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ABSTRACT: Experimental results concerning end-linked poly(dimethylsiloxane) pregel clusters quenched
at different distances from the gelation threshold are reported. Static and quasielastic light scattering
experiments and intrinsic viscosity measurements allow us to verify that static properties of this chemical
system are properly described by the percolation model. The critical behavior of the rheological properties
is investigated with particular attention to the temperature and concentration dependence of the exponent
values. It is shown that in this chemical system, local dynamic properties are independent of the distance
to the threshold, allowing “real” exponents to be evaluated. One finds that the exponents governing the
divergence of the viscosity, s, the emergence of the elastic modulus, t, and the frequency dependence of
the elastic modulus, u, are equal to s = 1.1 4+ 0.06, t = 1.9 &+ 0.15, and u = 0.69 + 0.005.

Introduction

The de Gennes! and Stauffer? challenge concerning
the pertinence of percolation to the description of
gelation within the framework of scaling laws is 2-fold:
the static properties (growth and conformation) of
polymer clusters and the dynamic (mechanical) behavior
of these clusters. The former has been fully verified
experimentally,® while the latter is the obscure part of
the challenge. In order to account for the mechanical
properties, a hypothesis on the type of interaction
between polymer clusters has to be made in addition to
the scaling assumptions. A recent review? of theoretical
expectations and experimental results, allows us to be
very concise here in the account of previous work. One
of the conclusions in this review was that experimental
results do not help in clarifying the problem of dynamic
behavior, because exponent values are widely scattered
and depend on the details of the chemical system
studied. On the other hand, scaling behavior for the
dynamic properties of chemical gels was never clearly
established. It was previously shown,* for branched
polyurethane clusters near the gelation threshold, that
the scaling failure is due to local properties which
depend on the distance from the threshold. More
particularly for this system, only “apparent” exponent
values, concentration and temperature dependent, are
determined. For example the exponent s governing the
divergence of the viscosity as the gelation threshold is
approached, is equal to 1.4 and 1.63 at 70 and 20 °C,
respectively. The present paper is concerned with the
study of a chemical system prepared of end-linked poly-
(dimethylsiloxane) (PDMS) which is found to be free of
these complications.
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In the first part, we recall the theoretical expectations
from the percolation theory applied to polymer clusters
near the gelation threshold. In the Experimental Sec-
tion, we report static and dynamic light scattering
experiments as well as intrinsic viscosity measure-
ments, performed on nonstoichiometric PDMS pregel,
elaborated at different distances from the gel point.
Once the relevance of percolation theory and its ability
to describe the static properties of this chemical system
has been verified, we focus our attention on the dynamic
properties of the polymer.

1. Theoretical Predictions

1.1. Static Properties. In the vicinity of the gela-
tion threshold, the mass distribution of the polymer
clusters is described by a power law of the form235

n 0 M*ff(%) with 7=22 1)

where n is the number of clusters with mass M and
f(M/M™) is the cutoff function indicating that there is
no mass larger than M”in the system. The mass M* and
the size & of the largest polymer cluster are linked by

M* 0 &P @)

This relation, which expresses the fractal conformation
of the largest cluster, is actually valid for all clusters of
size R such that M O RP. The value of the fractal
dimension D depends on the polymer environment: (i)
in the reaction bath (without solvent) D = D, = 2.5 and
(ii) in dilute solution,® due to the polymer cluster
swelling D = Ds = 2.

Scattering experiments give access to the weight
average molecular weight My, to the z-average square
radius of gyration [R4?[, and to the z-average diffusion
coefficient D3 of polymer clusters:
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Making use of the mass distribution law (eq 1), these
guantities are found to be linked by

MW 0 RZ(3*T)D (4)

R; is either the radius of gyration Ry, (=«/[IRQ2Q) or the
hydrodynamic radius deduced from the diffusion coef-
ficient D,. Both radii are proportional.” The exponent
D is either Ds or Dy depending on the experimental
conditions. In the reaction bath, R; is proportional to
&, the size of the largest cluster. The weight average
molecular weight diverges toward the gel point as

M, Oe”  with y =174 (5)
where ¢ is the relative distance to the threshold. If pis
the fraction of reacted bonds and p. its value at the
threshold, then € = |(p — pc)/pc|.

In solution at the overlap concentration C*, the entire
set of polydisperse polymer clusters is in closed packing
condition.® Thus, the total volume occupied by all the
polymer clusters is equal to the overall volume of the
solution. Hence

c*OM, " with X

_ 3 (1 1)\_
_(3—17)(53 D)—o.375
(6)

C* is inversely proportional to the interaction parameter
Bw. If we accept the assumption that diluted polymer
clusters are subjected to hydrodynamic interactions, C*
is also predicted® to be inversely proportional to the
intrinsic viscosity, defined as [] = limc—o((77re1 — 1)/C),
where the relative viscosity 7 defined as the viscosity
of the polymer solution # of concentration C divided by
the solvent viscosity 7s. One has to note that if polymer
clusters do not swell under dilution (Ds = Dp), then C*,
Bw, and [#] are expected to be independent of My,. Thus,
dependence of these properties on the molecular weight
is an indication of cluster swelling.

Within critical phenomena theory, a universality class
is defined by two independent exponent? values, the
others being deduced by scaling and hyperscaling laws.
Thus, only two exponent values have to be determined
experimentally in order to verify that the percolation
model describes adequately the growth and conforma-
tion of the PDMS polymer clusters.

