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Poly(3,4-ethylenedioxythiophene) (PEDOT) has been synthesized through a facile solid-state
polymerization (SSP) approach. The polymerization was simply initiated by sintering the monomer, 2,5-
dibro-3,4-ethylenedioxythiophene (DBEDOT), at a temperature of 80 °C. A high performance shield for
electromagnetic interference (EMI) protection based on this SSP-PEDOT has been developed. The SSP-
PEDOT with a heating time of 24 hours has the maximum value of the dielectric loss tangent (tan ;) in
the frequency range of 2—-18 GHz, which revealed that this sample has the best electromagnetic energy
absorption ability. When the thickness of the sample reached 2 mm, the bandwidth with the reflection
loss (RL) deeper than —10 dB was nearly 5.9 GHz (from 10.0 GHz to 15.9 GHz), and the maximum value
of RL was about —50.1 dB at 11.2 GHz. The SSP-PEDOT with a heating time of 1 hour had the best EMI
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Introduction

Electromagnetic pollution has become a serious danger all over
the modern world. Electromagnetic interference (EMI) can lead
to harmful effects on electronic devices as well as organisms,
and therefore human beings should keep away from the
hazards of the wide use of commercial, military, and scientific
electronic equipment. Increasing attention has been given to
the preparation of EMI shielding materials. The conventional
EMI shielding materials are based on metal films or plates;
although they have a good EMI shielding effectiveness (SE), they
have some drawbacks including usability problems, such as
heavy weight, corrosion, poor processibility, and their EMI
shielding mechanism (electromagnetic reflection) limits their
future applications.”” Nowadays, considerable effort has been
made for the development of new types of EMI shielding
materials with the properties of high-performance EMI SE,
lightweight and flexible.?

Lightweight is a key for the next generation EMI shielding
materials for use in the areas of aircraft, spacecraft, and auto-
mobiles because it would save material, energy, and space.
Recently, electrically conductive materials, such as carbon
nanotubes (CNTs),** reduced graphene oxide (RGO),*” and
intrinsically conducting polymers (ICPs),>** have received
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significant attention for EMI shielding applications. CNTs and
RGO have been used as conductive fillers to fabricate materials
for EMI shielding because of high electrical conductivity,
excellent mechanical properties, lightweight, flexibility, and
large aspect ratio.>” For example, Li et al.* prepared an epoxy
composite with 15 wt% single-walled CNTs, reaching an SE of
around 15-20 dB in the 500 MHz to 1.5 GHz range. Yang et al.®
reported a polystyrene/multi-walled CNTs composite, which has
20 dB of SE in the frequency range of 8.2-12.4 GHz (X band).
RGO is a extensively studied material in current research, and it
has a potential of EMI Shielding. Hsiao et al.® prepared the
polyurethane/RGO for EMI shielding with a SE of more than 30
dB at X band. Shen et al.” reported an EMI SE of 18 dB (X-band)
through polyetherimide/RGO@Fe;0, foams. Although carbon
based nanofillers display extremely low percolation thresholds,
they are costly, are difficult to produce on a large scale and often
need complicated purification/functionalization steps.® In this
context, ICPs are more attractive materials due to their light-
weight, versatility, low cost, and processability. Among the
available ICPs, polyaniline (PANI) based materials used in EMI
shielding have been reported for years.>®® The effect on thick-
ness,” crystal size,® and doping materials® in EMI SE has been
completely studied. Liu et al.** reported that PEDOT-reduced
GO-Co30, composites RL can reach —51.1 dB at 10.7 GHz, and
the bandwidth exceeding —10 dB is 3.1 GHz with an absorber
thickness of 2.0 mm.

PEDOT was first synthesized in the early 1990s;"* because of
its excellent electronic properties and high stability, PEDOT is
one of the most industrially important conjugated

RSC Adv., 2014, 4, 38797-38803 | 38797


http://crossmark.crossref.org/dialog/?doi=10.1039/c4ra05340k&domain=pdf&date_stamp=2014-08-27
http://dx.doi.org/10.1039/c4ra05340k
http://pubs.rsc.org/en/journals/journal/RA
http://pubs.rsc.org/en/journals/journal/RA?issueid=RA004073

Published on 01 August 2014. Downloaded by University of Pittsburgh on 31/10/2014 10:29:33.

