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Abstract

Polypyrrole (PPy) is an electrically conductive organic material perspective for application in the field
of electromagnetic interference shielding (EMI). The presented fundamental study focuses on the
shielding efficiency of three various morphologies of PPy (globules, nanotubes and microbarrels).
Powdered samples in both protonated and deprotonated form were embedded at various concentrations
(1, 3 and 5 % w/w) in a composite system with a transparent silicone matrix cured at temperatures 25
and 150 °C. The ability of PPy to reflect or absorb electromagnetic radiation in the C-band region
covering the range from 5.85 to 8.2 GHz was evaluated. The relationship between the morphology of
PPy, its DC and AC electrical conductivity, permittivity and shielding efficiency was studied. The PPy
nanotubes with the DC conductivity of 60.8 S cm™ exhibited shielding efficiency S, = -13.27 dB at 5
% wi/w concentration in the composite, which corresponds to transparency of 21.7 % only. It was found
that the magnitude of electrical conductivity together with the aspect ratio of PPy morphology
determines the shielding efficiency whereas the type of morphology is responsible for absorption or
reflection mechanism of EMI shielding. Hence, the appropriate adjustment of both the electrical
conductivity and the morphology should be used in the future lightweight and flexible EMI shields with

tunable shielding efficiency and mechanism of shielding.
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1. Introduction

Polypyrrole (PPy) is a representative of conducting polymers, whose electrical properties resemble
inorganic semiconductors while it retains mechanical flexibility of organic polymers. The PPy in a basic
globular morphology (PPy-G) was studied thoroughly in the past and thus most of its fundamental
properties are well known. [1] Nowadays, PPy research is therefore focused on morphologies containing

novel nano- and micro- structures. [2]

One of the most intensively studied morphology of PPy are nanotubes (PPy-NT), which have tens to
hundreds of nm in diameter and are several um long. The PPy-NT exhibits higher electrical conductivity
(order of tens to hundreds of S cm™), better long-term stability (from months to years until conductivity
deteriorates to half of its initial value) and resistance against deprotonation compared to PPy-G. [3]
These extraordinary features of PPy-NT encourage applications in chemistry (catalysis and absorption
of chemicals) [4] and electronics (various physical, chemical or bio- sensors, actuators, batteries and

supercapacitors). [5]

Our past research in the field of conducting polymers was focused on the development and optimization
of PPy morphology including a new kind of uniform structures, such as PPy microbarrels (PPy-MB).
[6, 7] We also experimented with switching and tuning of the magnitude of PPy-G and PPy-NT electrical
conductivity using protonation and deprotonation approaches by acids and bases, respectively. [8, 9]
Moreover, we performed a study whose aim was to find relationships between PPy morphology and

long-term stability of its electrical parameters. [10]

Presented work continues in our fundamental research of PPy morphology. Herein, we have focused on
electromagnetic interference (EMI) shielding properties (i.e. on the PPy ability to attenuate or reflect
electromagnetic radiation) of three PPy morphologies (PPy-G, PPy-NT and PPy-MB), each of which
was studied in protonated and deprotonated form. The powdered PPy was embedded in a silicone matrix
transparent for electromagnetic radiation under the study. As the preparation of samples for EMI
shielding measurement plays a key role, we have also tested the contribution of PPy concentration (load)
in matrix and temperature of sample preparation. The EMI measurement was made in the C-band region
covering frequencies from 5.85 to 8.2 GHz. This region is especially important for the future application

of conducting polymers in the radar, wireless and satellite EMI shielding.

Admittedly, PPy have been attracting attention of experts from the field of EMI shielding for several
decades. However, most of published results focus on PPy-G and its composites (metallic,
carbonaceous, polymeric, etc.) used as a powder in a transparent matrix. Recently, two important
reviews written by Jiang et al. [11] and Kumar et al. [12] have been published covering comprehensively

this area. It is also worth mentioning various advanced structures based on PPy-G (intermediates
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between PPy-G and self-standing supramolecular structures) forming e.g. 3D aerogels networks [13] or
thin-layered core-shell composites with metallic nanostructures. [14, 15] Those are effective, easy-to-
obtain, shielding materials with almost infinite possibilities for modification and tuning. Engineering of
supramolecular nano- or micro- structures of PPy is still relatively young and hence experiments devoted
to EMI shielding by PPy nano- or micro- structures are rather scarce. From the application point of view,
various nano-tubes, wires or fibers which possess high aspect ratio leading to low concentration in their
respective composites are very promising. Recently, PPy-NT and PPy fibers have been tested as EMI

shielding materials in several experiments. [16-18]

In the light of these works we have tried to focus on the currently most popular nano- and micro-
structures of PPy synthesized in the presence of azo-dyes including their deprotonated forms (PPy
structures with decreased content of dopants exhibiting similar morphology but low conductivity). Our
goal was to obtain fundamental relationship between morphology, DC electrical conductivity of
powders, AC conductivity and complex permittivity of their composites in a silicone matrix and
shielding properties of PPy in general. According to our best knowledge, such fundamental research in
the field of conducting polymers is presented for the first time.