1.2. Dynamic Properties. As a system undergoes
a sol—gel transition, it transforms from a viscoelastic
liquid into a viscoelastic solid state. In other words, the
zero shear macroscopic viscosity » diverges below the
threshold as

p

N =ge )
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while the zero frequency elastic modulus, G, increases
above the threshold as

G = Gye' (8)

where 1o and Gg are local properties, which are expected
to be independent of the relative distance to the gel point
€. At frequencies higher than the inverse of t*, the
relaxation time of the largest cluster, scaling laws imply
that the complex shear modulus G*, is independent of
the mass of the largest cluster and thus independent of
€. One can show!1! that, for frequencies w smaller than
the characteristic cutoff glass transition frequency (wo)
but higher than 1/t* (wp > v > 1/t*)
G*(0) = (Gylw,)w"e™™  with  u=t(s+1) (9)
The loss angle tangent (tan 6), which is the ratio G"/G’
of the imaginary part to the real part of the elastic
modulus, is then independent of the frequency and of
the relative distance to the threshold. Relation 9 can
be written in the scaling form, valid at any frequency
domain:

G*(wt*) = GF(int*) (10)

with F(iot*) 0 oY for wo > o > 1/t* and G the zero
frequency elastic modulus (eq 8). The characteristic
time t* follows:

t* = (Uwy)e & (11)

In the time domain, the counterpart of eq 9 for times
shorter than t* (but larger than tp) is

n(t) =t Y (12)

For t/t* > 1, the reduced relaxation spectrum #»(t)/n
becomes dependent on ¢ because the relaxation is
sensitive to the size of the largest polymer cluster. Even
in this time domain, one may account for this depen-
dence by using the reduced variables #(t)/5 as a function
of t/t*. Note that the former equations, related to the
dynamic properties, result from scaling assumptions;
thus they are theoretically independent of the nature
of hydrodynamic interactions between polymer clusters.
It is only the exponent values that depend on the type
of interactions.

Rouse model*? (without hydrodynamic interaction):
s=4/3,t=8/3,u=2/3

electrical/mechanical analogy:*®
s=0.75t=19,u=0.72

As pointed out in the Introduction, the exponent
values s and t, determined by different authors, are
widely scattered.® The purpose of this work is to
determine the two dynamic exponent values on a
chemical system for which local dynamics are temper-
ature and concentration independent.

2. Experimental Procedures

2.1. Chemical Synthesis. The cross-linked polymers used
in this study were prepared by a reaction between vinyl
terminated linear PDMS and a four functional silane cross-
linker. The prepolymer and cross-linker were obtained from
Petrarch Systems (presently United Chemical Technologies,
Inc. Bristol, PA). Oligomers and low molecular weight con-
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taminants were removed from the polymer by vacuum strip-
ping. The molecular weight of the prepolymer, M, = 4900,
was determined by vapor pressure osmometry (Knauer) and
by size exclusion chromatography (a 4 column Waters with
RI detector) using PDMS standards for calibration. The
functionality of the polymer was verified by NMR end-group
analysis and found to be better than 98%. The cross-linker
used was tetrakis(dimethylsiloxy)silane [(HSiMe,0),Si] with
nominal molecular weight M = 328.7. By GC/MS analysis it
was found to be composed of four major components with at
least 99.8% hydrosilane material and with M, = 342 and
effective functionality of 3.87 (instead of the nominal 4). The
material was used as received.

The quenched pregel samples were prepared in bulk by
using a nonstoichiometric mixture of the components always
using cross-linker-poor compositions to minimize the danger
of parasitic reactions involving the silane groups. The cross-
linked samples were prepared by thoroughly mixing in a 10
mL vial half the appropriate amount of the degased prepoly-
mer and all the cross-linker required to achieve the final
desired value of r (<1), the stoichiometric ratio of reactants
(defined as the ratio of initial molar concentration of silane
groups to that of vinyl groups: r = [SiH]o/[Vi]o). The second
half of the prepolymer was mixed with approximately 5 uL of
catalyst solution, and finally, the two parts were combined in
the vial and thoroughly mixed again. The vial was placed on
a roller mixer and allowed to react for 48 h at room temper-
ature followed by 24 h postcure at 60 °C. The catalyst solution
used was a 2% platinum complex (cis-dichlorobis(diethyl
sulfato)platinum(ll)) in toluene. The reaction is usually
completed at room temperature within 4 h as judged by the
complete disappearance of the SiH peaks in FTIR spectra of
reaction mixtures. The reticulation was formed in bulk by the
hydrosilation reaction:

=Si—CH=CH, + HSi= —>=Si—CH,—CH,—Si=

The evolution of structure in this system is well character-
ized, and the chemistry of its cure has been studied exten-
sively.* The extent of side reactions of the hydride silane
groups on the cross-linker was found to be negligible under
the conditions used here. The experimental critical stoichio-
metric ratio to obtain gelation r. was determined by flow/
dissolution tests and found at r. = 0.335 4 0.01.This is within
experimental accuracy from the theoretical value, indicating
side reactions and loop-forming intramolecular reactions do
not play an important role in the present case. In spite of this,
the value of r¢ has not been used in this work since large errors
in the estimation of critical exponents are introduced when
relying only on the distance to the threshold for their evalu-
ation. This is due to the great sensitivity of exponent value
on slight change in r. on one hand and to the limited
experimental accuracy on the exact gel point on the other. A
total of 15 samples with different r < r. (i.e., quenched at
different distances below the critical threshold) and one sample
above the threshold were prepared.

