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1

 

INTRODUCTION

PDMS is widely applied as a material that preserves
its performance ability at temperatures ranging from

 

−

 

35 to +200

 

°

 

C.

In worldwide practice, PDMS is used, in particular,
for the production of light-reflective, buffer, filter, and
protective coatings for optical fibers. The structure of
PDMS was studied by the methods of X-ray analysis at
low temperatures and by the DTA method at high tem-
peratures [1–3]. As was shown, the above polymers
experience phase transitions between amorphous and
crystalline phases at temperatures below 

 

~–60°

 

C. Tem-
peratures below the crystallization temperature of
PDMS correspond to the glass transition region. On
passing through the temperature region of crystalliza-
tion (from –60 to –90

 

°

 

C), one can observe hysteresis,
which is associated with high relaxation times of the
crystallization process.

It was found that the incorporation of iron nanopar-
ticles and microparticles (2–10 nm) into PDMS exerts
a marked effect on its elastic properties and can induce
the development of a tremendous magnetically strained
phenomenon under the action of external magnetic
fields [4, 5].
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The test samples under study were soft dark-colored
rods based on PDMS containing 10–30 wt % iron par-
ticles. In this study, we examined the effect of a mag-
netic filler on the dielectric characteristics of PDMS.

EXPERIMENTAL

Relaxation methods and, in particular, the method of
low-frequency dielectric spectroscopy (the frequency
region from very low- to radio frequency) offer sub-
stantial advantages for studying the polymer structure
and its phase transition behavior in a wide temperature
range. The methods of dielectric characterization are
based on the measurements of complex permittivity
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 is the area of the flat sample, and 
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is
expressed through the dielectric loss factor . Con-
ductivity is estimated from 

 

ε

 

''

 

 through the following
formula: 
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 is the cyclic frequency, and 

 

ε

 

0

 

 =
8.85 

 

×

 

 10
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 F/m is the electric constant). Dielectric
characteristics were recorded on a Novocontrol broad-
band dielectric spectrometer (Germany) with automatic
recording and digital data processing.

In the experiments, the electric field frequency was
varied from 10

 

–1

 

 to 10

 

6

 

 Hz; temperatures ranged from

 

−

 

140 to +60

 

°

 

C. At each point, temperature was main-
tained to within 

 

±

 

0.01°

 

C.
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Abstract

 

—The properties of a pure PDMS and PDMS containing iron particles have been studied with dielec-
tric spectroscopy. A Novocontrol broadband dielectric spectrometer was used to record frequency and temper-
ature dependences of the conductivity and dielectric loss factor. The mechanisms of the observed behavior are
discussed.
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RESULTS AND DISCUSSION

Figure 1 shows the 3D plots illustrating the permit-
tivity of the pure PDMS and PDMS with admixtures,
where temperature and frequency are variable parame-
ters. The measurements of temperature dependences of

 

ε

 

', 

 

, and 

 

σ

 

 of PDMS in such a wide frequency
range were performed for the first time. Comparing the
temperature dependences of 

 

ε

 

'

 

 at different frequencies
during heating and cooling runs, one can observe the
dielectric hysteresis with abnormal regions at about

 

−

 

40

 

°

 

C and in the temperature interval from –70 to

 

−

 

100

 

°

 

C.

δtan

 

At all frequencies, the samples containing 10%
magnetic particles show a single diffuse abnormal
region of 

 

ε

 

'

 

 at temperatures ranging from –70 to

 

−

 

100

 

°

 

C (Fig. 1b). Other samples containing 10–30%
iron particles demonstrate a smeared maximum of 

 

ε

 

'

 

 in
the same temperature interval (Fig. 2). In this case, with
an increase in the iron content in the samples, the abso-
lute values of 

 

ε

 

'

 

 tend to increase over the entire temper-
ature range. As compared with the pure PDMS, owing
to the introduction of 30% iron particles, 

 

ε

 

'

 

 increases by
a factor of 3–4. For the sample containing 30% iron
particles,  increases by a factor of 20 at 100 Hz
and by a factor of 5–6 at 10

 

5

 

 Hz (Fig. 3). In this case,
the maximum of  is observed at the same fre-
quency regardless of the temperature. This fact sug-
gests a weakly pronounced relaxation.

Complex systems of solid-state oscillation continua
should possess a wide spectrum of connected oscilla-
tors. This is the reason behind the fractal nature of
dielectric response, especially in the region of very low
and audio frequencies. The fractal approach is widely
used for studying the conductivity and nucleation at
phase transitions in crystals and polymers [6, 7].

