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A water-mediated approach for the preparation
of conductive poly(3,4-ethylenedioxythiophene)-
decorated poly(methyl methacrylate)
microcompositesT

P. A. Saeed,” R. Shilpa® and A. Sujith () *

The water-mediated synthesis of poly(3,4-ethylenedioxythiophene) (PEDOT) on the surface of poly
(methyl methacrylate) (PMMA) microspheres leads to the formation of segregated electrically conductive
composites. This work demonstrates the successful combination of environmentally benign acoustic
emulsification, surfactant-free emulsion polymerization, and in situ oxidative polymerization. Acoustic
emulsification creates 3,4-ethylenedioxythiophene (EDOT) monomers with an anionic surface and
surfactant-free emulsion polymerization generates cationic spherical PMMA latex particles. Then, the
in situ oxidative polymerization of the EDOT emulsion generates PEDOT-decorated PMMA microspheres.
The composite shows synergic properties from PEDOT and PMMA, with good electrical, thermal, and
morphological properties. The electrical conductivity of the composite was increased ~10°-fold compared
with the PMMA matrix. The electrical conductivity of the PMMA—PEDOT composite reaches 0.30 S m™!
when the PEDOT loading is 10.20 wt%. Additionally, it provides a ~10°-fold increase in electrical
conductivity compared to samples prepared without the acoustic emulsification of EDOT. This method
provides new planning strategies for the integration of various conducting polymers into insulating polymers.

Introduction

Electrically conducting conjugated polymers, also called syn-
thetic metals, have received widespread attention in recent
academic and industrial research.'™ They function as key
components for display devices, electromagnetic shielding,
sensors, and capacitors due to their inherent combination
of useful chemical and physical properties.*® Poly(3,4-
ethylenedioxythiophene) (PEDOT) is one such conjugated poly-
mer with remarkably high conductivity and environmental
stability.”*® Generally, the applications of conducting polymers
alone have been limited because of their high brittleness,
owing to the rigid backbone structure of the molecules, and
their poor processability. Therefore, the integration of conduct-
ing polymers into insulating polymers has shown great
potential, exhibiting combined properties in the form of a
hybrid material. This can meet the multitudinous demands
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presented by electronic devices, antistatic coatings, electro-
magnetic interference shielding, electrodes, and sensors."*™>°
Among the various insulating polymers, poly(methyl methacry-
late) (PMMA) has been widely investigated for various applica-
tions, including in the electronics industry, due to its excellent
mechanical strength and optical transparency.>">* It can form
latex particles, which play an important role in colloid and
materials science. Its structural backbone can support inter-
facial interactions between the PEDOT polymer and the poly-
mer matrix via dipole-dipole interactions. The interfacial
compatibility is crucial for obtaining superior electrical, ther-
mal, and stability properties in composite materials. Various
in situ and/or ex situ approaches have been used to disperse
different fillers in PMMA matrices for the fabrication of nano-
and microcomposites.'®?>>® However, there are some major
challenges in this field. Firstly, there is the fact that synthetic
processes need to use toxic and harmful solvents and surfac-
tants, potentially introducing significant environmental
issues.””*7*? Secondly, it is a challenge to achieve the efficient
incorporation of conducting polymers into a matrix polymer
without compromising the desired properties.*® Moreover, if
the ratio of conducting polymer is too low, then the hybrid
material will show poor electrical properties, whereas when the
ratio of conducting polymer is too high, the materials turn out
to be rigid with low processability.>**
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To overcome this challenge, several strategies have been
developed in the past few decades for producing conducting
polymeric nanocomposites.*®***%4% o far, the most exploited
and frequently used process is latex-based colloidal blending,
which provides interstitial spaces and forces the nanofiller
particles into the spaces, finally forming a segregated conduc-
tive network.”>***" Unfortunately, the main drawback of this
method is the essential need for surfactant to disperse the
polymers in aqueous media, which decreases the conductivity.
It also increases the cost and difficulty during the purification
of the resulting hybrid composite material.”?