2.2. Intrinsic Viscosity. Polymer samples were dissolved
in toluene, and the concentration was determined by weighing.
The viscosities of the polymer solutions were measured with
a range of Cannon-Fenske semi-micro capillary viscometers
(Cannon Instrument Co., State College, PA). Different diam-
eters were selected to obtain the proper efflux times (>100 s)
such that Kkinetic energy corrections are not required. The
effect of shear rate was examined by the use of a narrower
capillary. The difference in [] values was insignificant.

The viscometer was suspended in a thermostatically con-
trolled water bath maintained at the required temperature to
within £0.2 °C. Equilibration time of 15—20 min was allowed
before measurements were made since the solution in the
viscometer was experimentally found to reach thermal equi-
librium within 10 min.

The relative viscosity of a given solution 7. was determined
by measurement of the relative efflux times in the capillary.
Viscosity values were based on at least 2—3 efflux time
readings taken for any given sample inserted into the viscom-
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eter. Variation between consecutive readings was lower than
1.5% and typically around 0.5%. At least two independent
viscosity determinations were performed for each concentra-
tion. Five to seven experimental points were used for extrapo-
lation to obtain the intrinsic viscosity [r]. The intrinsic
viscosity is obtained from the combined extrapolation of
In(nr/C) (Kraemer relation) and (e — 1)/C (Huggins relation)
to zero polymer concentration C. Failure of the two extrapola-
tions to coincide resulted in rejection of the data.

2.3. Light Scattering. The home made apparatus as well
as the data reduction procedure were described elsewhere.'®
The incident wavelengths used are either A = 488 or 647 nm.
The transfer vector q = (4nn/A) sin(6/2) varies between 1.5 x
102 and 3.7 x 1072 nm~%, where n is the refractive index and
0 is the scattering angle. Samples were dissolved in toluene,
the solution concentration being determined by weighing. In
order to eliminate dust particles, the solutions were either
filtered on 0.45 um Millipore filter or centrifuged in the case
of samples having a weight average molecular weight higher
than 2 x 108 to prevent the largest polymer clusters from being
eliminated by filtration. Let us recall the different quantities
light scattering experiments allow us to measure.

The weight average molecular weight M,, is obtained from
double extrapolation of the scattered intensity per monomer
to zero g and zero concentration:

I, o 3
(%)H =KM,, (13)

where | is the ratio of the polymer to the solvent scattered
intensity. The constant K depends on the wavelength 4, the
Rayleigh ratio of the solvent (toluene), the refractive index,
and its increment with polymer concentration. Its values are
K =5.65 x 1072 and 5.28 x 1073 (cm? mol)/g? for 1 = 488 and
647 nm, respectively.

The interaction parameter B, is determined by the concen-
tration dependence of the zero g scattered intensity per
monomer:

Lo\ (Yoo
(“T) = (%)H(l - 2B,C+..) (14)

The z-average radius R; is determined by extrapolation of
the radius of gyration Ry, and/or the hydrodynamic radius Ry
to zero concentration. The radius of gyration is obtained from
the g dependence of the scattered intensity for gRg, < 1:

Co PR, )
1 _aof4 _ 92
E=% (1 3t (15)

The hydrodynamic radius Ry; is extracted from the diffusion
coefficient D, by making use of the Stokes—Einstein relation:

kT

= (16)
67110.Rp,

z

where k the Boltzmann constant, T is the temperature, and
7ioc 1S the local viscosity expected to be, in dilute solutions, close
to the solvent viscosity. The diffusion coefficient in turn, is
measured through the dynamic form factor: S(q,t) = exp-
(—(Dg?t)#). For gRy; < 1, 8 = 1, and the measured diffusion
coefficient is independent of g. The ratio Ru./Rg, is equal to
0.56Rn/Rgy, where the constant 0.56 comes from integration
constant’ with D = 2 and 7 = 2.2 and the ratio Ru/Rq stands
for monodispersed branched polymers.

