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Abstract. Polydimethylsiloxane (PDMS) was studied with different concentrations of boron in the structure of a
polymer composite. Dielectric characterization of the prepared composite samples was analysed by dielectric spectroscopy. According to the outcomes of dielectric characterization, the increase in the B-doping ratio caused an increase in
dielectric constant. Also, the lowest value of relaxation time was attained by 10% boron-doped PDMS. Besides, the
studies of a-relation, relation time values and imaginary part of permittivity indicated that 10% boron-doped PDMS is
found to be an optimized amount for a proper composite. Optimization of a tailored boron-doped polymer composite was
realized and attained by dielectric spectroscopy throughout our work.
Keywords.

1.

Polydimethylsiloxane; boron; polymer composite; dielectric properties.

Introduction

Polydimethylsiloxanes (PDMS) are very special polymers, including oxygen and carbon, and those siliconderivative polymers are opaque, insulating, outstanding,
biocompatible and flexible polymers indeed [1–3]. On
the other hand, micro electromechanical systems
(MEMS) have a very big potential for applications and
generally, silicon-based polymers are employed in most
of their realizations [4]. In addition, PDMS agents are
largely used in implications of textiles, food, lubrication,
papers, membranes and so on. Also, microfluidics and
anticorrosion applications are some of their noteworthy
usages [5–10].
Composite materials are those combined by two or
more materials, exhibiting predominant properties altogether without exercising chemical reactions between
them [11]. In fact, boron is the 51st common element in
earth and not present in free form naturally. It has the
ability of making various compounds and it absorbs
neutrons indeed [12]. On the other hand, boron-based
composites reveal high strength and hardness, high resistance and low density. These composites are effectively
employed in electronics with microwave tubes, sensors,
superconductors, semiconductors, LCD screens, CD drivers, fibre optic cables, vacuum tubes and with dielectric
materials for various applications. In addition, armoured
plates, firearm barrels, fortified glasses, gas tribunes, high

temperature transistors, various applications of metallurgy
and nuclear-aimed usages are some of their fantastic
application areas as well [13–15]. Boron was used as a
dopant for SiC powders, and the complex permittivity was
determined. The real and imaginary parts of permittivity
of SiC samples are increased [16]. In the scope of this
work, we have innovated the tailored properties of mentioned polymers by employing boron doping at different
percentages and the possible received improvements were
monitored by impedance spectroscopy and electrical
characterization. Although there are some works concentrated on such a composite as refs [17–19], according to
our knowledge, there is no such detailed electrical characterization and optimization work altogether via dielectric spectroscopy. Certainly, this work advances the
knowledge about the material and its possible applications
(figure 1).

2.
2.1

Material and methods
Chemicals

PDMS Sylgard 184 Dow Corning, silicone elastomer; and
dimethylvinylated and trimethylated silica Sylgard 184,
silicone elastomer curing agent were purchased from Farnell. Boron was purchased from Merck and its particle size
is about 2 lm.

190

Page 2 of 6

Bull. Mater. Sci. (2021)44:190
3.

Results and discussion

3.1

Figure 1.

2.2

Molecular structures of PDMS [20].

Preparation of composite films

PDMS films were prepared by the well-known and accepted
procedures of ref. [21]. PDMS was cured with
dimethylvinylated and trimethylated curing agent, 10:1 wt
wt-1 and then, the mixture is subjected to 500 rpm for
30 min. Then, vacuum sucking is applied in an ultrasonic
bath, so that a bubble-free mixture is attained. Then, 1 ml of
the material is poured in a 2.5 cm radius Teflon mould.
Later, the material is left for 48 h to dry under 0.5 bar
pressure, whereby pure PDMS film was attained without
boron doping (PB-1). In the same fashion, 1% (PB-2), 5%
(PB-3), 10% (PB-4), 20% (PB-5) and 40% (PB-6) wt wt-1
boron-doped samples were prepared with the same
procedure.

