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ABSTRACT: Broad-band dielectric spectroscopy (10--10% Hz) was employed to compare the molecular
dynamics of poly(dimethylsiloxane) (PDMS) and its mixtures with hydrophilic and hydrophobic Aerosil
(fumed silica). After quenching from ambient temperature and subsequent reheating to about 150 K, pure
PDMS exhibits the a-relaxation in the amorphous state. At higher temperatures the a.-relaxation process,
which is assigned to the relaxation of the amorphous fraction in the semicrystalline polymer, is observed.
Filled PDMS shows in contrast three distinct relaxation processes which originate from the varying degree
of interaction with the filler surface. These processes are assigned to therelaxation of directly bound, interfacial,
and nonadsorbed PDMS in the mixture. Restrictions of chain motions in the adsorption layer are smaller
for the mixture with hydrophobic Aerosil in comparison with the hydrophilic one. The results are compared

with previous NMR data for the same systems.

1. Introduction

The molecular dynamics of pure PDMS has been studied
by a variety of spectroscopic techniques such as NMR,!
light scattering,? ESR,? mechanical, and dielectric spec-
troscopy.*® Early studies of adsorption kinetics,” the
viscosity of the boundary layer,® and molecular mobility”®
in PDMS-adsorbent systems revealed that molecular
motions of chain units adjacent to an adsorbent surface
are different from those in the bulk. In the present paper
dielectric spectroscopy is employed to study molecular
dynamics of mixtures of PDMS with hydrophilic and
hydrophobic Aerosil in a broad frequency range.

2. Experimental Section

2.1, Preparation of Filled PDMS. Linear PDMS ((CHjs)s-
SiO[Si(CHj)2),Si(CHs)s, n =~ 70) with trimethylsilyl end groups
was prepared by anionic nonequilibrium polymerization of
hexamethylcyclotrisiloxane.’® Molecular weight Mw and molec-
ular weight distribution (Mw/My) are 5300 and 1.03, respectively.
Two types of Aerosil were used for the preparation of mixtures.
One (Aerosil A 380) contains hydrophilic surface OH groups which
are the sites of adsorption. The surface of another one, Aerosil
R 812, bears hydrophobic trimethylsilyl groups. Aerosils A 380
and R 812 supplied by Degussa have a specific particle surface
of 380 + 30 and 260 % 30 m?%g, respectively, and an average
particle diameter of 7 nm (trade grade). The volume fraction of
Aerosil in the mixtures was 50 vol % for the densities of PDMS
and Aerosil of 0.982 and 2.20 g/cm?, respectively.

The preparation of PDMS—-Aerosil mixtures included the
following steps: (1) Aerosil was evacuated in a retort under
vacuum of 1.3 mbar at 500 K for 10 h. (2) The retort was filled
by argon for protection from humidity. (3) A 0.5 weight %
solution of PDMS in n-pentane was added. (4) The solution was
stirred for 2 days, and the solvent was removed under vacuum
at 400 K for 4 h. (5) The resulting powder samples were pressed
to pellets at pressures of about 30 MPa. The pellets were
transfered to the sample capacitors. Handling in air took about
3-5min. Preparation of pure Aerosils for measurements consisted
only of the first and the second step.

Before the dielectric measurements all samples were quenched
inliquid nitrogen starting from ambient temperature at a cooling
rate higher than 60 K/min to prevent crystallization. In the
studied mixtures the degree of crystallinity is negligible even
without quenching.*!* The samples were placed in custom-made
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cryostats wherein their temperature was regulated by a stream
of temperature-controlled nitrogen gas. This method allows
temperature adjustment from 100 up to 500 K with a stability
of £0.02 K.!? During the dielectric measurements the samples
were reheated stepwise. Each temperature was held for 1 h.

