the solution and the gel at 0 = 
2.5', X = 8.7 A (Q = 0.030 A-1), after subtraction of this 
constant component from the gel signal. It is clear within 
experimental error that the echo from the solution decays 
at the same rate as that from the gel. 

The above background subtraction procedure can be 
checked by extending the time delay in the echo. If the 
incident wavelength is increased to 11.3 A, a relaxation 
time window of over 37 ns can be achieved. The result of 
this measurement for Q = 0.030 A-1 is shown in Figure 7. 
The straight line is the least-squares fit through the data 
points below 20 ns; the coincidence between this fit and 
the data points at longer delay times indicates that the 
static base line is satisfactorily accounted for. 

At the two lowest wave vectors explored, Q = 0.025 and 
0.030 A-1, the data fit reasonably to straight lines in a 
semilogarithmic plot. At  higher angles, deviations from 
single-exponential behavior arise, coming from the uni- 
versal regime QE > 1, where the initial decay rate F varies 
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Figure 8. Corrected neutron spin-echo decays at Q = 0.364 A-l, 
for the solution (+) and for the gel (O), with an expanded time 
scale. 

with Q as 

r - kTQ3/6r7 t 19) 
Figure 8 displays the data points for the highest Q vector 
explored (Q = 0.365 A-1), where it can be seen that the 
decays of the solution and gel are not distinguishable. In 
this regime, in order to compare the gel and the solution, 
it is sufficient for our purpose to analyze the data in terms 
of cumuh5 expansions. The results, shswn in Figure 9, 
represent r/Q2 for Q 1 0.044 A, where r is the first cu- 
mulant in a two-cumulant fit to the data. Below this value 
of Q the data shown are obtained from a single-exponential 
fit. A remarkable feature of Figure 9 is the shortness of 
the range over which eq 19 applies: the range is in fact too 
short for the r/Q2 Q: Q (dashed line) to be properly attained. 

Quasi-Elastic Light Scattering. The heterodyne 
correlation spectra from the solution gave good fits to 
single-exponential decays. For the gel, static scattering 
from the beadlike inclusions was intense, and the input 
aperture to the optics was stopped down so as not to 
overload the correlator. The corresponding decays were 
almost single exponential, displaying variances p2/r2 - 
0.05. The results of these measurements are plotted in 
Figure 9 at the left-hand ordinate axis. It can be seen that 
the datum for the solution coincides with that of the gel. 
Furthermore, the result of Munch et for a PDMS 
solution at (c = 0.129 (extrapolated to 26 "C), included in 
this figure as a vertical bar, is indistinguishable from the 
present solution and gel measurements. The present 
results are 

Gel: F/Q2 = ( 1 ~ 5 ~  f 0.17) X lo* cm2 s-l 

Solution: F/Q2 = f O.&) X lo* cm2 s-* 

f/Q2 can be related to the collective diffusion constant D, 
by 

(20) 
where the correction factor 1 - (c results from the polymer 
displa~ement.~~ [More recently, Vinkd3 has shown that 
when the symmetry of the kinetic coefficients is taken 
into account, the correction factor becomes (1 - (cP.1 Thus 

De = (1.7 & 0.2) X 10* cm2 s-l 

F = D,Q~(I - cp) 

for both gel and solution at 26 "C. 

Discussion 
In Figure 9 it is clear that the present dynamic light 

scattering result for the PDMS solution is in agreement 
with that obtained by Munch et d.16 by the same technique 
and also with the quasi-elastic neutron scattering mea- 

2' 06 

p 04 ! 

4 

3 4  
-2 - 1  6 -1 2 -08 - 0 4  

l o g  Q /a- l  

Figure 9. Corrected neutron spin-echo decay rates f /Qz from 
PDMS-toluene gel and solution, as a function of transfer wave 
vector Q: (0) gel; (X I  solution. Data at the left-hand side of the 
diagram are QELS measurements on the same solution at Q = 
6.4 X IO-* A-l; the vertical bar is from Munch et al.,15 corrected 
to 26.5 O C .  The slope of the dotted line is unity. 

surement at the two lowest Q values. Because of the 
smaller number of time delay points in the spin-echo 
technique, the absolute uncertainty in F/Q2 is larger than 
that in light scattering; the relative error with respect to 
the gel, however, is rather better. Furthermore, at higher 
Q values F/Q2 for the gel and solution coincide within 
experimental error. 

This result is interesting. In the intermediate Q range, 
the mobility of the polymer segments is proportional to 
Q/v, where 1/Q is the radius of the segment investigated. 
The identity of F in the solution and the gel in this Q 
range implies that the proportionality constant is the same 
in both cases. In the highest Q region explored, where a 
crossover to the motion of the single statistical units 
becomes visible, no significant difference can be seen either 
between the gel and the solution. This means that the 
difference in the osmotic properties between the gel and 
the solvent is not the result of differences in size of the 
statistical segments making up the polymer chains. 

According to eqs 9a and 12, the ratio of the osmotic 
moduli in the gel and the solution, MJK, = 1.10, will 
tend to make the ratio Dege1/DCm1 greater than unity, a 
result which is observed in other gel ~ y s t e m s . ~ ~ - ~ ~  In 
general, the diffusion coefficient can be expressed in the 
formu345 

In the present case, because of the presence of the 
precipitates, no information is available on the low Q 
behavior of the scattering function SCQ). 

