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ARTICLE INFO ABSTRACT

Keywords: This work presents a new approach to enhance EMI shielding efficiency of nanocomposites of
EMI shielding dielectric polymers, multiwalled carbon nanotubes (MWCNTSs) and intrinsically conducting
Nanocomposites

polymers for account of using core-shell morphology for conducting components. To realize this
approach new ternary nanocomposites of poly(vinylidene fluoride) (PVDF), MWCNTs and poly(3-
methylthiophene) doped by Cl™ anions (P3MT) were prepared through synthesis of thermally
stable core/shell nanocomposites PVDF/P3MT and MWCNT/P3MT. These binary nanocomposites
were mixed with pure MWCNTSs or PVDF followed by compression molding to prepare the ternary
nanocomposites of different morphology to discriminate their EMI shielding properties in a wide
frequency range (1-67 GHz). Values of the tangent of dielectric loss angle, the efficiency of
transmission, reflection and absorption of microwave radiation, and shielding efficiency (SE) of
the specified materials were found from analysis of spectral dependences of their complex
dielectric constants. It was shown that while the melt mixing of the binary PVDF/P3MT nano-
composite with MWCNTSs both in a pure state and in the binary nanocomposite (MWCNT/P3MT)
expectedly strongly enhances SE of the former, this effect is non-linear and depends on presence/
absence of the P3MT shell on the MWCNT core. The ternary nanocomposite PVDF/P3MT/
MWCNT made of the binary polymer-polymer nanocomposite PVDF/P3MT and pure MWCNTSs
showed highest SE values at the frequencies above 4.5 GHz up to 68.4 dB at 67 GHz in the case of
the 1 mm thickness sample. However, below 4.5 GHz the SE was higher in the case of the ternary
nanocomposites containing core/shell MWCNT/P3MT nanocomposite instead of pure MWCNT.

poly(vinylidene fluoride)
Carbon nanotubes
poly(3-methylthiophene)

1. Introduction

Harmful effects of radiofrequency electromagnetic fields from different electronic devices on our life make a significant pressure on
human and other living organisms health and safety, modulate a correct work of these and other devices, etc. [1-5]. These devices are
involved in cellular and Internet networks (mobile phones, computers) and even used in recently appeared pain-inflicting military
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weapon services. However, while this high-tech electromagnetic emission has a strong negative impact on human life quality,
currently no one can stop it because of our needs to use such devices. It seems all we can do in this situation is a development and use of
shielding materials suppressing electromagnetic interference (EMI). The shielding materials can be traditionally based on metals or
their conducting composites layered complex structures with common polymers, which work as effective screening materials mainly
due to a high reflection ability of metals [5,6]. At the same time, such materials are not suitable for many cases because of their high
density, corrosion susceptibility, low flexibility, etc. [6,7] and, despite their domination on EMI shielding market, are now replaced in
many cases by highly conducting composite materials of polymers filled with magnetic oxides or lightweight carbonaceous particulate
matter (carbon black, carbon fibers, carbon nanotubes, graphite, graphene, graphene oxide, etc. [5-11]). Among the carbonaceous
materials multiwall carbon nanotubes (MWCNTSs) can be considered as one of most suitable fillers due to high conductivity, aspect
ratio, specific surface, and a quite acceptable cost [12]. Thus, their combination with metal or ceramic nanoparticles can give
nanocomposites, which are good EMI shielding materials [13-16]. In particular, addition of MWCNTSs to barium hexaferrite doped
with copper, magnesium and zirconium dopants resulted in nanocomposites (mixed with epoxy resin as a binder with the weight
percentage of 70:30) having the real and imaginary parts of the permittivity much higher than those of the pure barium hexaferrite
based samples. The highly doped sample had a reflection loss (value —23.1 dB at 8 GHz), which was more than twice larger than that of
the pure barium hexaferrite based samples in the frequency range 2-18 GHz at a matching thickness of 2.1 mm [13]. The approach
involving chemical precipitation of conducting noble metal nanoparticles instead of ceramics on surface of carbonaceous nano-
materials (MWCNTs and reduced graphene oxide (rGO)) and their embedding in a flexible polymer matrix is probably a good choice
for formation of lightweight materials with efficient EMI shielding ability [14-16]. In particular, flexible conducting polymer com-
posite films, prepared via a simple solution cast method, of polyvinylidene fluoride (PVDF) loaded with Au nanoparticles —-MWCNTSs
showed effective electromagnetic shielding of 26.7 dB at 12 GHz for 3 wt % Au NPs in 3 wt % MWCNT/PVDF thin (0.5 mm) film [14].
The EMI shielding of 28.5 dB at 12 GHz was observed for the similarly prepared 0.5 mm nanocomposite films of low percentage of
metallic nanoparticles (Au, Ag, Cu) decorated MWCNT/rGO reinforcing fillers distributed in the PVDF matrix [15]. Moreover, even
better EMI shielding ability was shown for the similarly prepared through the solution cast method 0.1 mm nanocomposite films. In
particular, the films with composition of 5 wt% Ag-5 wt% Cu nanoparticles-MWCNT)/PVDF showed a shielding of 26 dB while those
of 5 wt% Ag-5 wt.% Cu nanoparticles -rGO/PVDF revealed a shielding of 29 dB in the frequency range of 8-12 GHz [16].