2. Experimental section
2.1 Chemicals

Pyrrole (Sigma-Aldrich, 98%, CAS number 109-97-7), iron(l11) chloride hexahydrate (Sigma-Aldrich,
99%, CAS number 10025-77-1), Methyl Orange (Sigma-Aldrich, dye content 85 %, CAS number 547-
58-0), Sunset Yellow FCF (Sigma-Aldrich, dye content 90 %, CAS number 2783-94-0), sodium
hydroxide (Penta, pure pellets, CAS number 1310-73-2) were used as purchased without any other
modification. Distilled water was used as a solvent in all reactions. Sylgard 184/catalyst kit (Dow

Corning) was used as a silicone matrix transparent in studied C-band range for PPy dispersion.

2.2 Synthesis of polypyrrole

The PPy-G was synthesized by simple polymerization of pyrrole in aqueous solution of iron(111) chloride
hexahydrate. The typical procedure was as follows: 23.38 g (0.086 mol) of iron(lll) chloride
hexahydrate was dissolved in 600 mL of distilled water and cooled to 5 °C. After temperature
stabilization, 6 mL of pyrrole (0.086 mol) were drop-wisely added under vigorous mixing. Thus, molar
ratio of monomer to oxidant was 1:1. Black coloured polymer was filtered out after 24 h of
polymerization, washed several times with distilled water and ethanol, and finally dried under vacuum

at 40 °C. Dried powder was homogenized using a pestle and mortar.

The PPy-NT were synthesized according to a popular soft-template method using Methyl Orange as a
support for nanotubular growth. [6] Typically, 2.09 mL of pyrrole (0.03 mol) was dissolved in a 600



mL of 2.5 M solution of Methyl Orange and cooled to 5 °C. After temperature stabilization, 8.12 g of
iron(I11) chloride hexahydrate (0.03 mol) was dissolved in 69 mL of distilled water and added drop-
wisely into the mixed pyrrole solution. Molar ratio of polymer to oxidant was 1:1 in this case as well.
The post-processing of PPy-NT after 24 h of polymerization consisted of filtering and Soxhlet extraction
by acetone for at least 2 days and subsequent washing by ethanol and distilled water. Obtained powder

was also in a vacuum oven at 40 °C and homogenized using a pestle and mortar.

Finally, the PPy-MB was synthesized according to our recently published procedure. [7] Here, 3.12 g
of Sunset Yellow FCF dissolved in 690 mL of distilled water created 0.01 M azo-dye solution. 9.31 g
of iron(l11) chloride hexahydrate (0.034 mol) were dissolved in it. After temperature stabilization at 5
°C, 2.4 mL of pyrrole (0.034 mol) was added under mixing. Even in this last case, molar ratio of
monomer to oxidant was 1:1. The remnants of Sunset Yellow FCF were extracted from PPy-MB by
Soxhlet extraction for 2 days. Obtained powder was dried in a vacuum oven at 40 °C and homogenized

using a pestle and mortar.

2.3 Tuning of polypyrrole DC electrical conductivity

In order to obtain varying but controlled levels of DC electrical conductivity for all prepared PPy
morphologies, we followed our recently published deprotonation methods. [9] Briefly, 1 g of above
synthesized materials (PPy-G, PPy-NT and PPy-MB) was dissolved in 500 mL of 0.015 M water
solution of sodium hydroxide. After 24 h, the polymer was filtered out and washed several times with
excess of distilled water, till the filtrate’s pH was around 7. The PPy was dried again in the vacuum oven

at 40 °C and homogenized with a pestle and mortar.

2.4 Characterization of morphology by electron microscopy

The morphology of all samples was observed by scanning electron microscopy MIRA 3 LMH (Tescan
company) under 3 kV of accelerating voltage. All samples were sputter coated by 8 nm of gold to avoid

charging and picture deterioration.