2.2, Dielectric Measurement Systems. The dielectric
experiments in the frequency range 10! to 10° Hz were carried
out by measuring the complex impedance of a sample-filled
capacitor with a Solartron-Schlumberger frequency response
analyzer FRA 1260 supplemented by a high-impedance pream-
plifier of variable gain.!* The relative accuracy of the measure-
ment systems for samples having a dielectric loss of 102 is £1%
in ¢ and £3% in ¢”. The sample capacitor consisted of two
gold-plated brass plates (diameter 40 and 20 mm, respectively)
and was filled with a pellet of the mixture, the average thickness
of which ranged between 40 and 220 um with an accuracy £2 um.
The degree of filling of the sample capacitor was determined by
weighing. The uncertainty in the determination of the absolute
value of the filling factor is estimated to be £20% and hence the
absolute value of the dielectric relaxation strength has a similar
error. For the experiments with the pure filler, the powder was
pressed between the capacitor plates. In a similar way the
preparation of the capacitors with pure unfilled PDMS was
carried out. A sample thickness of 50 = 1 um was maintained
by use of glass-fiber spacers.

Todescribe the dielectric spectra quantitatively the relaxation
function of Havriliak-Negamil4!® was used:

+ €at ~ €w (2 1)
€E=¢€ — .
T+ Gwn®

Inthisnotation ¢. stands for the real part of the dielectric function
at wr » 1 and ¢, the corresponding value for wr « 1. The
dielectric relaxation strength Ae is defined by Ae = ¢ ~ ¢=. @
characterizes the logarithmic slope of the low-frequency wing of
the function and the product a8 the one on the high-frequency
side. This means that broad relaxation time distributions are
characterized by small values for a and 8. 7isthe meanrelaxation
time. The frequency at maximum loss is denoted by fmas.

A conductivity contribution was observed at frequencies below
10* Hz. It can be described by the power law

¢ = 2t @2

€
where oo and s are fitting parameters.'® o, is a constant of
proportionality and ¢ denotes the permittivity of free space.
The dielectric data were fitted to combinations of one or two
Havriliak~Negami functions and a conductivity contribution.
From thefitted parameters, i.e. 7, A¢, o, and 8, the mean relaxation
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times as well as the maximum frequencies and the widths of the
single relaxation processes were calculated. In fits of spectra at
different temperatures, the shape-parameters o and 8 of the
Havriliak-Negami function for the three processes were varied
onlyslightly. This procedure reduces the uncertainty of the fitted
parameters, which is £10% in Ae, £0.03 in a and 8, and between
0.07 and 0.65 (for very broad relaxations) decades in 7. Alter-
natively, the temperatures corresponding to given peak frequen-
cies could be determined from ¢ vs T plots with an uncertainity
of 1 K for narrow and &5 K for broad relaxations.

The temperature dependence of relaxation processes, which
are related to the glass transition, can be well described by the
Williams-Landel-Ferry (WLF) equation!” within the region T,
< T < Ty + 100 K.'®* With f = 1/2x7 this is written as

(D) _ CT-Ty
ATy C,+T-T,

log 2.3)
where T is a reference temperature, which is defined in this
paper by the relation f(To) = 1 Hz. According to!"1%% the fitted
parameters C; and C; are connected to the fractional free volume
vi/v at glass transition temperature and its thermal expansion
coefficient ag: v/v(Ty) = (2.303C1)™! and oy = (2.303C,Cy)!

For comparison between dielectric and NMR data it must be
taken into consideration that, in general, the dielectric relaxation
time 7pia is not the same as the nuclear resonance correlation
time rnmr.2! The relation 3rnmr = 7pial holds for the model of
spheres moving in a viscous medium.?? Thus, frequencies of
molecular motions previously obtained by NMR were divided by
a factor of 3.

From the Fréhlich equation for the dielectric strength Ae the
following expression can be extracted:

Ae = 'ynu2 2.4)
where u denotes the electric dipole moment of the chain units,
n the number density, and v the Kirkwood-Fréhlich correlation
factor,® which is inversly proportional to temperature. Hence
a measurement of A¢ allows an estimate of the fraction of the
dipoles involved in the different relaxation processes. In
representation vs temperature, ¢’ can be discribed by combi-
nations of the Havriliak~Negami function (eq 2.1) and the WLF
equation (eq 2.3) with eq 2.4, i.e. Ae = AeTo/T and 7 = 7 exp-
[-CHT - To)/(C: + T — To)]l. The result is

ATy T

. -C(T- T\ \*Y*
1+ {iwr,exp m

3. Results and Discussion

An analysis of the data for filled systems requires the
detailed knowledge of the dielectric data of the pure
systems. Therefore, in the first two sections, the mea-
surements on pure PDMS and on pure Aerosils are
presented.