RSC Advances

polymers.”*** The idea of solid-state polymerization (SSP) of
suitable monomers with a well-ordered crystalline structure was
realized in the 1960s and 1970s with polydiacetylenes'® and
(SN),."” After that, SSP has been widely used in the preparation
of polycrystalline solids*®*'* and conducting polymers®*** with
the advantages of environmental friendliness and relatively
high yields. In 1996, Sotzing et al.** first reported a method to
synthesize 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT)
through bromination. In 2003, Meng et al.*® fully studied the
SSP mechanism of PEDOT through halogenation (Cl, Br, I).
They found that crystalline DBEDOT affords a highly conduct-
ing monomer only through gentle heating.

SSP is a catalyst-free cross-coupling reaction without solvent,
and it is a facile method for the polymerization of suitable
monomer species.””** SSP of well-ordered halogenated crystal-
line heterocyclic monomers can yield highly conductive poly-
mers. According to these advantages, we have already using the
SSP-PEDOT as Pt-free counter electrodes (CEs) for dye-sensi-
tized solar cells (DSSCs).* In the present study, we report that
SSP-PEDOT has high performance in EMI protection via DBE-
DOT as the monomer. The polymerization reaction was simply
carried out by heating at low temperature without the addition
of any catalysts, leading to the formation of the high yield SSP-
PEDOT. The SSP-PEDOT with different heating times give
completely different EMI mechanisms, which are favorable for
multi-practical EMI shielding applications in the areas of
military camouflage, and electronic devices protection.

Experimental section
Materials

3,4-Ethylenedioxythiophene, N-bromosuccinimide were purchased
from Adamas-beta, Titan Scientific Co., Ltd, Shanghai, China.
Glacial acetic acid, methylene chloride (CH,Cl,), petroleum
ether were purchased from GENERAL-REAGENT, Titan Scien-
tific Co., Ltd, Shanghai, China. Chloroform was supplied by
Professor Wei Dong, Nanjing University of Science & Tech-
nology, China. Distilled water was obtained from a Direct-Q3
UV, Millipore.

Synthesis of 2,5-dibromo-3,4-ethylenedioxythiophene
(DBEDOT)

2,5-Dibromo-3,4-ethylenedioxythiophene (DBEDOT) monomer
was synthesized according to the previous reports with minor
modifications.*** In brief, 6.0 g of 3,4-ethylenedioxythiophene
(EDOT) was first mixed in a solution of 100.0 mL of CHCI; and
100.0 mL of glacial acetic acid. Then, 16.0 g of N-bromosucci-
nimide was slowly added to the abovementioned solution at
0-5 °C under an Ar atmosphere. After stirring for 5 hours, the
solution was poured into 200 mL of distilled water. The green-
blue organic layer was separated, and the water layer was
extracted with CHCl; (50 mL x 3). The combined organic layer
was washed with distilled water several times. The solvent was
then removed under vacuum by rotary evaporation. The dark
blue solid product was purified using column chromatography
with CH,Cl, and petroleum ether (1 : 1) as the eluent to obtain
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white crystals in 75% yield (9.5 g). "H NMR (CDCl,): (4.4 ppm,
s, CH,). C NMR (CDCl;): 140.3, 84.6, 65.1 ppm.

Synthesis of SSP poly(3,4-ethylenedioxythiophene) (SSP-
PEDOT)

The white crystals of DBEDOT were first grinded into a powder.
400 mg of this powder was placed into a 20 mL glass bottle.
Then, the bottle was put into a vacuum oven at 80 °C. Heating
the DBEDOT monomer at this temperature can produce a
highly conducting polymer film, according to previous reports.>
After SSP for 1 hour, the color of the powder turned to dark blue,
and the SSP-PEDOT was obtained. The bottle was then kept at
room temperature and flushed under an Ar atmosphere for
30 min to remove elemental bromine (Br,). Other samples were
obtained in the same manner but the SSP times were different
and included 2, 4, 8, 12, 24, 48 hours.