The frequency dependence of specific conductivity
for PDMS is described by a power law. This observa-
tion is confirmed by virtually linear changes in the
above parameters in the logarithmic plots (Fig. 4). Fig-
ure 4 presents the family of the frequency dependences
of conductivity 

 

σ

 

 for the sample containing 30% iron
particles at different temperatures. All plots show that
the specific conductivity 

 

σ

 

 increases with an increase in
frequency. At different frequencies, the values of the
specific conductivity 

 

σ

 

 at –40 and –100

 

°

 

C differ by
more than an order of magnitude.

The linear character of the –

 

 

 

dependence
attests to the fractal relations in a wide range of fre-
quencies and temperatures beyond crystallization and

δtan

δtan

σlog ωlog

 

(a)

5.0

4.5

 

ε

 

'/

 

ε

 

0

 

10

 

1

 

10

 

3

 

10

 

5

 

10

 

7

 

f

 

, Hz
0–50–100

 

T

 

, °C

(b)

6

5

 

ε

 

'/

 

ε

 

0

 

10

 

1

 

10

 

3

 

10

 

5

 

10

 

7

 

f

 

, Hz
0–50–100

 

T

 

, °C

 

Fig. 1.

 

 Temperature–frequency dependence of per-
mittivity for (a) the pure PDMS and (b) PDMS con-
taining 10 wt % iron particles. The measurements
were performed during cooling runs.
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Fig. 2. 

 

Temperature dependence of permittivity at a
frequency of 1.34 kHz for the PDMS sample contain-
ing (

 

1

 

) 16 and (

 

2

 

) 30 wt % iron particles.
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glass-transition temperature intervals. The slopes of
linear s (σ ~ ωs) dependences are shown in Fig. 5. As is
seen, the parameter s shows abnormal behavior at about
−55°C and drastically decreases at temperatures below
–85°C. At maximum, the s value exceeds 1.2. This
fact reflects the cooperative interaction upon hop diffu-
sion [8]. Conductivity at a frequency of 1–5 MHz also
shows abnormal behavior, which is related to the fact
that, at very high frequencies, heavy carriers are
excluded from hop transport.

From the  = f(1/T) dependence, activation
energies are calculated to be 0.15–0.19 eV; as fre-
quency is increased from 1.14 to 100 kHz, the above
values decrease slightly. The above results lead us to
conclude that carriers are protons, because the values of
activation energy appear to be comparable with the
activation energy of proton overbarrier hops in a hydro-
gen bond.

Let us analyze the temperature–frequency depen-
dences of ε' and  at positive temperatures (Fig. 6).
At 34–37°C and 39–41°C (above 10 kHz), one can
observe the smeared maxima of both ε' and  and
their temperature interval coincides with the tempera-
ture interval of the abnormal behavior of ε'(T) observed
for some substances containing hydrogen bonds: crys-
tals of triglycine sulfate [9]; Rochelle salt (prior to
melting) [10]; triglycine tellurate [11]; vinylidene fluo-
ride–trifluoroethylene copolymer (partial ordering of
the amorphous phase) [12]; and lithium, yttrium, and
holmium formates [13].

The abnormal behavior observed at about 40°C can
be provided by structural rearrangements that are asso-
ciated with the overoccupation of proton energy levels
at hydrogen bonds or breakdown of bifurcate hydrogen
bonds if they are involved in the framework of heavy
metals [11].

σT( )log

δtan

δtan

One can expect the occurrence of short-scale relax-
ation processes provided by the rotation of atomic
groups about different axes. The PDMS chain contains
two such groups CH3. The rotational degrees of free-
dom related to side groups are usually referred to as γ
processes.

For PDMS, the temperature of the relaxation transi-
tion of α-methyl groups attached to a polymer chain is
–100 ± 10°ë and the activation energy is 0.15–0.20 eV
for the pure and filled PDMSs. Note that similar values
of the relaxation transition temperature (≅ −110°ë) and
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Fig. 3. Frequency dependence of the dielectric loss
factor for the PDMS sample containing 30% iron par-
ticles at (1) –80, (2) –90, (3) –100, and (4) –120°C.

–8

3

–10

–12

4 5 6
log(2πf) [Hz]

logσ [Ohm/m]
1
2

3

Fig. 4. Frequency dependence of conductivity for the
pure PDMS at (1) –40, (2) –70, and (3) –100°C.
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Fig. 5. Temperature dependence of the power index
for the fractal power law σ ~ ωs (according to the data
presented in Fig. 4).
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the activation energy (~0.20 eV) were obtained for the
α-methyl groups in PMMA [14] that are directly
attached to the polymer chain.
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Fig. 6. Temperature–frequency dependence of dielectric loss factor for the pure PDMS.