3.1. Pure PDMS. PDMS forms a crystalline phase in
the temperature range below (230 K).2® In order to avoid
crystallization PDMS was quenched from room temper-
ature in liquid nitrogen down to 78 K. Such thermal
treatment allows obtaining PDMS in an amorphous
supercooled state.2425 In the temperature range between
147and 156 K (Figure 1) the o-relaxation peak*is observed,
it has a half-width of 2.3 decades and a strength Ac of 0.71.
This peak is assigned to the relaxation of amorphous
PDMS. % A few degrees above Ty, at 156 K, its relaxation
strength Ae¢ decreases strongly while at lower frequencies
a second relaxation grows in strength (Figure 1) with a
half-width of about 4.5-5.3 decades. It supersedes the
a-relaxation completely at temperatures above 158 K. Its
strength Ae approaches 0.22. Since cold crystallization
takes place in amorphous PDMS above T;,? the strong
change of dielectric losses with increasing temperature
can obviously be explained by a replacement of the

(2.5)

€e=¢, +
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Figure 1. Dielectric loss ¢’ vs frequency for pure PDMS at
different temperatures in the amorphous phase (8,8, and ) and
after cold crystallization (¢). The solid lines describe the fits
using eqs 2.1 and 2.2. The error in ¢ is not larger than the size
of the symbols.
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Figure 2. Havriliak-Negami relaxation frequency f vs inverse

temperature of the a-relaxation of pure amorphous PDMS and

of the a.-relaxation of the semicrystallinesample. The linesshow

;‘;LF plots of the processes (see Table II) corresponding to eq

a-process by the slower and broader a.-relaxation. The
latter is assigned to motions of constrained partial chains
between crystalline lamellae, i.e. of units in chain bows
and loops between the points where the chains enter
crystals.?®® The Ac of the a,-relaxation is small in com-
parison with the a-relaxation because the relaxation of
dipoles within the crystalline phase is strongly suppressed.
From the decrease in Ac¢ a degree of crystallinity of about
72% can be estimated according to eq 2.4. The a.-
relaxation showed a broad relaxation time distribution.
Parameters from Havriliak-Negami fits and WLF pa-
rameters corresponding to fits given in Figures 1 and 2 are
listed in Table I and in Table II, respectively. It turned
out that transition temperature and speed of the cold
crystallization are very sensitive to thermal history.
3.2. Pure Fillers. Dielectric data for pure Aerosil are
shown in Figure 3a. One relaxation process is observed
for hydrophobic and hydrophilic Aerosil. The maximum
of the relaxation peak for hydrophobic Aerosil is near 0.012,
while the activation energy (Figure 3b) amounts to about
44 %= 5 kJ/mol. In the case of hydrophilic Aerosil about
4 times stronger relaxation peaks at higher frequencies,