Characterization and measurement

The detailed morphologies of the DBEDOT monomer and
PEDOT were observed with a field emission scanning electron
microscope through spin-coating on to a slide (FE-SEM, $4800,
Hitachi). X-ray photoelectron spectroscopy (XPS) was carried out
in a Thermo Scientific ESCALAB 250Xi X-ray photoelectron
spectrometer equipped with an amonochromatic Al Ko X-ray
source (1486.6 eV). The molecular weight of the polymers were
measured by the gel permeation chromatography (GPC) method
at 40 °C, and polystyrene was used as a standard by using
chloroform as the eluent at a flow rate of 1.0 mL min "
Differential scanning calorimetry (DSC) was performed on a
DSC 823e (Mettler Toledo) with a heating rate of 10 °C min~"
under a nitrogen flow. Thermogravimetric analysis was carried
out on a TGA/SDTA 851e (Mettler Toledo) at a heating rate of
10 °C min ™' under nitrogen and atmosphere. For electromag-
netic shielding measurements an Agilent N5242A PNA-X vector
network analyzer in the frequency range of 2-18 GHz was used.
The measured samples were prepared by uniformly mixing
50 wt% of the sample with a paraffin matrix at 100 °C. The
mixture was then pressed into toroidal shaped samples with an
outer diameter of 7.00 mm and inner diameter of 3.04 mm.

Theory of electromagnetic
interference shielding

The EMI SE of a material can be defined as the ratio of trans-
mitted power to incident power,> and it is considered to be the
sum of reflection from the material surface (SEg), absorption of
electromagnetic energy (SE,), and multiple internal reflections
(SEpm) of electromagnetic radiation (Fig. 1). Because the
frequency range is from 2-18 GHz, the source-to-shield distance
should be greater than the free-space wavelength, so that the
measurements are considered under far field.>* It can be
expressed as® 7**

P;
SEiow = 101g (F) = SEx + SEr + SEn (1)
0
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Fig. 1 Schematic of EMI shielding.

where P; is the incident power and P, is the transmitted power.
When SEa1 = 10 dB, SEy; can be negligible.

According to the transmission line theory,” the input
impedance (Z;,) on the interface can be expressed as

Zin = Z()\/E tanh (j% €r,ur) (2)
Er

where Z, is the impedance of free space, u, is the complex
permeability, u, = u’ — ju”, & is the complex permittivity, e, = ¢’
—Jjé'’, fis the frequency, d is the thickness of material, and c is
the speed of light.

Thus, the reflection loss (RL) can be expressed as

Zin - ZO

in 0

(3)

SEx = —RL (4)

For a material, the skin depth (6) is the distance up to which
the intensity of the electromagnetic wave decreases to 1/e of its
original strength. It can be expressed as>***

2

M0

o=

(5)

According to electromagnetic theory, for electrically thick
samples (d > 6), frequency (w) dependence of far field losses,
reflection from the material surface (SEg) can be expressed as>**®

SEg(dB) = 10 lg( - 60‘)’;/80) (6)

where g5 = wepe” is the frequency dependent conductivity,” o is
the angular frequency (w = 27tf) and ¢, is the permittivity of the
free space.

Results and discussion

The morphologies of the DBEDOT and PEDOT are shown in
Fig. 2. After being heated at 80 °C for hours, the colorless
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Fig. 2 Digital photos and FE-SEM images of DBEDOT (a) and SSP-
PEDOT (b).

DBEDOT powder transformed into a dark blue material
(PEDOT). SEM image of a higher magnification revealed a
significant change in the surface morphology. The pure DBE-
DOT has a smooth surface but the surface of the PEDOT film
exhibits a stripe-like microstructure, which might result from
the formation of the polymer chain during the polymerization
process.”**

To investigate the doping degree of Br in SSP-PEDOT, we
performed XPS studies on SSP-PEDOT with different heating
times. The XPS spectra with a heating time of 24 h are shown in
Fig. 3. There are familiar peaks in each sample (see ESIt), which
are characterized as O 1s, C 1s, S 2p and Br 3d. The elements C,
0O, S come from the SSP-PEDOT structure, and the element Br
should be from doping the polymer chain during the SSP
process. The atom% of Br are given in Table 1, and the 24 h

Ci1s
O1s

Intensity (a. u.)