2.5 Measurement of DC electrical conductivity

Apparatus for samples with high DC electrical conductivity (> 0.001 S cm™): room temperature
resistivity is measured by four-point method in the van der Pauw arrangement using Keithley 220
Programmable Current Source, Keithley 2010 Multimeter as a voltmeter and Keithley 705 Scanner
equipped with Keithley 7052 Matrix Card.

Apparatus for samples with lower DC electrical conductivity (< 0.001 S cm™): the four-point van der

Pauw method in modified configuration consists of Keithley 6220 Programmable Current Source,



Keithley 6485 Picoammeter, Keithley 2000 Multimeter, Keithley 706 Scanner equipped with Keithley
71521 low current Matrix Card, and two Keithley 6517B Electrometers as high impedance voltmeters.
Common mode currents are reduced due to the connection and grounding of low impedance terminals.

For more details see ref. [10]

2.6 Preparation of samples for EMI shielding measurement

Three sets of samples for EMI shielding containing PPy-G, PPy-NT and PPy-MB, each of them in
protonated and deprotonated form, were fabricated by thorough mixing (~5 min) a polydimethylsiloxane
(PDMS) elastomer Sylgard 184 with relevant particles concentration (1, 3 or 5 % w/w). Moreover, two
samples containing pure azo-dyes involved during the synthesis of PPy-NT (Methyl Orange) and PPy-
MB (Sunset Yellow FCF) were prepared to prove no effect of these soft-templates on the final EMI
shielding of the samples under investigation. The resulting mixtures were degassed for 15 min under
10 mbar and finally cast into a PTFE mold of 2 mm thickness. The curing was performed at room
temperature for 48 h or in an oven pre-heated to 150 °C for 20 min to check whether the elevated
temperature during the curing could affect the PPy conductivity resulting in possible decrease of
electrical conductivity of composite samples or their EMI shielding. The corresponding test samples for

further investigation were cut out to standardized size from the original composite sample sheet.

2.7 Measurement and evaluation of shielding effectiveness

Shielding effectiveness of prepared materials was measured on a PNA-L network analyser (Agilent
N5230A) using a C-band (WR 137) waveguide operating within the frequency range of 5.85t0 8.2 GHz.
Rectangular samples (35 x 16 mm) matching the inner cross-section of the waveguide were cut out from
prepared composite sheets and placed inside of a waveguide section. Measuring the portion of the
incident (lo) electromagnetic wave transmitted through and reflected (I1) by the sample, scattering

parameters Sy and Si1, respectively, were directly obtained.

S,,(dB) = 20 1ogj—; 1)

S,1(dB) = 20 logj—; )

While Si: gives portion of reflected radiation, Sy provides direct information on transmitted radiation

through the sample of given thickness; this was constant (t = 2 mm) for all investigated samples.

2.8 Extraction of complex permittivity and AC electrical conductivity

Complex permittivity (¢"= &' — je") of PPy composites in the silicone matrix was extracted directly from
scattering parameters and phase shift measurement according to standard Nicholson-Ross-Weir method.
[19, 20]



AC electrical conductivity of PPy composites in the silicone matrix was calculated from frequency
dependence of loss part of complex permittivity:

o(w) = weye" 3)

where w is angular velocity, ¢ is permittivity of vacuum, ¢" is the loss part of complex permittivity.

3. Results and discussions

The morphology of all prepared PPy powders is presented in the Figure 1. Both PPy-G and PPy-NT
have uniform particles, each with their respective size lying in a relatively narrow range; PPy-G particles
are around 1 um in diameter, while PPy-NT are around 60-80 nm in diameter and several ums long.
Uniformity of PPy-MB depicted in the Figure 1c does not reach such level as in the case of PPy-G and
PPy-NT. However, the vast majority of PPy-MB are microbarrels with around 3 pum in diameter
composed of plates 300 nm thick, some of them with small defects and minor part comprises globular
particles of PPy due to the polymerization of pyrrole outside the template. The PPy-NT and PPy-MB
exhibit higher aspect ratio compared to PPy-G. The PPy-NT and PPy-MB also inevitably contain small
content of azo-dye remnants (up to 1 % w/w), some of them as dopants, some of them as a composite

component, which is present in small cavities of particles. [6]

Figure 1 — The morphology of prepared PPy powders: a) globular polypyrrole (PPy-G),
b) nanotubular polypyrrole (PPy-NT), c) polypyrrole microbarrels (PPy-MB)