Macromolecules, Vol. 26, No. 5, 1993

Dielectric Spectroscopy of Poly(dimethylsiloxane) 977

Table I
Havriliak-Negami Fit Parameters with Error Estimations for Some Dielectric Spectra
temp/K Ae a B -log(7/8)
pure quenched PDMS
first relaxation 148.3 0.71 £ 0.15 0.82 £ 0.02 0.49 + 0.03 1.8+ 0.06
150.3 0.68 & 0.14 0.86 = 0.02 0.46 = 0.03 2.60 £ 0.05
153.8 0.60 £ 0.12 0.86 £ 0.03 0.45 £ 0.03 3.9 £ 0.06
156.1 0.56 £ 0.11 0.84 £ 0.05 0.40 £ 0.05 4.6 £ 0.08
second relaxation 158.1 0.20 £ 0.04 0.28 & 0.03 0.65 = 0.03 1.21£0.25
160.1 0.20 £ 0.04 0.31 £ 0.03 0.63 = 0.03 1.85 2 0.20
168.2 0.22 + 0.04 0.35 £ 0.03 0.55 = 0.03 2.96 % 0.18
176.3 0.17 # 0.03 0.37 £ 0.03 0.50 = 0.03 4.15+0.15
184.6 0.17 £ 0.03 0.35 % 0.03 0.50 £ 0.03 46820.13
192.4 0.14 £ 0.03 0.36 £ 0.03 0.49 £ 0.03 582@0.13
hydrophilic Aerosil 148.9 0.31 £ 0.06 0.31 £ 0.04 0.99 £0.01 3.7020.15
153.7 0.31 £ 0.06 0.33 £ 0.03 1.00 £ 0.01 3.18%0.15
158.3 0.31 % 0.06 0.36 £ 0.03 0.84 = 0.02 4.36 £ 0.156
163.1 0.30 = 0.06 0.38 + 0.02 1.00 £ 0.02 4.96 £ 0.15
176.5 0.25 £ 0.05 0.38 £ 0.02 0.97 £ 0.02 5.20£0.15
mixture of PDMS with hydrophilic silica
first relaxation 153.2 0.195 £ 0.04 0.50 & 0.05 0.80 £ 0.05 45004
156.7 0.060 £ 0.01 050+ 0.1 0.80 £ 0.05 5.1%0.75
second relaxation 153.2 0.17 £ 0.03 0.45 = 0.07 1.00 % 0.05 1.8+£04
156.7 0.23 = 0.04 0.40 £ 0.05 1.00 % 0.06 256x04
188.2 0.17 £ 0.03 0.40 % 0.050 1.00 £ 0.06 56+ 04
199.3 0.15 % 0.03 0.40 £ 0.05 1.00 % 0.05 6.0+0.5
203.3 0.14 % 0.03 0.40 £ 0.05 1.00 & 0.05 6.3+04
third relaxation 188.2 0.125 % 0.02 0.40 £ 0.05 1.00 £ 0.05 1.5+08
199.3 0.16 & 0.03 0.35 £ 0.06 1.00 £ 0.05 1.8+05
203.3 0.17 £ 0.03 0.33 £ 0.06 1.00 £ 0.05 20+04
Table 11

WLF Fit Parameters Obtained with a Fixed f{T}) of 1 Hz and Activation Enthalpies Determined by an Arrhenius Fit

Ty K C Cy/K activation energy AH/(mol/kJ)

pure quenched PDMS

first relaxation 147.2 £ 0.3 103+ 1.3 135+ 1.6

second relaxation 1546+ 1.4 113+ 1.0 329+ 20
pure annealed PDMS 673
pure hydrophobic Aerosil 44+5
pure hydrophilic Aerosil 43 %2
mixtures of PDMS with hydrophobic Aerosil

first relaxation 143.1 @2 13.1£28 187+ 4.3

second relaxation 153.9 + 3.8 91+25 20.6 + 5.4

third relaxation 53+ 4

forth relaxation 104 + 10
mixtures of PDMS with hydrophilic Aerosil

first relaxation 1448+ 2 9.2+ 25 132+ 3.8

second relaxation 1469+ 3.5 7.7+29 265%5

third relaxation 32015

but with a similar activation energy of 43 + 3 kJ/mol
(Figure 3b), are observed. With increasing temperature
the relaxation becomes narrower and higher but its
strength Ae decreases (see Table I).

For both types of Aerosil the relaxation can be explained
by adsorbed water on the filler surface. The activation
energies of water adsorption to silica gel of 31.5-42 kd/
mol have been determined by Lange.2” These values are
similar to the activation energies determined for the
relaxation processes obtained for the hydrophilic and
hydrophobic Aerosils of 43 and 44 kJ/mol, respectively.
This water can give rise to a particle-bound conductivity
resulting in a dielectric relaxation, the strength and
frequency of which increase strongly with the conductivity
of the particle.. An Arrhenius-like temperature dependence
of this conductivity can explain the evolution of this
relaxation with temperature.?42® Thus the higher fre-
quency of this process for hydrophilic Aerosil is explained
by the larger amount of adsorbed water.