For the given set of samples quenched at different distances
from the gelation threshold M., R;, and B, are obtained
individually for each sample by the light scattering data
reduction procedures described above (eqs 13—16). Note that
these equations all require data obtained in dilute solutions
(C/IC* < 1) and at small reduced transfer vector (QRg; < 1).
The By—M, and R;—M,, dependencies of the entire set of
samples allow the experimental determination of the expo-
nents X (eq 6) and (3 — 7)Ds (eq 4).
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In addition, the value of the latter exponent may also be
determined from data on an individual sample by examination
of the g dependence of the scattered intensity at large reduced
transfer vector (qRy; > 1). The scattered light intensity may
be written as the product of two quantities: 1(q)/C = Muf(QR;).
At short length scale, (QRg, > 1) scattered intensity is not
sensitive to the overall size or mass of the polymer cluster and
thus should be independent of M. Hence, the function f(qR,)
is a power law such that'® 1(q)/C = q~©¢9Ps. Using similar
arguments, we may examine the diffusion coefficient obtained
by quasielastic light scattering at short length scales (qRg, >
1) as opposed to the large length scale (qRy, < 1) data analysis
described in conjunction with eq 16. For gRg > 1 the q
dependence of the diffusion coefficient can be written, as for
the static properties, using a scaling law: D(q) = Dq—o f(QRg,)
with Dg—o O 1/Ry; and the function f(qRy,) is a power law such
that D(q) is independent of Ry, at qRg; > 1 (to contrast with D
independent of q at large length scales). This leads to a
g-dependent diffusion coefficient D(q) = (KT/6714c)d, indepen-
dent of the polydispersity contrary to static properties. The
latter linear q relation is derived on the assumption that the
two radii measured by static (Rg;) and by quasielastic (Ry.)
light scattering are related by a proportionality constant. The
correctness of this assumption has been considered at length'317
for the case of linear monodisperse polymers in dilute solution
of a good solvent. In that case, the ratio Ru/Ry, is found to be
molecular weight dependent and the diffusion coefficient varies
as D(q) O g°®° for qRy > 1. The deviation from the expected
theoretical predictions is explained'® in terms of the crossover
between the Gaussian (D = 2) conformation for “short” chains
and the self-avoiding walk (D = 1.7) for “longer” chains. The
crossover between these two conformations occurs later for the
dynamic properties because the excluded volume interactions
are more efficient for static properties than for dynamic ones.
It is only for very high molecular mass, or when the excluded
volume is as efficient for static as for dynamic properties, that
D(q) is proportional to g and the ratio Ru/Ry is a constant®®
equal to 0.64. This ratio, which can be measured directly from
the extrapolation of the appropriate light scattering data, as
previously explained, can also be deduced independently from
the ratio of the intrinsic viscosity to the interaction parameter
Buw:

Ry, [
R DB— a7

9z w

2.4. Rheological Properties. Viscosity » and time-
dependent relaxation spectrum #(t) are measured using the
magnetorheometer,?® the components of the complex dynamic
shear modulus G' and G" are measured on a constant stress
rheometer. The magnetorheometer is a homemade apparatus
allowing polymers to be studied in a volatile solvent. Experi-
ments consist of measuring the magnetic force needed for a
levitating magnetic sphere of radius r to remain at a fixed
spatial position while a step motor sets the surrounding liquid
in motion at a constant velocity v. The steady viscosity 7 is
deduced from the ratio of the measured stress o (proportional
to the magnetic force) to the shear rate y = v/r. In order to
ensure that the measured viscosity is actually Newtonian, i.e.
independent of y, we check that the viscosity is constant within
experimental precision (2%) as the velocity is varied by a factor
10. The time-dependent relaxation spectrum #(t) is obtained
from the measured relaxation of the magnetic force of(t)
recorded after the cessation of the imposed steady shear flow
under constant shear rate y. The time dependent viscosity
can thus be determined by the ratio n(t) = o(t)/y. As one
expects a power law behavior for the stress relaxation spec-
trum, the magnetic force was recorded using up to eight time
windows.

The dynamic moduli of the samples were determined on a
Carrimed CLS100 constant stress rheometer using 4 and 6
cm parallel plates and 100 4m gap at 25 °C. Frequency scans
were carried out at the lowest stress possible to avoid sample
damage. The linearity of the response was constantly moni-
tored to ascertain linear viscoelasticity. The upward frequency
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Table 1. Sample Characteristics: Weight Average
Molecular Weight My, z-Average Radius of Gyration Ry,
z-Average Hydrodynamic Radius Ry, Weight Average
Interaction Parameter By, Intrinsic Viscosity [g], and
Macroscopic Viscosity  Measured at T = 20 °C?2

Rgz Rz Bw [7] n

Mwx 107 (hm)  (nm)  (cm3g)  (cm3/g) P)
1.78 23.0 15.0 324 15.9 11.0
1.89 26.6 155 27.7 16.0 111
2.43 30.8 19.3 38.2 16.6 13.6
2.83 38.5 171 43.3 13.6
3.23 41.4 25.2 36.4 16.9 17.0
4.14 50.2 30.8 37.7 17.5 21.3
4.6 48.3 26.5 49.6 18.4
4.94 515 334 47.5 17.9 22.0
6.7 58.2 33.4 54.0 18.5 221
7.76 68.0 42.8 48.4 19.4 26.1

10.8 .7 50.8 55.7 20.1 311
16.4 91.0 56.2 82.0 22.7 38.7
22.9 124 69.3 84.4 24.4 52.3
74.3 235 120 102 25.8 111
206 373 267 162 315 220

a Precision on the different quantities measured are of the order
of 3%.

sweep covering the range from 0.01 Hz (the lowest reproducible
deformation for the most elastic material) to 40 Hz (the highest
accessible frequency) was followed by a downward sweep on
the same sample. In all samples upward and downward
frequency sweeps overlaid with not observable deviations.

3. Experimental Results

The experimental results are listed in the Table 1.
For each sample are listed values of the weight average
molecular weight (My,), the z average radius of gyration
(Rgz), and the interaction parameter B,, obtained from
static light scattering, the hydrodynamic radius (Ru;)
obtained from quasielastic light scattering, and the
intrinsic viscosity [#] and the zero shear rate viscosity
() obtained by the magnetorheometer at 20 °C. The
relative distance to the threshold is not listed because
no use is made of it. We circumvent the difficult
problem of the accurate determination of the gelation
threshold by considering the variations of the different
guantities measured only as a function of the indepen-
dently measured weight average molecular weight.
Thus, only exponent ratios will be determined.