2.3

Characterization of composite films

FTIR spectrum was measured on Shimadzu, Prestige 2100
ATR–FTIR. In the FTIR spectrum of pure PDMS and
PDMS–boron composites (figure 2), the peak at 2962 cm-1
refers to C–H stretching of CH3. The peak at 1411 cm-1
shows CH3 asymmetric deformation of Si–CH3, the peak at
1256 cm-1 shows CH3 symmetric deformation of Si–CH3.
The peaks at 1011 and 1069 cm-1 refer to Si–O–Si
stretching vibrations. CH3 rocking in Si–CH3 is observed in
the peaks at 861 and 788 cm-1 [22,23].

SEM

The morphology of PDMS with 40% boron dopants (PB-6)
composite was observed by scanning electron microscopy
(SEM, Thermo Scientific Quattro). Figure 3a presents the
SEM image of PB-6, it can be observed that boron particles
are quite homogeneously dispersed throughout the PDMS
matrix. The interface between them is not characterized,
assuming as a fragile area or liable to the damage occurrences. This result can be attributed to a good interaction
interface between the boron particles and PDMS polymer.
The elemental analysis of boron-doped PDMS was
analysed by taking EDAX. Figure 3b shows the EDAX
spectra of PDMS with boron dopants. The elementary
analysis reveals the peaks for Si, O, C and B.

3.2

Dielectric properties

Dielectric measurements were done by using the dielectric
spectrometer (Alpha-AN Novocontrol impedance analyzer).
The samples are bulk and they are pellet-shaped samples
with a thickness of 2 mm and with a diameter of 5 mm.
Firstly, dissipation factor is calculated from the device and
the imaginary part is calculated from equation (2), during
the determination of the imaginary part of the dielectric
constant. The stored load and lost energy in a dielectric
material are defined by the complex dielectric constant. The
complex dielectric constant is shown below [24–26]:
e ðxÞ ¼ e0 ðxÞ  je00 ðxÞ:
0

ð1Þ
00

In this equation, the e (x) and e (x) refer to the real and
imaginary parts of the complex dielectric constants,
respectively. Additionally, x is defined as angular frepﬃﬃﬃﬃﬃﬃﬃ
quency and j ¼ 1 in equation (1). The ratio of e00 (x) to
the e0 (x) is known as the tangent factor and is shown in the
following equation [27–35]:
tanðdÞ ¼ e00 ðxÞ=e0 ðxÞ:

ð2Þ

The capacitance value of a dielectric sample depends on
the real part of the complex dielectric constant and the
geometry of the sample as expressed by the following
equation [36]:
e0 ðxÞ ¼ Cp d=e0 A:

Figure 2. FTIR spectrum of pure PDMS and PDMS–boron
composites.

ð3Þ

Here, e0 is the permittivity of free space, A the sample
thickness, d the sample area and Cp the parallel capacitance
[25,26].
Dependency of dielectric constant on the angular frequency for boron-doped PDMS is given in figure 4. In these
samples, real part of dielectric constant has been increasing
with the increase in the doping percentage of boron. Hence,
analyses of these samples according to real function of the
Cole–Cole plots were done according to equation (1).
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(a) SEM of PB-6. (b) EDAX of PB-6.

The dielectric dispersion curves are described by the
Cole–Cole relation [37–39],
e0  e1
e ðx Þ ¼ e1 þ
;
ð4Þ
1 þ ðixsÞ1a

The real part of complex dielectric constant Cole–Cole
equation of fitting function defined as:

where e ðxÞ is the complex dielectric constant, e0 the limiting low-frequency dielectric constant and e? the limiting
high-frequency dielectric constant, s0 the average relaxation
time, x the average angular frequency, a a fitting parameter
signifying departure from Debye type relaxation.

ð5Þ

e0 ðxÞ ¼ e1 þ ðes  e1 Þ
1 þ ðxs0 Þ1a sin 12 ap
;

1 þ 2ðxs0 Þ1a sin 12 ap þ ðxs0 Þ2ð1aÞ

where e1 and es are the high- and low-limiting angular
frequency dielectric constants. Besides this, the dielectric
strength has also been calculated using equation (6).
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Figure 4. Angular frequency variation of the real part of the complex dielectric constant borondoped PDMS.

Figure 5.

a-relaxation and relaxation times graph of PDMS samples.