It is known that nature of the non-conducting polymer matrix/binder is of high importance for the reliable and long-term operation
of such materials in EMI shielding application [17-19]. To endow these materials necessary properties various polymer bind-
ers/matrices were applied such as polyvinyl acetate (PVA), poly(dimethylsiloxane), polyimide, epoxy, PVDF, nylon, polyethylene,
polypropylene, ethylene-vinyl acetate copolymers, polystyrene, polyvinylpyrrolidone, sodium alginate, polymethylmethacrylate, etc.
[18-22]. Among a variety of common polymers used as the binder PVDF takes a special place due to remarkable set of properties which
are characteristic of ferroelectric polymers namely a high permittivity, electroactive properties including ferroelectric, pyroelectric
and piezoelectric effects, non-linear optical properties [23]. Its nanocomposites with MWCNT have interesting dielectric properties
and high conductivity that allows their applications in EMI shielding, electrostatic dissipation, etc. [14-16,24-29]. For example, 0.3
mm nanocomposite films of PVDF with 4 wt% unfunctionalized of MWCNTs showed the maximum shielding effectiveness values about
110, 45, 30, 26, and 58 dB for L (1-2 GHz), S (2-4 GHz), C (4-5.8 GHz), J (5.8-8 GHz), and X (8-12 GHz) bands, respectively [24]. The
solution cast film nanocomposites of Ag/Au decorated MnO, nanoparticles and PbS nanocubes embedded Graphene hybrid nano-
structures loaded in PVDF matrix revealed significantly higher dielectric constant and electrical conductivity compared to neat PVDF
[27,28]. Moreover, the 1 wt% graphene/PbS loaded PVDF thin films nanocomposite displayed good microwave absorption properties
the range of 9.5-12 GHz. In the case of the prepared through the same solution route film nanocomposites of mesoporous ZrO and
PVDF the EMI SE value was determined to be 7.0 dB at 11 GHz, which is greater than that of a neat PVDF matrix (1.1 dB at 11 GHz)
[29].

Importantly that these properties strongly depend on specific interactions between PVDF and carbon nanotubes, which inevitably
influence dielectric loss parameters, alignment of MWCNTs in the melt and in turn in the nanocomposite, morphology and as a
consequence the shielding efficiency of such materials [30].

EMI shielding and other properties of PVDF based nanocomposites can be also significantly enhanced if, as a third lightweight
component, an intrinsically conducting polymer (ICP) is added instead of metal nanoparticles [14-16], metal oxides or PbS nano-
particles components [27-29]. In particular, electromagnetic energy absorption, magnetic, electrical properties and morphology of
hybrid nanocomposites of polyvinylidene fluoride (PVDF) with Fe3O4 nanoparticles with a shell of polyaniline (PANI) doped by
compatibilizing and plasticizing dopant dodecylbenzenesulfonic acid (DBSA) were enhanced compared with the binary nano-
composites without the PANI component [31]. Using MWCNTs with shells of polypyrrole (PPy) doped by dodecylbenzenesulfonate
anions as EMI shielding filler in the PVDF matrix allowed to reach for the robust 1 mm PVDF/MWCNT/PPy-DBS nanocomposite film
the fairly high values of ~34 dB at 20 GHz [32]. Strong effect of the PPy phase on the properties of such nanocomposites is obviously
enhanced by specific interactions of this polymer with carbon nanotubes and with the PVDF phase. Moreover, conductivity, charge
state, structure, morphology and other properties of the ICP component can be strongly changed due to intermolecular interactions of
ICP with both carbon nanotubes and PVDF as it was shown elsewhere on the example of binary nanocomposites of PPy, polyaniline
(PANI) and poly(3-methylthiophene) (P3MT) with MWCNT or PVDF [32-34].

Compared to PPy and PANI composites, poly(3-alkylthiophenes) are rarely mentioned as components of electromagnetic inter-
ference shielding materials, while even one of the earliest publications on the matter revealed not bad EMI shielding effectiveness up to
~45 dB for 3 mm thickness films of 20 wt% of poly(3-octylthiophene) blends with polystyrene, polyvinylchloride (PVC) and ethylvinyl
acetate (EVA) in the frequency range 100 kHz - 1 GHz [35]. There were a few more attempts to apply composites of polythiophene and
its derivatives mainly with ferrites for EMI shielding but with a moderate efficiency less than 25 dB in the range of 1.0-18 GHz [19,36].