3.1. Conformation of Polymer Clusters in Dilute
Solutions. For all the samples, we find the ratio of the
two radii Ry,/Rg; to be constant such that

R,/Ry, = 0.61 % 0.05 (18)

One can compare this numerical factor to the integra-
tion constant (see comments following eq 16 and ref 7).
The agreement between those two values (0.61 and 0.56)
could indicate that the Rn/Ry ratio of monodisperse
branched polymer is of the order of 1. In Figure 1, the
weight average molecular weight is plotted in double
logarithmic scales as a function of the z-average radius
R;. The radius R; is either taken as the hydrodynamic
radius Ry, (full points) or, on the basis of eq 18, as
0.61Rgy, (empty points). The straight line in Figure 1 is
the best fit of the data. The exponent value obtained
from the slope of this line is equal to

(3—1D,=1.71 £ 0.07 (29)
As explained above, the exponent (3 — 7)Ds can be

obtained either from the small q data (QRy, < 1) of all
the samples collectively, as done in eq 19 or from the
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Figure 1. Log—Log plot of the weight average molecular
weight My, as a function of the z-average radii R;. R, stands
for the z-average hydrodynamic radius Ry, (®) or 0.61Rg, (O)
where Ry, is the z-average radius of gyration (see text and eq
18). The straight line corresponds to the best fit: M, =
1400R,*™, leading to (3 — 7)Ds = 1.71.
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Figure 2. Log—Log plot of the scattered intensity | as a
function of the reduced transfer vector qRg. The radius of
gyration Ry, (320 nm) is deduced from the low g values part
of this curve. The sample characteristics are M,, = 2.06 x 107,
C = 1.1 x 1073 g/cm?3. The straight line has a slope equal to
1.59 corresponding to the exponent (3 — 7)Ds determined for
25 < gRy < 11.5.

large g data (QRg; > 1) of a single sample. Thus, for
one sample (M, = 2.06 x 107) at one given concentration
(C(g/lem?®) =1.1 x 1073) the q dependence of the scattered
intensity at qRg; > 1 (see Figure 2) yields (3 — 7)Ds =
1.57 £ 0.06. However, this exponent is found to depend
on polymer concentration with increasing values for
decreasing concentration. By repeating the experiment
on the same polymer sample at different concentrations,
the limiting slope d Log(l)/d Log(q) is measured at q >
1.5 x 1072 nm™1 (see Figure 3). Extrapolation to zero
concentration leads to

(3 - 7)D, = 1.64 + 0.06 (20)

This value is within experimental precision, in agree-
ment with the value determined for the whole set of
samples (eq 19) and with the theoretical prediction (3
— 17)Ds = 1.6. The agreement between eqs 19 and 20 is
an endorsement of the polymers self-similarity. Thus
from this point of view, it indicates that polymer clusters
are formed by a random reticulation process and proves
the samples quality as far as chemistry is concerned.
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Figure 3. Variation of the exponent value (3 — 7)Ds with the
concentration C. Exponent values are deduced from the
limiting slope d(log(l))/d(log(q)) measured at g > 1.5 x 1072
nm~1, on dilute solutions for the highest molecular weight
sample (My, = 2.06 x 107, empty circles). The filled circle
corresponds to the exponent value deduced from the variation
of My, as a function of R, (Figure 1, eq 19) measured on the
entire set of different samples. (The straight line serves only
as a guide for the eyes passing through the error bars.)
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Figure 4. Interaction parameter B, as a function of the

weight average molecular weight M,, The graph is in Log—

Log scale and the slope of the straight line corresponds to the
exponent X = 0.35 (eq 21).

The interaction parameter B, is found to depend on
the weight average molecular weight, which confirms
that these polymer clusters swell upon dilution (cf.
discussion following eq 6). In Figure 4 the straight line
corresponds to
B, = 0.47M,*

. 3 1 1

with X G- r)(DS Dp) 0.35+0.03 (21)

This exponent value is in good agreement with the
theoretical prediction (X = 0.375, see eq 6).

In Figure 5 the ratio of the intrinsic viscosity to the
interaction parameter, [5]/By, is plotted as a function
of the weight average molecular weight. This ratio
decreases as the molecular weight increases (empty
points), and it is not proportional to the ratio of the
z-average radii Rn,/Rg; (full points) as speculated by eq
17. The M,, dependence of [#] does not agree with eq 6
and the discussion following it. The fact that Rn./Rg;
is independent of the weight average molecular weight
indicates that excluded volume interactions are as
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Figure 5. Ratio of the intrinsic viscosity to the interaction
parameter [5]/B. (O) is molecular weight-dependent while the
ratio of the two z-average radii Ru,/Rgy; (®) is independent of
the molecular weight. The dotted line corresponds to the best
fit of [#]/Bw O My, %2, while the full line corresponds to the
mean value Ry,/Rg; = 0.61. Both quantities were expected to
be proportional (cf. eq 17).
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Figure 6. Diffusion coefficient D(g) measured by quasielastic
light scattering as a function of the reduced transfer vector
gRg.. The sample characteristics are M, = 2.06 x 107, Ry, =
310 nm, and C = 2.3 x 10~3g/cm3. A linear behavior charac-
teristic of internal modes is found.

efficient for static as for dynamic properties for the size
of polymer clusters tested here. Thus the dependence
of [#]/Bw on molecular mass stems from the fact that
the mean size accessible by scattering experiments
(from which By, is obtained) is different from the mean
value accessible by intrinsic viscosity experiments.