In addition to the osmotic modulus, two other factors 
influence D,. 

First, cross-linking may affect the friction coefficient f. 
According to eq 2 

2 f d E g H  

t g ~  being the hydrodynamic correlation length in the 
network. The NMR results of Table I11 favor a transla- 
tional diffusion coefficient& of the solvent that is slightly 
higher in the gel than in the solution. Equation 18 can 
therefore be construed in terms of a lower solvent viscosity 
in the gel. It is known, however, that the solvent diffusion 
coefficient DT in fluids containing slowly moving particles 
with volume fraction (c is reduced by a factor 1- alp, where 
a = 3/2 for spheres and a = 5/3 for  rod^.^*^' This effect is 
an analogue of the Einsteinviscosity correction for solid 
suspensions in a fluid.dE Inspection of Table I11 reveals 
that the difference between DT in the pure solvent and in 
solution agrees with a = 513, i.e., the expectation for a 
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solution of linear polymers. Any reduction of a on cross- 
linking may be attributed to the formation of branched 
clusterlike structures. This interpretation implies that 
the local solvent viscosity 7 is unaffected by structural 
changes. 

Second, the differences in the concentration distribution 
between the solution and the gel, as observed by static 
neutron scattering, necessarily influence D,. According 
to a model proposed previously for such gels,49 the network 
concentration can be described by a Gaussian probability 
distribution about the average concentration ( c p )  with a 
mean-square deviation (S& 

~ c p )  = (27r(@))-'/2 exp[-(cp- ( ( P ) ) ~ / ~ ( S ( C ~ ) I  
In such a gel, the intensity scattered by concentration 
fluctuations becomes 
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and hence 

( Scp2)/ (cp)' = 0.15 
With n = 2.3 and s = 0.75, eq 24 leads to a reduction in 
D, of approximately 5% over a uniform gel of the same 
concentration. 

The above discussion may be summarized by expressing 
the ratio of collective diffusion coefficients in the gel (g) 
and the solution (s) as 

where a is an experimental proportionality constant. The 
first cumulant F is obtained by expanding the exponent 
in the numerator of eq 21 at short times t: 

(22) 

where the displacement term 1 - cp in eq 20 is neglected. 
Introduction of scaling forms for M, a (p" and D ,  .a (p" 
yields 

where D,( ( c p ) )  is the collective diffusion coefficient of an 
ideal uniform gel with mean concentration ( c p ) ,  and (d) 
is the rth moment of the concentration distribution in the 
gel. Extending the integration limits to fm and making 
use of the properties of the moments of Gaussian distri- 
butions, namely, for (&$)/ ( ( P ) ~  small, then to first order 

The relaxation rate of the nonuniform gel is thus smaller 
than that of a uniform network of the same overall 
concentration ( c p ) .  For the PDMS gel investigated, the 
second moment of eq 18 gives 

= 1.45 X 10'' cm-4 
From the neutron scattering densities of PDMS and 
toluenes0 

(d, - ds)2 = 3.09 X lo2' cm-4 
yielding 

(a& = 2.4 x 10-~ 

Equation 25 shows that the relation between D, in the gel 
and solution is the result of different competing effects. 
M, is expected to be greater than K,, on account of the 
finite shear modulus (M, = K, + 4G/3). The last factor 
in eq 25 depends strongly on the structure of the particular 
network and hence on the details of cross-linking: in- 
creasing the nonuniformity of the network, i.e., (A@)/ 
((P)~, causes a reduction in the observed value of the 
relaxation rate in the gel. In an inhomogeneous network, 
the meaning of the correlation length is no longer well- 
defined, the apparent value measured in a scattering 
experiment being determined by the concentration, cross- 
linking density, and chemical composition, which can vary 
strongly from one region to another in the gel. Because 
of these competing effects, it is hardly reasonable to expect 
simple proportionality to hold between the hydrodynamic 
and the static correlation lengths, [H and to. Equation 25 
provides an explanation of the apparently conflicting 
observations of the ratio of the cooperative diffusion 
coefficient in the gel and in the corresponding polymer 
solution. Since the right-hand side of eq 25 is governed 
by several factors acting in opposiiig directions, for 
different gels D,g may be smaller than, equal to, or greater 
than DcO. 

Conclusions 
Combined measurements by elastic and quasi-elastic 

neutron scattering, quasi-elastic light scattering, nuclear 
magnetic resonance, and swelling pressure on a PDMS gel 
swollen in toluene and the equivalent solution give a 
converging picture of various competing effects that 
operate in the swollen network. 

As has been found for other concentrated gel systems, 
nonuniformities in the network concentration play a major 
role in the average response of the system. For the gel 
investigated here, the solvent mobility is marginally 
increased by cross-linking, because of the formation of 
branched aggregates. The osmotic component of the 
longitudinal modulus M, governing the scattering inten- 
sity is appreciably depressed. No structural changes in 
the statistical units are detected by the neutron spin-echo 
measurements. All the discrepancies observed between 
the present gel and the solution appear to be the 
consequence of the nonuniformities of the network. 
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