M.V. Petrychuk et al. Heliyon 9 (2023) e23101

However, to our knowledge there are no publications which use technologically suitable and robust ternary polythiophene derivatives
nanocomposites with additional carbon nanotubes component embedded in a dielectric polymer matrix for EMI shielding.

This work is devoted to the study of EMI shielding effectiveness of new ternary PVDF/MWCNT/P3MT nanocomposites with
application of core-shell morphology for conducting components in a wide frequency range (1-67 GHz) through finding real and
imaginary parts of dielectric constant of the nanocomposites with further calculation of the shielding efficiency and its component —
reflection, absorption and transmission of electromagnetic radiation.

2. Experimental
2.1. Theoretical background

The interaction of composite materials with electromagnetic radiation (EMR) is characterized by directly measured S-parameters or
complex permittivity, which are used to calculate the shielding ability of such materials [37]. In particular, such ability is charac-
terized by the shielding efficiency (SE) [38]:

P
SE[dB]= 101og10P—°, @
T

where Py and Py are the power of the incident and transmitted electromagnetic waves, respectively.
In turn, shielding efficiency in the first approximation consists of the efficiency of reflection (SEg) and absorption (SE,).
In this case SE = SEgr + SE,. The reflection efficiency is defined as follows:

P
SEg[dB]= 101ogmﬁ,

where Py is the intensity of reflected electromagnetic waves while the absorption efficiency is defined as:

Py—P
SE4[dB]= 101ogm%.
T

In general, Py = Pg + P4 + Pr.

At the same time, when calculating the shielding efficiency, more subtle factors of interaction of the electromagnetic wave with the
matter are often considered, namely, the presence of a skin layer and multiple reflections and refraction on structural inhomogeneities
of mesoscopic sizes [38,39]. The thickness of the skin layer is defined as follows [28]:

1

Vafuc’

where y = p,u, — magnetic permeability, o is specific conductivity of the shielding material.

If we assume that conductivity of non-magnetic nanocomposites is 10° S/m, then according to Ref. [40] the thickness of the skin
layer at the frequency f = 10 GHz is 1 mm. Whereas the specific conductivity of the studied nanocomposites calculated from the
measured in this work values of the imaginary part of the permittivity in the frequency range 1-67 GHz, does not exceed 10% S/m, the
thickness of the skin layer is not less than 10 mm, and, therefore, the effects associated with the skin layer can be ignored in samples
with a lower thickness.

The second factor is the multiple reflection and refraction of electromagnetic waves on structural inhomogeneities. It is worth
mentioning that the wavelength in vacuum in the applied in this work frequency range 1-67 GHz is not less than ~4.5 mm. Taking into
account that the dielectric constant of the samples at the maximum frequency (67 GHz) is not more than 15, the wavelength in the
sample is not less than ~ 1 mm. Sizes of inhomogeneities in nanostructured materials are 3-5 orders of magnitude smaller and,
therefore, for electromagnetic radiation of the specified frequency the sample material is a homogeneous medium, and interference
phenomena at micro-inhomogeneities are practically absent. In this case, for the EMR, the structured medium is continuous with
corresponding values of complex dielectric constant. Nevertheless, structural heterogeneities affect the optical characteristics of the
material and cause a scattering effect, which is described by the Rayleigh law for the inhomogeneities sizes mentioned above:

5=

PscN/,lT;-, (2)

where Py is the power of the scattered radiation, A is wavelength.

Note that expression (2) is derived for dielectric inhomogeneities. Conducting inhomogeneities behavior can differ due to EMR
absorption by free charge carriers. This means that in the case of structured nanocomposites, in addition to reflection and absorption
the radiation intensity after passing the screen depends also on the scattering conditions on inhomogeneities that, consequently, can
increase the efficiency of the EMI absorption. However, an input of the scattering conditions to the total SE can be identified and
separated through additional study as it requires considerable technical costs. On the other hand, this problem can be bypassed due to
the fact that, when measuring the electrodynamic characteristics of the shielding material, the scattering on the inhomogeneities
increases the absorption coefficient and, therefore, can be taken into account without considering it as a separate characteristic.
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Scheme 1. Formation of binary core/shell PVDF/P3MT and MWCNT/P3MTnanocomposites.

Multiple internal reflections from the interface of the screen and environment affect both the absorption and the reflection coefficient
and will be taken into account in the calculations presented hereinafter.