3.3. Mixtures of PDMS with Filler. 3.3.1. Hydro-
philic Surface. For the quenched mixtures of PDMS
with 50 vol % of hydrophilic Aerosil, the dielectric spectra
(Figure 4a,b) showed three relaxations, which are enu-
merated in the following with rising temperatures (see
Figures 4 and 5): As can be seen from the spectra at 153.2

and 156.7 K, respectively, in Figure 4a, the first relaxation
of the most mobile fraction of dipoles, which has a half-
width of about 3.1 decades, vanishes with increasing
temperature, while at lower frequencies the second slightly
broader relaxation increases in strength. In Figure 4b the
spectra at higher temperatures (188.2 and 199.3 K) are
shown. The high-frequency relaxation of this figure is
identical with the second of the previous figure, while the
loss peak at lower frequencies belongs to a third relaxation.
The evolution of the processes with temperature is shown
in the activation plot (Figure 5). Values of the three
relaxation strengths Ae are given in Table I. While the
first two relaxation processes show a WLF-type temper-
ature dependence, the third process shows an Arrhenius-
type behavior with an activation energy of 32 kJ/mol.

In an activation plot the first relaxation of the mixture
is located near the a-relaxation of the pure PDMS. The
pure hydrophilic filler (Figure 3a) also has its relaxation
in this frequency range, with a comparable dielectric
strength Ae. However it shows a different activation
behavior (compare Figure 3b and Figure 5) and, in contrast
to the first relaxation in the mixture, it does not vanish
with increasing temperature. This first relaxation in the
filled system is therefore assigned to fluctuations of chains
units, for which adsorption effects are negligible.
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Figure3. (a)Dielectricloss ¢’ vs temperature and (b) activation
plot for pure Aerosil. The symbols A, 4, and A denote data at
frequencies of 110 Hz, 1.1 kHz, and 110 kHz for hydrophilic
Aerosil, while ¥, ¥, and v show the data points for hydrophobic
filler at the same frequencies, respectively. (b) Maximum
frequency fmas of the relaxation peak vs inverse temperature for
pure fillers. The symbols A and v show data points for Aerosil
with hydrophilic and hydrophobic surfaces, respectively. The
solid lines are guides to the eye.
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Figure 4. Dielectric loss ¢’ vs frequency for a mixture of
hydrophilic Aerosil with PDMS (50%/50% ) at several temper-
atures. The solid lines are the fit curves, whereas the dashed
lines describe the conductivity contribution to the fit () and the
first/second/third relaxation processes (—.-/--—-/-«-). By
symbols the curves of single relaxation processes are assigned to
the corresponding temperatures.

The relaxation of the pure filler is uppressed or shifted
in the mixture, but it may give contributions to the second
or third relaxation in the mixtures. Since the crystallinity
of the studied samples is negligible,®!! one can assume
that the second and third relaxations of the mixture, which
have no equivalent in the spectra of the single components,
are assigned torelaxation processes in the adsorption layer,
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Figure 5. Transition map for the mixture of hydrophilic Aerosil
with PDMS. The relaxation of directly adsorbed chain units is
represented by the symbol O, the interfacial relaxation by <,
and the quasi-bulk relaxation by 0. The data of the latter two
processes are fitted by the WLF function. The temperature
dependence of the slowest relaxation shows Arrhenius-like
behavior. For comparison data from previous 1 H T} and T}
experiments by NMR (W), mechanical (®),” and dielectric
spectroscopy (®)¢ are given. The last two measurements were
carried out on filled PDMS networks.

i.e. relaxation processes taking place in the neighborhood
of the Aerosil surface.

Well above T; the relaxation processes within the
adsorption layer (second and third) and outside of it (first)
are well separated. This allows us to estimate the fraction
of the adsorbed chain units from the relaxation strengths.
At temperatures above 180 K the values of A¢of the second
and third relaxations sum up to a constant value of about
0.3 (Table I). Compared to the dielectric loss of the pure
(noncrystalline) PDMS, 0.36 (taken into account the
PDMS volume fraction of 50%), this indicates a joint
volume fraction of 83% of the polymer for the adsorption
layer, i.e. about 41% of the total volume.

From known values of the specific surface of the Aerosil,
its volume fraction in the mixture and the fraction of the
adsorption layer, the thickness of this layer was estimated
for the following two alternative assumptions: (i) uniform
covering of the filler particles by a PDMS layer of constant
thickness; (ii) nonuniform covering due to a nearly dense
packing of filler particles on a cubic lattice. These
calculations led to values of 1 nm for the first and 2.5 nm
for the second model in accordance with previous esti-
mations.®

3.3.2. Hydrophobic Surface. From plots of the
dielectric loss versus temperature for a quenched mixture
of PDMS with 50 vol % of hydrophobic filler (Figure 6a,b),
four relaxations can be separated. While the first relax-
ation (counted beginning at low temperatures for a given
relaxation frequency) shows a narrow and high peak, the
second and third ones are broader, lower, and overlapping
in frequency. Therefore a quantitative analysis is not
possible with high accuracy. The fourth relaxation is very
weak and slow. The fit lines in Figure 6a represent
functions according to eq 2.5.