The PPy powders, deprotonated by 0.015 M solution of sodium hydroxide, keep their morphology and
hence they are not depicted in a separate figure. An alkali treatment does not have an impact on the
shape and size of deprotonated PPy structures; chlorides and azo-dye ions serving as dopants are

released during the deprotonation only. [9]



The complete analysis of elemental composition measured by Energy-dispersive X-ray spectroscopy
and chemical structure measured by Fourier transform infrared and Raman spectroscopy can be found

in our previous works. [6-8]

Morphology and the degree of deprotonation have a strong influence on DC electrical conductivity.
Both initial and deprotonated PPy powders were analyzed and DC electrical conductivities of pure azo-
dyes Methyl Orange and Sunset Yellow FCF were added to present complex overview of electrical
properties of all substances investigated. The results of DC electrical conductivity measurement by the
van der Pauw method are presented in the Table 1.

Table 1 — The DC electrical conductivity of PPy and azo-dye powders

Sample Initial powder Deprotonated powder
P conductivity (S cm™) conductivity (S cm™)
PPy-G 8.9 0.2
PPy-NT 60.8 0.4
PPy-MB 7.2 2.0x10°2
Methyl Orange 1.3-1.4x108 -
Sunset Yellow FCF 1.8-1.9x10° -

The most conductive sample is PPy-NT with electrical conductivity of 60.8 S cm™; on the other side of
PPy sample spectrum lies deprotonated PPy-MB with conductivity of only 2.0x102 S cm™. All PPy
samples have significantly different values of electrical conductivity, which clearly indicates the
influence of morphology in the following order: PPy-NT > PPy-G > PPy-MB; and similarly for
deprotonated samples. Electrical conductivity of azo-dye Methyl Orange and Sunset Yellow FCF is
generally low (1.3x10® Scm™ and 1.8x10° S cm?, respectively), which also means, that the high
content of azo-dye in the PPy sample should have a retarding effect on the overall conductivity of the
sample. [6]

The EMI shielding properties in the frequency range from 5.85 to 8.2 GHz (WR137) were firstly
determined and expressed by S, parameter for Sylgard 184 silicone matrix as well as for low
concentration (1 % w/w) of azo-dyes Methyl Orange and Sunset Yellow FCF. According to Figure 2a,
Sylgard 184 silicone matrix transparency in given region is around 94.4 %, i.e. its shielding efficiency
in a composite without PPy is around S = —0.5 dB, which is negligible. Similarly, the shielding
efficiency S;1 of azo-dyes Methyl Orange (-0.5 dB) and Sunset Yellow FCF (-0.6 dB) in Sylgard 184
corresponds to 93 — 94 % of transparency. The difference between Sylgard 184 transparency and azo-
dyes transparency is so small that influence of azo-dye on overall shielding efficiency can be neglected.

Moreover, the real presence of remnants of azo-dyes in PPy-NT and PPy-MB is one or two orders lower.
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Figure 2 — EMI shielding efficiency expressed by S2; parameter of a) Sylgard 184 silicone matrix and

b) azo-dyes Methyl Orange and Sunset Yellow FCF with 1 % w/w load in Sylgard 184 matrix cured at
25°Cor 150 °C

The EMI shielding properties of PPy-G, PPy-NT and PPy-MB and their deprotonated counterparts are

depicted in the Figure 3. The PPy powders were dispersed at various loads (1, 3 and 5 % w/w) in Sylgard

184 silicone matrix cured at two different temperatures (25 and 150 °C).
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PPy-NT at various filler loadings and temperatures of sample preparation



The comparison of EMI shielding efficiency expressed by S,; parameter in the Figure 3a clearly
indicates, that the transparency of PPy structures in the C-band region decreases in order PPy-G (93.3 %)
> PPy-MB (76.0 %) > PPy-NT (40.1 %). This trend was found in all samples regardless of load.
Moreover, shielding efficiency of all deprotonated samples is lower than their initial counterpart. One
of the decisive parameters influencing shielding efficiency is concentration of PPy in the silicone matrix.
In the Figure 3b is a comparison of PPy-NT at various concentration (1, 3, 5 % w/w). The highest
achieved shielding efficiency S, = —13.27 dB (21.7% of transparency) was obtained for PPy-NT at
5 % w/w prepared at 25 °C. However, it must be noted that observed mechanical stability of the sample
at this high PPy concentration is lower. In our previous work [10], we found that electrical properties of
PPy structures are highly sensitive to elevated temperatures. The electrical conductivity of PPy-NT with
Sylgard 184 composite cured at 150 °C (also in the Figure 3b) decreased, creating difference in shielding
efficiency equal to 0.93 dB (4.5 % of transparency). This is the important practical result as PPy is

considered as conductive filler in many insulating polymers whose melting point is above 150 °C.