The shielding efficiency SE, in accordance with (1), is determined by the ratio of the power of the flux of electromagnetic radiation
incident on the test sample to the flux that has passed through the sample. However, the calculated intensity values significantly
depend on the thickness of the screen, which influences absorption, scattering and interference of electromagnetic radiation. This
suggests that SE of shielding materials of different thicknesses can not be correctly compared. Therefore, it is necessary to establish a
method for SE determination, which allows to correct results for comparison. We propose to use the complex dielectric constant, which
determines the characteristics of reflection, absorption and scattering of the EMR. Specifically, taking the known magnitude of the
dielectric constant, the values of SE, SEg and SE4 can be determined using Fresnel formulas [41] for a specific screen thickness. Below
there are equations expressions to determine the reflection, transmittance, and absorption coefficients for normal incidence, which
take into account multiple reflections from the screen surfaces without interference:

e (1Y 3
(5"

4n
= (n+1)*’ “
a= e’2m+"vz, ®)

whereR = %ﬁ and T = % are the reflectance and transmittance coefficients, respectively, P; is the flow that has passed into the medium
with n> 1, directly behind the interface, n = n + jn’ is the complex refractive index of screening material, n, n’ are real and imaginary

parts of the complex refractive index (in air n=1,n=0),a- absorption coefficient, z is the screen thickness, w is angular frequency, ¢
is the speed of light in vacuum. Here

n=1/() + (£)* x cos (—arctgggn/e')>
P (6)
n =1/(€)* + (¢)* x sin (;mtgée /€)>

Taking into account multiple reflections from the interfaces, we obtain the values of the reflection R,, and transmittance T, co-
efficients:

T?a?

Ro=R(1+——% ), 7
( T 17(1sz> @
aT?

T,

© =T 2R (€)

here, T,, already determines the part of the flow that has passed through the entire sample, taking into account the multiple reflections
from the interfaces. The part of the absorbed energy is equal A= 1 — Ry, — T

2.2. Materials and preparations

Acetonitrile (isocratic grade, Merck) was dried before use over annealed 3 A molecular sieves. Monomer 3-Methylthiophene (3 MT)
(Merck), anhydrous FeCl3 (Merck) and other chemicals were of reagent grade and used as received. Submicron powder of 200 nm
PVDF particles was prepared by filtration, washing and thorough drying of PVDF Kynar 6000 latex (Arkema). MWCNT (Arkema) were
used as received.
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Table 1
Description of the formed samples for EMI shielding measurements.
Sample Composition Comment
number, #
1 Pure PVDF Reference sample
2 PVDF/P3MT Made of the binary core/shell PVDF/P3MT nanocomposite
3 PVDF/MWCNT/P3MT Made of the pure PVDF (90 wt %) and binary core/shell MWCNT/P3MT nanocomposite (10 wt%)
4 PVDF/P3MT/MWCNT Made of the core/shell nanocomposite PVDF/P3MT (90 wt %) with pure MWCNT (10 wt%)
5 PVDF/P3MT/MWCNT/ Made of the core/shell nanocomposite PVDF/P3MT (90 wt %) with the previously synthesized core/shell
P3MT nanocomposite MWCNT/P3MT (10 wt%)
6 PVDF/P3MT Second reference sample. Made of the mechanical mixture of pure PVDF and P3MT. Destroyed when treatment to

the final cylindrical sample

MWCNT/P3MT PVDF PVDF/MWCNT/P3MT

W y 4 220 °C
* — (Sample 3)

% o 5t. 5 min

o -’ -
PVDE/P3MT MWCNT
y y
220 °C

- it <~ 3 5t,5 min
- \‘ B

Scheme 2. Illustration of formation of the ternary nanocomposites (samples 3-5, Table 1) fabrication from the binary nanocomposites.
2.3. Preparation of the binary PVDF/P3MT and MWCNT/P3MT core-shell nanocomposites

Based on the synthetic protocol described elsewhere [33], the binary core/shell nanocomposites of PVDF or MWCNTSs with P3MT
doped by Cl™ anions (abbreviated PVDF/P3MT or MWCNT/P3MT, respectively) were synthesized by chemical oxidative polymeri-
zation of 3 MT in thoroughly dried acetonitrile containing dispersed PVDF particles or MWCNTSs at a constant temperature of 18 °C
(CC1-K6 thermostat, Huber) under stirring and argon atmosphere (Scheme 1).

In the both cases we used the same weight ratio of the dispersed phase (PVDF and MWCNTs) to 3 MT = 90:10. In short, the
polymerization was realized as follows. 7.68 g of PVDF or MWCNT powder were dispersed in 60 ml of acetonitrile under ultra-
sonication for about 20 min and then thermostated at 18 °C. Then 0.854 g of 3 MT (8.7 mmol) was added to this dispersion and stirred
for 10 min. The reaction was started by adding 21 ml of the solution of 1.41 g of FeCls (8.7 mmol) in acetonitrile and was carried out for
20 h under continuous stirring.

The polymerization mixtures were then centrifuged at 2000 rpm for 20 min to separate the formed nanocomposites. The pre-
cipitates were decanted, washed again with acetonitrile and ethanol followed by purification by acetonitrile extraction in a Soxhlet
apparatus for 40 h. Completeness of removal of iron salts and other impurities from the nanocomposites was checked by UV-Vis
spectra of the mother liquor after the extraction. The purified nanocomposites were finally dried under vacuum at 40 °C to a constant
weight. Samples of pure P3MT doped by Cl™ anions (abbreviated here-in-after as P3MT for convenience) were obtained by similar
procedures but in the absence of PVDF or MWCNTs.