The dynamic form factor S(g,t) was measured by
quasielastic light scattering on one of the diluted
samples (M, = 2.06 x 107) at 2 < qRy; < 11. In thisq
range the dynamic form factors measured at different
scattering angles lie on a single curve using tg® as
variable. They can be fitted properly by using a
stretched exponential decay with an exponent equal to
p =0.77 £ 0.02. The diffusion coefficient D(q), deduced
from the measured characteristic decay time, varies
linearly with q (see Figure 6). It is, as expected,
independent of the polydispersity. The local viscosity
Mioc = KTQ/(6D(q)) is found to be higher than the solvent
viscosity by a factor of (1.46 £ 0.03), in agreement with
the factor (1.35)%2 = 1.57 predicted theoretically?! and
with the factor 1.5 found experimentally?? for linear
polymers.
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So far, two independent exponent values related to
the conformation of swollen polymer clusters have been
determined (eqgs 19 or 20 and 21). They are found to
have values close to the values expected by the percola-
tion model. Moreover, on a very similar system (end-
linked linear PDMS?3) the exponent r was measured by
size exclusion chromatography and found to be equal
to 7 = 2.27 £ 0.04, a value consistent with the values
obtained here. The static properties of end-linked poly-
(dimethylsiloxane) polymer clusters being in agreement
with the percolation model let us focus on the viscoelas-
tic properties.

3.2. Dynamic properties. 3.2.1. Zero Shear
Viscosity. If the temperature and concentration de-
pendence of the macroscopic viscosity are independent
of the distance to the threshold, i.e., of the molecular
weight My, then the viscosity can be expressed as a
product of two independent functions: one F(T,w)
dependent on temperature and concentration, and the
other 5(M,,) dependent on My:

n(My,, T.w) = (M) F(T,w) (22)

where w is the weight fraction of polymer (expressed in
0/g) and n(M,,) stands for /T =0 and w = 1. In order
to study the scaling behavior of the viscosity, one needs
to check first the actual independence of the two
functions in eq 22 and then to concentrate on the
behavior of n(My).

For all the samples for which the temperature de-
pendence of the viscosity was measured, an Arrhenius
type dependence was observed, allowing us to describe
the temperature dependence by an equation of the form

n(My,, T, w) = (M) exp(E/KT) (23)

The fit of the measured viscosity as a function of the
inverse temperature allows us to determine the prefac-
tor (M) and the activation energy E/k. One finds E/k
= 1800 + 30 K independent of the weight average
molecular weight of the samples (see inset of Figure 7).
In Figure 7, the ratio n(My, T,w)/n(My) is plotted as a
function of the inverse of the temperature for samples
prepared at different distances to the threshold, clearly
demonstrating the Arrhenius behavior.

As for the concentration dependence of the viscosity,
in four samples (2.8 x 10° < My, < 1.6 x 10°) toluene
was added to the polymer melt in small enough quantity
(0.5 < w (g/lg) < 1) to ensure that polymer clusters
remain in the interpenetrated regime (B,,C > 20). The
viscosity was measured as function of concentration at
constant temperature (20 °C). The concentration de-
pendence of the viscosity for these samples samples can
be successfully fitted by an expression of the form2*

1My, T W) = 7(M,,) exp(Aw?) (24)

where the concentration w is expressed in g/g. The
parameter A depends slightly on the molecular weight
increasing from 4.34 to 4.62 as M, increases from 2.83
x 105 to 1.64 x 106 (see inset of Figure 8). As a first
approximation, this modest variation is neglected and
using a mean value of 4.5 for A in Figure 8, the ratio
7(My, T,W)/(My) = F(w, T = 20 °C) = exp(Aw?) is plotted
in Log scale as a function of the square of the concen-
tration for the different samples. A single linear
behavior is found for all the samples in support of the
proposed analysis.
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Figure 7. Variation of the viscosity with the inverse of the
temperature. The viscosity #(Mw,T,w), normalized by the
prefactor of the Arrhenius law (eq 23), 7(Mw), is measured on
different samples in the bulk (w = 1g/g). The temperature
dependence of the normalized viscosity is found to be inde-
pendent of the molecular weight M,,. The symbols @, A, v, and
O, correspond to M,, x 107% = 2.83, 4.61, 6.73, 16.4, respec-
tively. For the sake of clarity, and in order to compare with
the concentration behavior, only results obtained on four
samples are plotted. The full line corresponds to exp(1800/T).
The ratio of the activation energy to the Boltzmann constant
E/k (in K) is actually M,, independent (see the inset).
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Figure 8. Variation of the normalized viscosity 7(My,T,w)/
n(My), as a function of the square of the concentration w? for
different samples at T = 20 °C (cf. eq 24). An exponential law
is found which is My, independent. The full line corresponds
to exp(Aw?) with A = 4.5, (symbols have the same meaning as
in Figure 7). In the inset the quantity A is shown as a function
of the molecular weight; the dotted line corresponds to the
mean value: A =45 + 0.1.