Br 3d

800 700 600 500 400 300 200 100 O
Binding Energy (eV)

Fig. 3 XPS spectra of SSP-PEDOT with heating time of 24 hours.
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Table 1 The atom% of Br in each sample

1h 2h 4 h 8h 12 h 24 h 48 h
Atom% of Br 9.793% 7.203% 6.165% 7.291% 6.467% 5.679% 6.524%

Table 2 Molecular weight of SSP-PEDOT with different heating times

Heating time Mn PDI
1h 1070 1.02
2h 1060 1.01
4h 1050 1.02
8h 1070 1.01
12 h 1040 1.01
24 h 1050 1.01
48 h 1080 1.01

sample has the lowest doping degree, which indicated that with
this sample it is possible to obtain a well-defined polymer
structure®® and good conductivity. GPC studies showed that the
SSP-PEDOT synthesized at different temperatures have similar
molecular weights (M,,) with a relatively narrow polydispersity
index (PDI) of around 1, as listed in Table 2. Thus, the DBEDOT
monomer was polymerized in a short time and the volume of Br
doping degree should contribute to the extended heating time.

When the monomer DBEDOT is heated at 10 °C min*, it
exhibits an endothermic melting phenomenon. As we can see
from Fig. 4a, the position of the melting peak is at 97.65 °C. The
melting point results in an exothermic polymerization peak at
135.23 °C, which implies that polymer formation and doping
occurs.* There is a huge weight loss during the heating process,
which is close to the polymerization point (Fig. 4b). This
phenomenon should be due to the volatility of elemental Br,
during the SSP process. The TGA curve under atmosphere is
similar with the nitrogen situation before 300 °C (see ESIY),
which gives the evidence that DBEDOT has the same polymer-
ization process in inert gas and air. In addition, it is a quite
suitable temperature (80 °C) for SSP, which we have chosen in
this experiment.

(a) 20
Melting Peak
(97.65°C)
10
=
£
3
T 09
s
o
T
-104
Polymerization Peak
(135.231C)
-20 T

T T T T
50 75 100 125 150 175 200
Temperature (C)

The electromagnetic energy absorption ability of SSP-
PEDOT, as a kind of dielectric material, is related to complex
permittivity (¢). In a coaxial wire analysis, a radiated wave
undergoes shielding (reflection, absorption, and transmission)
when the incident wave at a point i pass toward another point j,
and these wave scattering values are expressed as Sj;. To probe
further, ¢, of the dielectric material has been calculated from
the experimental scattering parameters S;; (or S,,) and S,; (or
S1,) using the standard Nicolson-Ross-Weir (NRW) algo-
rithm.?**° Real permittivity (¢') represents the charge storage (or
dielectric constant), whereas imaginary permittivity (¢) is a
measure of dielectric loss. Therefore, we investigated the ¢, of
SSP-PEDOT under different heating times. Fig. 5 shows the ¢
and ¢’ of the ¢, in the frequency range of 2-18 GHz. When the
heating time is 1 or 2 hours, the ¢ and ¢’ of the SSP-PEDOT
remains stable in the entire frequency range with a low value.
According to the free electron theory, low conductivity would
result in low permittivity.*® It indicates that these two samples
should have poor electromagnetic energy absorption ability. On
increasing the heating, the ¢ and ¢’ of the SSP-PEDOT
increased gradually initially, which implies that the conduc-
tivity has been improved during the heating process. The &
remained stable before 12 GHz, and after that, it decreased with
increasing frequency in varying degrees, which may be related
to a resonance behavior that was reported before.** The ¢ is
mainly associated with the amount of polarization occurring in
the material, and the ¢’ is related to the dissipation of energy.*>
Thus, when a material has a high value of ¢, it may have
potential in electromagnetic energy absorption. The samples
with the heating times of 4, 8, 12, 24 and 48 hours have obvious
growth processes in the ¢’ part, which we believe will benefit the
electromagnetic energy absorption ability. In addition, there are
vibration peaks at the range of 11-17 GHz in these samples,
which shows that a strong dielectric loss can be found in this

(b)

100 4
80 4

60 4

Weight (%)

40

20 4

T T T T T T T
100 200 300 400 500 600 700 800
Temperature (C)

Fig. 4 DSC and TGA curves of the DBEDOT at a heating scan of 10 °C min~* under nitrogen flow.
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Fig. 5 Electromagnetic characteristics of SSP-PEDOT with different heating times in the 2—18 GHz range: (a) real part of complex permittivity

and (b) imaginary part of complex permittivity.
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Frequency (GHz)

Fig. 6 Dielectric loss tangent (tan ¢;) of SSP-PEDTO with different
heating times in the 2-18 GHz range.

area. However, it is still hard to explain which sample has the
best ability of electromagnetic energy absorption. Therefore, we
compared the dielectric loss tangent (tan d.), which is related to
microwave attenuation in dielectric materials. It can be
expressed as

/!