De0 ðxÞ ¼ es ðxÞ  e1 ðxÞ:

ð6Þ

If the centres of the semicircles (Cole–Cole plot in
figure 7) lie along e0 (x) axis, then, a is zero (Debye type)
[40]. The values of a were determined from the Cole–Cole
plots. The obtained results suggest that dielectric relaxation
process is a Debye type relaxation behaviour. This behaviour is probably due to the dipolar rotation around the long
molecular axis. This suggests that s0 values of the relaxation
process are associated with the reorientation of molecules.

a-relaxation and relaxation time s0 values of dopedPDMS samples are calculated by means of fitting with
equation (3) and the related plots are given in figure 5. With
regard to a and s0 values, the ideal result is attained by 10%
boron-doped PDMS sample (PB-4) with Debye type property of the sample. In the same fashion, the lowest value of
relaxation time is obtained by 10%-doped PDMS composite
with dipole alignment along long axis.
Dependency of imaginary part of dielectric constant with
respect to frequency was investigated with figure 6. This
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Figure 6. Angular frequency variation of imaginary part of the complex dielectric constant for
boron-doped PDMS samples.

Figure 7.

Cole–Cole plot of boron-doped PDMS samples.

information is noteworthy to obtain energy loss reflection of
the studied molecular system. Starting from this motivation,
we can acquire information about this boron-doped PDMS
polymer chain retains its structure up to which frequencies,
and also about molecular dipole vibrations or dipole orientations. So, pure PDMS sample reveals a weak shoulder
slope and once the amount of boron doping rises, the critical
frequency initially advances forward as seen in the plot, and
then with further doping, it shifts back and peaks of

imaginary part of dielectric constant forward and backward,
implying the first proper dipole orientation is satisfied with
10% boron-doped PDMS polymer films. This approach
gives us strong guidance about optimum doping rate of 10%
boron.
In figure 7, Cole–Cole plot of boron-doped PDMS
samples was given. According to our analysis, the
equivalent circuits of boron-doped PDMS samples are as
follows, semicircle properly corresponds to parallel

190

Page 6 of 6

Bull. Mater. Sci. (2021)44:190
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]

Figure 8.

Equivalent RC circuit.

resistance–capacitance (R–C) devices and perpendicular lie
corresponds to series resistance (R) in the low angular frequency. Here, perpendicular lie corresponds to supercapacitor material behaviours of the equivalent R–C circuit
and the ideal equivalent circuit panorama was achieved by
10% boron-doped PDMS sample. In fact, 10%-doped (PB4) sample demonstrates parallel RC and series R circuit
(figure 8).
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4.

Conclusion

The design of polymer composite, which is made up of
PDMS and boron doping, was studied with dielectric
spectroscopy and various electrical properties and tendencies were revealed throughout the work. In fact, nearly
Debye type property exhibited in the optimum value of
doping 10% boron incorporation with sample (PB-4). We
can deal with its ideal dielectric property with minimum arelaxation, and also the lowest relaxation time value, which
are achieved with 10% boron-doped sample. Main goal of
this work attributes to optimization of the proposed composite and put forth the tendencies of its electrical properties
as much visualized as possible.

References
[1] Park E J 2013 RSC Adv. 3 12571
[2] Kornbluh R, Pelrine E and Sommer-Larsen P (eds) 2011
Dielectric elastomers as electromechanical transducers
(Netherlands: Elsevier)
[3] Bele A 2015 Adv. Eng. Mater. 17 1302

[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]

Rebello K J 2004 Proc. IEEE 92 43
Sia S K and George M 2003 Electrophoresis 24 3563
Duo S 2008 Mater. Chem. Phys. 112 1093
McDonald Cooper J and Whitesides G 2002 Acc. Chem. Res.
35 491
Hong H 2012 Mater. Des. 34 732
Yamamoto T 2011 Surf. I˙nterface. Anal. 43 1271
Kottmann A 2017 Chem. Asian J. 12 1168
Ayrilmis N 2013 Engineering 44 745
Sokmen N and Buyukakinci B Y 2018 CBU International
Conference Proceedings p 1158
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