The results presented by egs 23 and 24 confirm that
7(Mw, T,wW)/n(My) is actually independent of My,. Thus,
the exponent extracted from the variation of the viscos-
ity with the relative distance to the gel point is a “real”
exponent rather than an “apparent” exponent, as was
found on other systems.* At a given temperature (T =
20 °C) and a given concentration (w = 1g/g), the
variation of the zero shear viscosity is studied as a
function of the weight average molecular weight M,
(Figure 9). The exponent ratio s/y is found to be equal
t025

sly = 0.62 + 0.03 (25)

Taking y = 1.74, the value expected from percolation
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Figure 9. Zero shear viscosity » as a function of the weight
average molecular weight M,, (in log—log scale). The power
law behavior corresponds to n 0 My*” with s/y = 0.62 (cf. eq
25) leading to s = 1.1 + 0.06.

theory (cf. eq 5), one obtains s = 1.1 + 0.06 for the
viscosity divergence exponent value. This exponent lies
between the two predicted values: Rouse (s = 4/3) and
electrical analogy (s = 0.75). Very recently,? it was
determined that s = 1.16 and 1.19 for two sets of
samples of polybutadiene (M, = 18 000 and 38 000,
respectively) randomly cross-linked at the pendant 1,2
units along the backbone.

3.2.2. Time Dependent Relaxation Spectra. Only
the two samples with the largest weight average mo-
lecular weights (M,y = 7.43 x 106 and 2.06 x 107) have
a measurable time dependent relaxation spectra. This
is due to the instrument short time limitation, which is
of the order of 5 ms. In Figure 10a, the time dependent
viscosity?” 5(t) measured for these two samples is shown.
In Figure 10b the time dependent viscosity reduced by
the zero shear steady viscosity #(t)/y is plotted. The
curves in FigurelOa are better described by a logarith-
mic time function than by a power law. This indicates
that the long time cutoff of the power law behavior
extends over several time decades including the entire
experimentally accessible time window. This also ex-
plains the molecular weight dependence of the reduced
relaxation spectra #(t)/n (see Figure 10b). One has to
note that #(t) as well as » are measured quantities.
However, the two spectra corresponding to the two
different molecular weights can be superimposed by
using a reduced time scale t/t* where t*, as before, is
the relaxation time of the largest cluster in the system.
This is shown in Figure 11 in which t* is taken to be
proportional to M,,¥ where the value of the exponent Y
is determined by superposition of the two curves. Itis
found to be equal to

Y = (s + t)ly = 1.75 £ 0.05 (26)

One has to note that the value for Y corresponding to
the Rouse model (Y = 2.3) cannot describe properly the
observed relaxation spectra. This is demonstrated by
the fact that when using the Rouse value for Y the
reduced spectra fail to overlap and remain molecular
weight dependent, as shown in the inset of Figure 11.

3.2.3. Frequency-Dependent Relaxation Spec-
tra. On all the samples for which the mean weight
average molecular weight has been determined, the
imaginary G" and the real G' parts of the elastic
modulus were measured at 25 °C. In the frequency
range 0.3 < w(Hz) < 40, the ratio of these two modulii,
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Figure 10. Stress relaxation spectra: (a) time dependent
viscosity #(t) (in poise) measured on the two samples with the
highest molecular masses [(dotted line) My, = 2.06 x 107 (full
line) My, = 7.43 x 108)]. The relaxation is not a power law,
only the crossover corresponding to the long time cutoff is
experimentally accessible. (b) The reduced relaxation spectra
n(t)/n are dependent on the weight average molecular weight.
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Figure 11. In order to superimpose the two reduced time
dependent relaxation spectra #(t)/n, the time axis is divided
by the longest relaxation time t*, which is taken equal to M,,Y
(tin s). The exponent Y corresponding to (s + t)/y is adjusted
in order to obtain the best data superposition. One finds Y =

1.75. In the inset, the use of the Rouse exponent value (Y =
2.3) does not allow data superposition.

corresponding to the loss angle ¢ (tan 6 = G"/G'), is
found to be always frequency- and molecular-weight
dependent. It indicates that, as for the time dependent
relaxation, the accessible frequency window is such that
ot* < 1. In order to superimpose the curves obtained
for each sample, the frequency is reduced by t* 0 MY
, where Y is taken equal to 1.75, the exponent value
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Figure 12. Variation of the loss tangent (tan 6 = G"/G’) as a
function of the reduced frequency wt*. The longest relaxation
time t* is taken equal to M,", with Y fixed at the value
determined by time-dependent relaxation superposition (with
w in Hz). In the inset the exponent u (=2/z tan(d)) measured
on one postgel sample is depicted as a function of the
frequency. The full line corresponds to the mean value u =
0.69 measured at 7 < w (Hz) < 30. Different symbols, O, V, <,
0O, A, x, +, correspond to different molecular weights My, x
1075 74.3, 22.9, 16.4, 7.76, 4.14, 2.43, 1.89.

determined by the time relaxation superposition (see
Figure 11). One may see in Figure 12 that the super-
position is correct for the entire set of molecular masses
(1.9 x 105 < My, < 7.4 x 108), except for the lower
frequency values.?® On one sample which was synthe-
sized above the gel point (that is, no molecular mass
can be measured) there exists a finite range of frequen-
cies (7 < w (Hz) < 30) for which the ratio of the two
modulii is frequency independent: tan(d) =G"/G' =1.91
4+ 0.01. Thus, in this frequency domain an exponent u
can be determined (see the inset in Figure 12):

u=0.69 + 0.005 27)