&
tan 6, = — 7
an o, . (7)

/

Fig. 6 shows the tan ¢, of each sample, it is easy to find that
SSP-PEDOT with heating for 24 hours has the maximum value

!

before 16 GHz. The relatively high values of ¢’ and tan ¢,
implies that this sample has the best electromagnetic energy
absorption ability, which should be attributed to such mecha-
nisms as dominant dipolar polarization, interfacial polarization
and associated relaxation phenomena.*

According to the eqn (2) and (3) mentioned before, we
calculated the RL of each sample using a self-written MATLAB
program (see ESIt). The calculated results are shown in Fig. 7. It
is not surprising that the samples of 1 h and 2 h have nearly no
electromagnetic energy absorption ability because the values of
& and tan J. explained this phenomenon. It is noted that the
absorption value is related to the value of tan d., it can be seen
clearly that SSP-PEDOT with a heating time of 24 hours
exhibited a maximum absorption of —50.1 dB at 11.2 GHz. The
thickness of the sample is an important parameter related to
the intensity and the position, as well as the frequency range of
electromagnetic energy absorption. We chose the sample of
24 h and analyzed it in 1.5, 2.0, 2.5, 3.0 mm thicknesses to
explore the influence of the sample thickness. With the growth
of the sample thickness, it was obvious to find that the
absorbing peaks shifted to a lower frequency. Each one has an
absorbing range deeper than —10 dB (which means it canyield a
90% of microwave attenuation). The sample with 2 mm thick-
ness not only has the maximum absorption value, but also the
maximum bandwidth. In Fig. 7b, it can clearly be seen that this
sample's bandwidth with the RL deeper than —10 dB is nearly
5.9 GHz (from 10.0 GHz to 15.9 GHz), which is better than that
of oxidative PEDOT and the composite of PEDOT with graphene
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Fig. 7 Reflection loss curves for the (a) SSP-PEDOT with different heating times in 2 mm thickness, (b) SSP-PEDOT with a heating time of 24
hours in 2 mm thickness, (c) SSP-PEDOT with a heating time of 24 hours in different thicknesses in the frequency range of 2-18 GHz.
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Fig. 8 (a) EMI SE of SSP-PEDOT with different heating times, (b) the best EMI SE of SSP-PEDOT with a heating time for 1 hour, (c) comparison of

SEiotal SEa, and SEg at 12 GHz as a function of SSP-PEDOT.

(see ESIT). These results show that the SSP-PEDOT predicts
good electromagnetic energy absorption ability in both low- and
high-frequency bands.

Electromagnetic energy absorption is only a part of the
ability for EMI shielding in a material, and therefore we also
measured the ability of electromagnetic energy reflection for
each sample, according to eqn (1), (4), and (5). The curves of
SEotal for each sample are shown in Fig. 8a. From the frequency
range of SE, we find that the sample of 4, 8, 12, 24, and 48 h, is
highly related to their SE,. Although the sample of 24 h has the
maximum value of SE.,, it loses the SE out of the SE,
frequency range. On the contrary, the samples of 1 or 2 h have
good SE in the entire frequency range, especially for sample of 1
h. In Fig. 8b, we clearly see that this sample has a SEoa = 15 dB
from 2-18 GHz. The EMI shielding mechanism was investigated
by plotting SEo.1, SEx and SEr of each sample loading at 12
GHz (Fig. 8c). The shielding mechanism varied with the heating
time, the value of SEg decreased gradually, and the value of SE,
did the opposite. The sample of 1 h has the best SE, nearly 87%
is contributed to the SEg. It is worth noting that this SSP-PEDOT
with different heating times have several applications in the
EMI protection. For example, camouflage in military (using the
electromagnetic energy absorption), and protection from elec-
tronic devices (using the EMI shielding).

Conclusion

In conclusion, a low cost, large frequency range material for
electromagnetic energy absorption and EMI shielding has been
successfully developed via a facile SSP at 80 °C for different
heating hours using DBEDOT monomer as the starting mate-
rial. The superior performance indicates that SSP-PEDOT is a
promising material for EMI protection in military camouflage
and electronic devices protection.
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