2.4. Preparation of the binary PVDF/P3MT and ternary PVDF/MWCNT/P3MT melted cylindrical nanocomposites for EMI shielding
measurements

The synthesized binary PVDF/P3MT and MWCNT/P3MT nanocomposites were then used to form cylindrical samples (diameter
1.83 mm and height 2.25 mm) for EMI shielding experiments. Previously, the nanocomposite cylinders of larger sizes (diameter 3 mm
and height 3 mm) were prepared through thorough mechanical mixing of the binary nanocomposites with pure MWCNT or PVDF in
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Fig. 1. TEM images of the pure P3MT at different magnifications (a,b), the parent PVDF (c), the core-shell nanocomposite PVDF/P3MT (d), the
parent MWCNT (e) and their core-shell nanocomposite MWCNT/P3MT (f). Inserts display TEM images of the materials at the higher magnification.

agate mortar followed by compression molding with the help of Specac press at a load of 5 tons for 5 min at 220 °C (Table 1). These
larger cylinders were then treated to get the cylindrical samples with necessary sizes (diameter 1.83 mm and height 2.25 mm).
Schematic presentation of the formation of these ternary nanocomposites (samples 3-5) is shown in Scheme 2.
It is important that the stage of the sample formation showed that a simple mixture of pure PVDF and P3MT (sample 6), even under
the long compression molding at the high temperature, did not allow to obtain the mechanically durable material suitable for further
testing. At the same time, poor mechanical properties of the sample 6 are the clear evidence of a better compatibility of the synthesized
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Fig. 2. TG curves of: 1- pure P3MT, 2- parent PVDF, 3- the binary nanocomposite PVDF/P3MT, 4- parent MWCNT and 5- the binary nanocomposite
MWCNT/P3MT. 1.5 column.

binary MWCNT/P3MT nanocomposites with the common matrix polymer (PVDF), as well as of the PVDF/P3MT with pure CNTs than
in the case of simple mechanical mixture of the pure PVDF and P3MT.

2.5. Characterization

Morphology of the synthesized pure P3MT and these nanocomposites PVDF/P3MT and was visualized by transmission electron
microscopy (TEM) with the help of TEM and SEM microscopes JEOL JEM-1400 and JEOL JSM-6060 LV, respectively.

Structural difference between pure P3MT and its phases in the synthesized nanocomposites at the molecular level was estimated by
their Fourier transform infrared (FTIR) spectra registered with a resolution of 1 cm ™! with the help of Bruker Vertex 70 spectrometer.
The spectra were obtained for the samples in KBr pellets.

Thermostability of these nanocomposites was characterized by their thermogravimetry analysis (TGA) in air atmosphere using
derivatograph system F. Paulik, J. Paulik, L. Erdey with a heating rate of 10 °C/min.

The main electrodynamic characteristics of the nanocomposites were measured by N5227A PNA Microwave Network Analyzer,
(Keysight Technologies) in the wide frequency range from 1 to 67 GHz.

3. Results and discussion
3.1. Morphology and thermal stability of the synthesized binary nanocomposites

3.1.1. TEM

TEM images in Fig. 1 show clear morphological differences between the pure P3MT (a,b) and its phase in the core-shell PVDF/
P3MT (c,d) and MWCNT/P3MT (e,f) nanocomposites. In particular, the pure P3MT consists of asymmetric nanoparticles with linear
sizes in the range of about 20-70 nm, which are assembled in the large 150-300 nm agglomerates forming in turn the larger aggregates
with sizes up to 1 mkm (Fig. 1a and b). However, if P3MT is synthesized in the presence of the spherical sub-micron PVDF particles
(~200 nm, Fig. 1c), it forms at their surface inhomogeneous “broken egg”-like shell but almost without agglomeration (Fig. 1d) as it
was shown earlier [34]. Most of the P3MT phase is located in these one-two-layered shells in a form of more or less asymmetric
nanoparticles like a very poorly shaped spheroids or ellipsoids with sizes in the range of around 10-40 nm. The rest of the P3MT phase
forms large agglomerates of the nanoparticles with sizes up to around 50 nm (Fig. 1d).

In the case of the MWCNT/P3MT nanocomposite (Fig. 1f) a state of the P3MT phase is completely different than in the case of the
PVDF/P3MT one. There is no separate phase of aggregated P3MT nanoparticles while surface of the carbon nanotubes is inhomo-
geneously coated with the weakly resolved very thin polymer layer and very small (less than 1 nm) polymer spots.