WLF fits of the first and second relaxation (see activation
plot in Figure 7) are better than Arrhenius fits (the
corresponding fit parameters are listed in Table II), while
the third and fourth relaxation show Arrhenius behavior.
Their activation energies were determined to be 53 and
103 kJ/mol, respectively.
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Figure 6. Dielectric loss ¢ versus temperature of a mixture of
hydrophobic filler (A 380) with PDMS for several frequencies.
In (a) the data are fitted by one multiple peak function (solid
line), the components of which (four single peaks represented as
dashed lines) are based on eq 2.5. For the sake of graphical
clarity the fit lines are omitted in (b).
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Figure 7. Transition map for a mixture of hydrophobic Aerosil
with PDMS. Two of the four observed relaxations are assigned
to chain units in the bulk region (@) and units with weak
interaction to the filler (®), respectively. The assignment of the
third (v) and fourth relaxations (A) is not completely clear (see
discussion in the text). By the symbol O a point from NMR
experiments® for a relaxation in the adsorption layer is marked.
The éines represent WLF (for 1 and 2) and Arrhenious fits (for
3 and 4).

A comparison of the first relaxation with the first of
pure PDMS (compare Figure 7 with Figure 2) shows good
agreement. Consequently, as in the case of PDMS
mixtures with hydrophilic Aerosil, it can be assigned to
chain units outside the adsorption layer.
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The relaxation of the pure hydrophobic filler (see Figure
3) has roughly the same frequencies/temperatures in the
activation plot as the second relaxation in the hydrophobic
mixture. But, showing a pronounced WLF behavior, this
second relaxation cannot be assigned to the filler. The
relaxation of hydrophobic Aerosil shifts with the amount
of adsorbed water on the Aerosil particles,282® which is
supposed to be smaller in the mixture than in the pure
Aerosil because the covering PDMS reduces the access of
airhumidity. Thus, by a comparison of activation energies,
the relaxation of the induced polarization of the pure filler
can rather be assigned to the third relaxation process in
the mixture. With this argumentation the second relax-
ation can be assigned to relaxation processes in the
adsorption layer.

The molecular assignment of the third and fourth
relaxation is not completely clear. Besides the relaxation
of strongly adsorbed PDMS there are two possible reasons
which may create or contribute to these processes, i.e.
strongly adsorbed water at surface OH groups and
reorientations of surface trimethylsilyl groups.

4. Conclusion

Molecular dynamics in PDMS-Aerosil mixtures and
pure PDMS were studied by broad-band dielectric spec-
troscopy. Besides the a-relaxation of the amorphous
phase, pure quenched PDMS, after cold crystallization,
reveals the broader a.-relaxation, which originates from
chain motions in amorphous interstices between crystalline
lamellae. The fractional volume of this restricted amor-
phous phase depends on the thermal history of the sample.

Mixtures of PDMS with hydrophilic Aerosil show two
dielectric relaxation processes for chain units adjacent to
the filler surface (adsorption layer) and one relaxation
process for chain units outside of it. The thickness of the
adsorption layer is estimated to be the range 1-2.5 nm.

The data for hydrophilic mixtures show reasonable
agreement with previous dielectric and mechanical mea-
surements®’ and with previous 'H and 2H NMR data (see
Figure 5).9113 Mixtures of PDMS with hydrophobic
Aerosil reveal four relaxations. Two of them were assigned
to polymer chain units (in an adsorption layer and outside
of it). Chain mobility in the adsorption layer for hydro-
phobic Aerosil is larger than for the hydrophilic one. The
assignment of other relaxations is not obvious. They can
result from the induced polarization of the Aerosil particles,
from the reorientation of surface trimethylsilyl groups,
and/or from strongly adsorbed and sterically hindered
water molecules. The obtained datashow good correlation
with results from previous NMR experiments,?11:80
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