From the scattering parameters and phase shift complex permittivity of all samples was extracted. Figure
4 compares &' and ¢" of all investigated samples from the viewpoint of morphology while Figure 5

compares the influence of PPy concentration in the silicone matrix on the same parameters.

a) 11 b) 10
10
94
gl [ = PPyNT
<« PPy-MB = PPy-NT < PPy-MB
71 v PPy-NT deprot. v PPy-NT deprot. » PPy-MB deprot.
6 4 PPy-G A PPy-G PPy-G deprot.
» PPy-MB deprot. 14
ca + PPy-G deprot. 2, D «“ s
4-““ « < i) B AAAAAAAAAAAAA AL
T IDPO0000000000I0N0000I0000I0NIIIINI NI 0.1 A A A A A AAAALALAAAAAAAAAAAAAAAAAAAAAAALALAAAM
y * " e Lo r R PR RERRR 2R bR EEEEER D ERREEEEBRRRRRRRREERERRER SRS
6.0 6.5 7.0 75 8.0 6.0 6.5 7.0 75 8.0
f (GHz) f (GHz)

Figure 4 — The a) real and b) imaginary (loss) part of complex permittivity for various PPy

morphologies in protonated and deprotonated state (3 % w/w, 25 °C)

Trends in complex permittivity are consistent with the observed trends in scattering parameters and in
the case of PPy-NT and PPy-MB the magnitudes are comparable to that of core-shell Ag nanowire@PPy
particles and helical nanotubes (at 10 % w/w) recently published by Xie et al. [14, 16]. These results are

promising as the preparation of PPy structures via soft-template method is straightforward and exhibits



very high shielding efficiency as confirmed by Hu et al. [18] in their synthesis of PPy in the presence of
Indigo Carmine. Figure 5 also emphasizes the influence of PPy concentration on the complex
permittivity. It is worth noting that comparable results obtained using non-structured PPy require one
order of magnitude higher concentration of PPy in a transparent matrix. [21]
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Figure 5 — The a) real and b) imaginary part of complex permittivity of PPy-NT at various

concentration in silicone matrix (25 °C)
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Figure 6 — The dielectric loss tangent of a) various PPy morphologies in protonated and deprotonated
state (3 % w/w, 25 °C) and b) PPy-NT at various concentration in the silicone matrix (25 °C)
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The calculated dielectric loss tangent (tan 6 = ¢"/¢") in the Figure 6 provides information about dielectric
behavior of all samples. PPy-NT and PPy-MB exhibit generally higher loss for field propagation
compared to PPy-G, however, these calculations also point out relatively low AC electrical conductivity
(introduced bellow) of all the PPy samples in the silicone matrix.

The depicted shielding efficiency in Figures 3 and complex permittivity in Figure 4 and Figure 5 still
does not contain all information about the influence of the morphology of PPy on the shielding
efficiency. In order to better distinguish influence of particles’ morphology and electrical conductivity,
dependence of shielding efficiency of all PPy samples in the silicone matrix vs. DC electrical
conductivity of their initial pure powders (Figure 7a) and dependence of AC electrical conductivity of
PPy samples in the silicone matrix (for clarity only 3 % w/w, 25 °C) vs. frequency (Figure 7b) were
constructed.
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Figure 7 — a) shielding efficiency vs. electrical conductivity for various PPy morphologies at
concentrations 1 and 3 % w/w and temperatures of sample preparation 25 and 150 °C; PPy-G (open
symbols) not included in the trend lines, PPy-MB and PPy-NT (full symbols) included in the trend
lines; samples containing 5 % w/w of PPy morphologies and cured at /50 °C are not presented due to
the lower mechanical stability; b) AC electrical conductivity of PPy in silicone matrix vs. frequency
(3 % w/w, 25 °C)