The morphological differences between the pure P3MT and its counterpart phases in the both nanocomposites are accompanied
with peculiarities of their structure, conjugation degree, conductivity and thermostability, etc. Such specificities were recently found
for the similar core-shell PVDF/P3MT-Cl nanocomposite with the higher loading of the P3MT phase (the PVDF/3 MT monomer weight
ratio 0.6/0.85) [33,35] and for nanocomposites of MWCNTs with other conducting polymers polyaniline [36] and polypyrrole [32].
Here-in-after we will consider the thermostability feature of the synthesized binary nanocomposites which is especially important in
terms of their processing at high melting temperatures.

3.1.2. Thermal stability of the synthesized binary nanocomposites
Processing of polymer nanocomposites at high melting temperatures inevitably implies strong demands to their thermal stability,
which in turn is predetermined by thermal stability of the composite components and, moreover, can be affected by specific
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Table 2
Thermal characteristics of the pure components and synthesized binary nanocomposites.
Sample number, # Composition Ts(°C) T30(°C) Turi(°C) or Heat-resistance index/°C
1 pure P3MT 233.9 317.9 139.3
2 pure PVDF 413.3 457.4 210.3
3 PVDE/P3MT 350.8 426.6 194.2
4 pure MWCNT 509.2 583.7 554.4
5 MWCNT/P3MT 372.8 582.1 249.2

Turi = 0.49[Ts + 0.6(T30 -Ts)], where Ts and T3 are the decomposition temperatures corresponding to 5 % and 30 % weight losses of the samples,
respectively [47].
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Fig. 3. Frequency dependences of the real (a) and imaginary (b) parts of the complex dielectric permittivity of the samples: 1- PVDF; 2- PVDF/
P3MT; 3- PVDF/MWCNT/P3MT; 4- PVDF/P3MT/MWCNT; 5- PVDF/P3MT/MWCNT/P3MT. Relatively small fluctuations of values are a conse-
quence of the residual uncompensated interference arising in the course of the measurements and are not characteristic of the materials under study.

interactions inside the material [32,35,36,42-44]. As one can see from Fig. 2, thermograms of the pristine template materials reveal
their high thermal stability. In particular, PVDF is stable up to ~385 °C and shows at higher temperatures typical for this polymer
two-step degradation process which includes e.g. elimination of HF, scission and cross-linking of the polymer chains ends [45].

The MWCNTs, after a slight decrease of the weight loss (~1 wt%) typically assigned to the evaporation of water traces, show one-
stage degradation above ~ 465 °C. However, the pure P3MT is much less thermally stable. In particular, after the first small weight loss
(~1.7 wt%) below 100 °C attributed to the evaporation of adsorbed water [46], the P3MT weight strongly decreases above ~ 215 °C
because of elimination of products of thermal oxidative degradation and burning-out of this polymer (Fig. 2).

The situation is dramatically changed in the case of the binary core-shell nanocomposites whose degradation begins at the tem-
peratures intermediate between those of the pure components (Fig. 2). In particular, the shape of their TG traces suggests that the
P3MT component is more thermally stable than in the pure state. Indeed, the TG traces of the PVDF/P3MT and MWCNT/P3MT binary
nanocomposites are very close with those of the template components up to around 285 °C and 340 °C (Fig. 2), respectively, thus
confirming the enhanced stability of the P3MT component in the nanocomposites at high temperatures in air. This enhancement of
thermal stability of the P3MT component is supported by the intermediate values of the heat-resistance index (Tygy) of the synthesized
binary nanocomposites (PVDF/P3MT and MWCNT/P3MT) and their pure components (Table 2).

This fundamental specificity of such materials is highly important for understanding of changes in properties of the P3MT
component which proceed due to its interactions with the template component (PVDF or MWCNT). Existence of such interactions and
their influence on the nanocomposite properties was disclosed in detail recently on the example of nanocomposites of PVDF and
MWCNTs with different loadings of P3MT [48].

At the same time, from the point of technological preparation of the ternary nanocomposites of PVDF/P3MT/MWCNT at the PVDF
high melting treatment temperatures (200-240 °C), the enhanced P3MT-Cl component thermal stability opens a good opportunity for
manufacture of these materials for EMI shielding applications.

3.2. The frequency behavior of the complex dielectric permittivity of the nanocomposites

EMI shielding ability of the materials is predetermined by their electromagnetic properties, in particular by the complex dielectric
permittivity (¢*) consisting of real (¢') and imaginary (¢") parts, respectively reflecting the polarization property of the material and the
dissipation/loss of the material, and, moreover, depending on frequency in dispersive materials [49]. Indeed, Fig. 3 confirms changes
in the both parts of the permittivity of the nanocomposite samples in the wide frequency range. In particular, the binary
polymer-polymer PVDF/P3MT nanocomposite (sample 2) and the ternary nanocomposites with MWCNTs (samples 3-5) show a
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significant dispersion of the both parts in the whole frequency range 1-67 GHz (Fig. 3a and b) which is caused obviously by interfacial
polarization, orientation and electronic polarization typical of the composite materials [49]. These phenomena lead to significant
variations in reflection and absorption of these samples at different frequencies. In turn, this suggests that the P3MT nanoparticles
localized in the shell of the binary core-shell PVDF/P3MT nanocomposite (Fig. 1d), after its melting and formation of the monolithic
nanocomposite PVDF/P3MT (sample 2), are dispersed inside the sample and form a conducting percolation network.