In Figure 13, the scaling form of the frequency-
dependent relaxation spectra (cf eq 10) is depicted. The
measured modulii are divided by G ~ My,~?”. Since we
have determined experimentally that s/y = 0.62 (eq 25)
and Y = (s + t)/y = 1.75 (eq 26), it follows that t/y =
1.13 should be used. The frequency-dependent relax-
ation is reduced as before, by the characteristic time t*
0O My". The successful superposition of the frequency-
dependent relaxation data for the entire set of samples
based only on the two exponent values separately
determined from the time superposition of two samples
(s + t/y) and from the zero shear viscosity—M,, relation
for the entire set of samples (s/y) proves that these two
exponent values are robust.

3.2.4. Dynamic Exponent Values. We have mea-
sured independently three exponent values related to
the dynamic properties of the polymer clusters: s/y (eq
25), Y = (s + t)/y (eq 26), and u (eq 27). Since it is not
possible to verify scaling laws directly for time- and
frequency-dependent relaxation spectra, let us examine
the coherence between exponent values. Using for y the
percolation value 1.74 (eq 5), eq 25 leads to s = 1.1 £+
0.06, egs 25 and 26 lead to t/y = 1.1 4+ 0.08 and thus to
t = 1.9 + 0.15. In recent work on polybutadiene?® a
value of t = 1.97 was established for the high-My
precursor and 2.39 for the low one. We may now
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Figure 13. Reduced frequency-dependent dynamic shear
modulii: (upper curve) imaginary part G" (filled symbols);
(lower curve) real part G' (empty symbols) of the modulus
divided by G O €t O M,,~Y=5"). The frequency is reduced by the
characteristic time t* 0 M,,Y. The exponent values Y and s/y
are taken equal to the values determined by the time depend-
ent relaxation superposition (eq 26) and by the molecular
weight dependence of the viscosity (eq 25). One has to note
that the numerical factors in the relations linking G and t* to
M., are taken equal to 1. Symbols have the same meaning as
in Figure 12. Modulii are in dynes/cm?.

compute u = t/(s + t) = 0.65 + 0.03. This value has to
be compared to the value directly measured on the
postgel sample (eq 27): u=0.69 £+ 0.005. As this latter
exponent is measured on a single sample, it is free of
problems due to local dynamics evolving with the degree
of connectivity. This difference between the u exponent
values determined on one sample or on the whole set of
samples could be due to either an underestimate of
experimental precision or due to the effect of solvent
neglected in the evaluation of the factor A in eq 24. If
one takes into consideration the dependence of the
viscosity on molecular weight, the exponent s/y turns
out to be slightly dependent on the diluent concentra-
tion.2> Over a finite range of molecular weight (2.8 x
10° < My, < 1.6 x 108), s/y decreases from 0.6 atw =1
to 0.5 at w = 0.6, and remains unchanged (s/y = 0.5)
when further diluting from w = 0.6 to w = 0.5. Taking
this value for s/y and u = 0.69 still leaves the value for
t unmodified (t = 1.9).

The slight concentration dependence of local dynamic
properties is a puzzling result. As they are independent
of the temperature, an evolution of the glass transition
temperature with the degree?® of connectivity cannot be
invoked. In our opinion, this dependence could be
related to the progressive depletion of monomers being
incorporated into the growing cluster. This disapear-
ance will result in an increase of the local viscosity 7o
and a decrease of the local frequency wo, while the local
elastic modulus Gy (=nowo ) remains constant. As sol-
vent is added to the samples, the local viscosity changed
from 7o to the solvent viscosity #s independent of the
amount of monomer present. Then, experiments can
be compared to the percolation theory in which the
number of monomers remains independent of the dis-
tance to the gel point.

Conclusion

The static properties of branched poly(dimethylsilox-
ane) polymers quenched in the proximity of the gelation
threshold are well described by the percolation model.
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Actually, the two exponent values determined in rela-
tion to these properties indicate that the gelation of this
chemical system belongs to the same universality class
as percolation. This system presents the advantage of
having local dynamic properties independent of distance
to the threshold. Consequently, variation of the zero
shear viscosity with the weight average molecular
weight is found independent of the temperature and of
the diluent concentration, allowing the “real” exponent
value to be determined, unlike other chemical systems
such as polyurethane.* From the data we determine
s/ly = 0.62 + 0.03 leading to s = 1.1 + 0.06. As for the
mass dependence of the stress relaxation curve, it leads
to(s+t)y=175+0.05andtot=1.9 £ 0.15. These
two exponent values are similar to those measured in
the case of physical gels which usually correspond to
semidilute solutions of connected polymers. In that case
the local dynamics are governed by the solvent proper-
ties and are independent of the relative distance to the
gel point. In fact, the mean values determined on three
different physical gelsare s =09+ 0.1andt=19 +
0.02 (see Table 4, ref 3). This result confirms that
nonconstant local properties play an important role in
the determination of the critical exponents for dynamic
properties. Finally, we have shown in this paper that
polymer clusters undergo hydrodynamic interactions in
the reaction bath (i.e., in the undiluted state) as well
as in dilute solution.
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