Several interesting observations can be made in the Figure 7. Firstly, concentration of PPy in silicone
matrix plays more important role in the shielding efficiency than the second parameter — temperature of
sample preparation. The difference in shielding efficiency for concentration of PPy in silicone matrix is
more pronounced for samples with high electrical conductivities (over 1 S cm™). Secondly, PPy-NT

exhibits the highest electrical conductivity from all samples and its deprotonated form is still
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significantly more conductive than all remaining deprotonated samples. Hence, the resulting high
shielding efficiency in case of PPy-NT is not so surprising and unfortunately it is difficult to clearly
separate contribution of electrical conductivity and morphology to the shielding efficiency in this case.
However, some minor conclusions can be made in the case of PPy-G and PPy-MB. The PPy-G and PPy-
MB exhibit very similar electrical conductivities (7.2 and 8.9 S cm™, respectively) in their initial forms
and higher difference in their deprotonated forms (0.2 and 2.0x1072 S cm?, respectively; i.e. one order
of magnitude difference). Nevertheless, the shielding efficiency of both initial and deprotonated PPy-G
samples is always lower compared to respective PPy-MB samples, therefore this discrepancy could be
assigned to the influence of PPy morphology. Low aspect ratio of PPy-G compared to PPy-MB and
PPy-NT causes that its silicone composite is unable to form conducting network of similar quality at the
same concentration (Figure 7b). Hence PPy-G is far from the DC conductivity trend line in the Figure
Ta.

Energy balance
0% 20 % 40 % 60 % 80 % 100 %

G

Sample PPy-
G-D

[ = [ A° [ T2

Figure 8 — The RAT (Reflection, Absorption, Transmission) analysis of all PPy samples. Y-axis gives
information about concentration (1, 3, 5 % w/w) of PPy in silicone matrix and curing temperature (25

or 150 °C) of sample preparation

Figure 8 provides another view of the shielding efficiency of PPy morphologies. The relationship
between reflected (R), absorbed (A), and transmitted (T) portions of electromagnetic wave intensity
follows:

R?+A*+T?*=1 (4)
Using this equation, direct determination of R and T from measured values of Si; and Sz, respectively,
enables one to extract absorbed part (A) of electromagnetic wave intensity. Visualizing the proportion
between the three components in “RAT analysis” (analysis of reflection, absorption, and transmission

capability of each sample) clearly indicates higher absorption percentage of samples with nano- or
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micro- structure, i.e. PPy-NT and PPy-MB, compared to the PPy-G regardless of protonation state. The
high absorption ability of structured PPy is very important from the application point of view as the
reflection of electromagnetic radiation from highly conductive shields usually leads to the unwanted
secondary emission of EMI.

4. Conclusion

Two important conclusions can be drawn from the above results. Firstly, the shielding efficiency of
uniform PPy structures in the C-band region depends namely on the absolute size of its electrical
conductivity. The PPy nanotubes with electrical conductivity of 60 S cm™ dispersed in the silicone
matrix at relatively low concentration of 5 % w/w can shield off around 80 % of incident radiation. For
the future application of PPy in EMI shielding it is therefore essential to develop nanotubes (or high
aspect ratio morphology) with electrical conductivity as high as possible. So far, the highest recorded
electrical conductivity of PPy-NT was 119 S cm™*, which creates even more space for improvement of
shielding efficiency. [22] Understandably, long term stability of such high electrical conductivity
presents a challenge for EMI application. Secondly, uniform morphology of PPy increases the ability of
material to absorb incident radiation and thus lowering emission of secondary EMI by reflection. This
is a very important observation as many novel morphologies are currently being developed. [2]
Furthermore, improvement of absorption at the expense of reflection is essential for the future EMI

shields and it can be crucial for leaving commonly used reflective metallic shields.

There are two other minor conclusions regarding the sample preparation. The PPy-NT were able to
shield EMI at relatively low concentration in silicone matrix. The shielding efficiency of PPy-NT in
silicone matrix at 3 % w/w was Sy = —7.95 dB (40.1 % of transparency) whereas at 5 % w/w it was even
higher S;; = —13.27 dB (21.7 % of transparency) but at the cost of lower mechanical stability of the
sample. Therefore, future designs of EMI shields based on PPy have to also consider the use of matrixes
able to contain higher concentration of PPy or improvement in compatibility between PPy and matrix.
The last observation is related to the temperature of sample preparation. It was shown that preparation
of the sample at 150 °C has only a minor effect on the overall shielding efficiency. This result is rather
surprising as the stability of electrical conductivity of PPy at higher temperatures is generally lower.
Many potential matrixes have glass transition temperature at high temperatures and hence this

observation expands the range of possible matrixes.

The PPy is currently undergoing substantial transition from one of many conducting polymers belonging
to the Nobel Prize awarded class of materials into the class of progressive nanomaterials whose
applications are not determined only by its electrical conductivity. The morphology of PPy will play a
substantial role in its future application. [23] The EMI shielding is one such application, i.e. it combines

the best from both the electrical conductivity and morphology.
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