As one can see, in the case of the polymer samples 1 (pure PVDF) and 2 (the binary PVDF/P3MT nanocomposite) the real part ¢
exceeds the imaginary one ¢ in the whole frequency range. However, the behavior of the ternary nanocomposite samples 3-5 (with
additional conducting MWCNTs component) is opposite i.e. the magnitude of ¢’ prevails. In the latter case this suggests that the
samples 3-5 have higher losses due to their conductivity. The losses are well illustrated by the frequency dependences of the effective
loss tangent (the ratio of the imaginary part to the real part of the complex permittivity) tan 5 = ¢ /¢ especially for the nanocomposites
with MWCNTs with the P3MT shell (only samples 3 and 5, Table 1) (see Fig. 4a). Fig. 4b shows the conductivity spectra of the samples
calculated by the formula:

=, 12
° 4ﬂw’ 12)

where o is the angular frequency.

We see that the conductivity of samples 3 and 5 increases with decreasing frequencies in the f < 10 GHz range, which is char-
acteristic of Maxwell-Wagner polarization, i.e. in this frequency range the charges still have time to move through the cluster. At higher
frequencies, and in samples 1, 2 and 4 in the entire frequency range, the conductivity seems to be determined by other mechanisms.

In fact, the tan § behavior (Fig. 4a) shows the specificity of these ternary samples with the P3MT component tightly bound to the
surface of MWCNTs as compared with the samples 2 and 4 containing the separate phase of P3MT nanoparticles (stemmed from the
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parent PVDF/P3MT, see TEM image Fig. 1d and Table 1). In particular, this behavior not only reveals the fact that the former materials
have the increased losses at the beginning (f = 1-4 GHz) of the whole frequency range followed by the lowered losses at higher
frequencies (as compared with the latter materials) but also confirms the above-discussed specific interactions and properties of the
P3MT with MWCNTs formed in the binary MWCNT/P3MT nanocomposite.

At the same time, the real and imaginary parts of the complex permittivity in the samples 3 and 4 with coated and uncoated
nanotubes practically coincide in the quite narrow frequency ranges about 1.5 GHz-6 GHz and 2.6 GHz-4.5 GHz (Fig. 4), respectively.
In the samples 3 and 5 differing in the latter case by the presence of the P3MT nanoparticles (separate phase) from the shells of PVDF/
P3MT (Table 1), the real and imaginary parts of the complex permittivity coincide also in the ranges 12 GHz-30 GHz and 4 GHz-10
GHz, respectively. For the moment there is no clear understanding why we observe this phenomenon and further deeper investigations
of the physical-chemical interactions and state of these materials are needed. Nevertheless, existence of this phenomenon can be
partially explained by the presence of some factor(s) compensating the difference between the materials in these frequency ranges.

Fig. 5 shows the ¢ (¢) dependences. Only for the sample 1 (pure PVDF) there is a curve that remotely resembles the curve for an
oscillator with one time constant. For other samples, the dependences close to the linear one ¢ ~ ¢ are observed. The sample 5 shows
almost quadratic dependence at high frequencies.

3.3. EMI shielding effectiveness of the ternary nanocomposites

SE, SEg and SE, parameters, calculated in accord with equations (3)-(8) for the nanocomposites 2-5, are presented in Fig. 6 on the
example of the samples with the thicknesses reduced to 1 mm, for convenience. Expectedly the binary polymer-polymer nano-
composite 2 shows the much lower reflection, absorption and shielding properties than the ternary ones with carbon nanotubes.
Nevertheless, there is a general trend to monotonous decreasing the reflection loss with the frequency growth from 6 to 10 dB at ~2
GHz to ~ 1-3 dB at 67 GHz. As a result, the main contribution to the shielding efficiency (SE) of the samples is made by absorption, and
this trend strongly increases above ~1.8 GHz when SEg becomes lower 10 dB with increasing frequency (Fig. 6a—c).

At the same time, there is a significant difference in the behavior between the nanocomposite samples containing separate P3MT
nanoparticles dispersed inside the PVDF matrix (samples 2 and 4) and the nanocomposite samples with PBMT component tightly
bound to the surface of MWCNTs (samples 3 and 5) (Fig. 6b and c). Thus, the former show a quite strong monotonous growth of SE5
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Table 3
Comparison of SE values for the binary polymer-polymer nanocomposite (sample 2) and ternary nanocomposites containing binary MWCNT/P3MT
nanocomposite pure or MWCNTSs (sample 4) (samples 3, 5) at fixed frequencies.

GHz SE Frequency, GHz

1 2 15 67
PVDF/P3MT (sample 2) 5.3 5.0 6.2 10.9
PVDF/MWCNT/P3MT (sample 3) 43.7 26.5 16.1 37.1
PVDF/P3MT/MWCNT (sample 4) 20.2 20.1 29.6 68.4
PVDF/P3MT/MWCNT/P3MT (sample 5) 46.8 23.8 19.3 50.0

and SE (Fig. 6b and c). The pure (untreated) MWCNTSs in the nanocomposite (sample 4) increase almost linearly the SE and SE values
in 5-7 times in the whole frequency range as compared with the binary nanocomposite (sample 2). This almost linear change in the
protection capability when transition from sample 2 to sample 4 reveals a more significant input of the MWCNTs in their shielding
efficiency as compared with the P3MT component. The situation is strongly different in the case of the nanocomposites with the
MWCNTs coated with the P3MT (samples 3 and 5) which demonstrate, in particular, decreasing SE from ~44 dB (sample3) and ~46 dB
(sample 5) at 1 GHz to a common wide minimum around 18 dB followed by increasing to ~37 dB (sample 3) and ~50 dB (sample 5)
(Fig. 6¢). This behavior of the both samples (3 and 5) in the whole frequency range suggests a specific state of the P3MT component
localized in the shells on the MWCNTs which can lead to lowering its absorption ability in the low frequency range (1-10 GHz). This
trend is, however, reversed at higher frequencies probably due to the absorption ability of MWCNT component (Fig. 6¢). Nevertheless,
one can see the higher shielding efficiency in the ranges around 1-4.2 GHz and 7.8-67 GHz in the case of sample 5 due to probably, the
absorption of the separate P3MT nanoparticles in addition to core-shell MWCNT/P3MT binary nanocomposites. This effect can not be
considered as an additive input of the former component because differences between SE values of the both samples (5 and 3) at fixed
frequencies differ from with SE values of the sample 2 in these frequency ranges (Table 3).

At the same time, non-additivity of SE inputs of two binary nanocomposites (PVDF/P3MT and MWCNT/P3MT) confirms an ex-
istence of specific interactions in the final ternary nanocomposite (sample 5) between separate P3MT nanoparticles, formed for the
former one, and P3MT shells at the MWCNTs cores.

4. Conclusions

New ternary nanocomposites of poly(vinylidene fluoride) (PVDF) multiwalled carbon nanotubes (MWCNT) and poly(3-
methylthiophene) (P3MT) have been prepared for EMI shielding. Specificity of these nanocomposites consists in the fact that they
are made by compression molding of mixtures of bare PVDF or MWCNTs with previously synthesized binary nanocomposites PVDF/
P3MT and/or MWCNT/P3MT of core/shell morphology. This approach allowed preparing the ternary nanocomposites of different
morphology to discriminate their EMI shielding properties in a wide frequency range from 1 GHz up to 67 GHz. In particular, using
core/shell PVDF/P3MT nanocomposite for such preparation leads to appearance of P3MT nanoparticles from the P3MT shell in the
ternary nanocomposite bulk. These nanoparticles form own conducting percolation network in addition to pure MWCNTs or MWCNT/
P3MT percolation networks and affect spectral dependences of complex dielectric constants of ternary nanocomposites and finally EMI
shielding efficiency. In particular, in the case of nanocomposites made of the binary polymer-polymer nanocomposite PVDF/P3MT and
of its mixture with pure MWCNTs almost a monotonous growth of absorption and shielding efficiency (SEa and SE) in the wide fre-
quency ranges is observed. However, if the ternary nanocomposites contained the binary core/shell nanocomposite MWCNT/P3MT,
some decrease of these efficiencies was observed in the range of 1-9.5 GHz followed then by their mild growth up to 67 GHz. As a
result, the best SEx and SE values above 4.5 GHz were shown by the ternary nanocomposite containing both P3MT nanoparticles and
pure MWCNTs while at lower frequencies SE, and SE values were higher in the case of the ternary nanocomposites containing core/
shell MWCNT/P3MT nanocomposite instead of pure MWCNTSs. This non-additivity of the inputs of two binary nanocomposites (PVDF/
P3MT and MWCNT/P3MT) confirms an existence of specific interactions in the final ternary nanocomposite between separate P3MT
nanoparticles, formed for the former one, and P3MT shells at the MWCNTSs cores.

It is worth noting that the developed nanocomposites are characterized by an increase of the contributions of absorption and a
decrease of the reflection toward total SE with increasing frequency, which appear positive for using these materials for EMI shielding
of electronic equipment and as protective coatings reducing radio visibility.
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