On the other hand, acoustic emulsification produces a
stable emulsion without the use of surfactants.”>** This is
considered a green emulsification method based on ultrasonic
irradiation, utilizing the mechanical forces originating from
acoustic cavitation at the liquid/liquid phase boundary.**™*°
Emulsion droplets with a milky white to transparent appear-
ance have been synthesised via ultrasonic irradiation at fre-
quencies ranging from 20 kHz to 1.0 MHz.*’>° Recently, the
effects of sequential ultrasonication or tandem acoustic emul-
sification were studied in terms of the stability and size of
nanoemulsions upon the elongation of the sonication time.
Unfortunately, the exact reason for the formation of stable
acoustic emulsions without the need for surfactants has not
been revealed completely at present. However, Fogler et al.
proposed that the preferential adsorption of OH™ ions from
aqueous media stabilizes the acoustic emulsion.”' >’

Water is a benign, low-cost, and safe medium for synthetic
chemistry, but many organic monomers and polymers are
water-insoluble or only sparingly soluble. Surfactant-free emul-
sion polymerization represents an aqueous process that has
high potential in industrial research.>?

Our aim is to demonstrate a green strategy for the preparation
of an electrically conductive PEDOT-decorated PMMA composite
without using harmful solvents or surfactants. For this goal, we
ensure the successful integration of acoustic emulsification,
surfactant-free emulsion polymerization, and in situ oxidative
polymerization. Individually, these methods are greener, and
harmful solvents and surfactants are not involved in the process.
The successful integration of these methods is challenging,
but it results in an environmentally benign conductive PEDOT-
decorated PMMA composite material.

Experimental

Materials

Methyl methacrylate (MMA), 3,4-ethylenedioxythiophene (EDOT),
2,2'-azobis(2-methylpropionamidine) dihydrochloride (AIBA), and
ammonium persulfate (APS) were purchased from Sigma-Aldrich.
Deionized water (DI) was used as a solvent.

Emulsification treatment of EDOT

The acoustic emulsification of EDOT was conducted via mod-
ifying a reported procedure.’® 10 mL of DI water was taken in a
beaker and the EDOT monomer (100 pL) was dropped to it.
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Then, ultrasonication of the immiscible liquid was carried out
with a probe sonicator (5 mm diameter, 20 kHz oscillator,
titanium alloy) for 120 s. The probe was vertically placed
2.0 cm from the bottom of the beaker. Also, the experimental
set-up was supported by a cooling bath (22 + 2 °C) in order to
dissipate the heat produced during sonication.

Preparation of positively charged PMMA latex

Cationic PMMA latex was synthesised via surfactant-free emul-
sion polymerization.>* 87.5 mL of DI water was taken in a three-
neck RB flask and nitrogen gas was used to purge this for
15 min. Then, the temperature was raised to 75 °C under
constant stirring at 350 rpm. Then, 10 g of MMA was added
dropwise and, again, nitrogen gas was used for purging for 15
min. After that, 0.015 g of AIBA dissolved in 2.5 mL of DI water
was added carefully, followed by stirring for 5 h.

Preparation of the PMMA-PEDOT microcomposite

The desired volume of EDOT emulsion was gradually added to
10 g of PMMA latex under constant stirring for 15 min. The
resultant PMMA-EDOT colloidal suspension was polymerised
in situ with APS at 25 °C for 24 h. The colour of the reaction
mixture slowly changed from white to light blue and finally to
dark blue. The prepared bluish coloured PMMA-PEDOT com-
posite was washed with DI water, unreacted EDOT monomer
was washed out using methanol, and finally the composite
particles were dried at 60 °C for 24 h.

The PMMA-PEDOT composite was then crushed into a fine
powder using a mortar and pestle. The composite was further
subjected to compression molding in a hydraulic pellet press
(KP 672) at 50 bar for 5 min to create a PMMA-PEDOT
composite thin pellet. The thickness of the pellet was con-
trolled based on the feed amount of powder.

Characterization

The morphologies of PMMA, PMMA-PEDOT, and the polymer
composite films were analysed via SEM (FE-SEM, Hitachi 6600)
and HRTEM (JOEL, JEM-2100F). EDX analysis was conducted
with Jeol 6390LA/Oxford XMX N apparatus. X-ray photoelectron
spectroscopy (XPS) spectra were obtained using a PHI 5000
versaprobe scanning ESCA microprobe electron spectrometer
from Physical Electronics, USA, with monochromatic Al Ko
radiation. XRD analysis was carried out using a Rigaku Mini-
Flex 600 diffractometer (Japan, using a Cu Ka radiation source).
Fourier-transform infrared (FT-IR) spectroscopy analysis was
performed using Nicolet 5700 apparatus. The thermal proper-
ties of samples were analyzed via TGA (Q50, TA Instruments, N,
atmosphere, heating rate of 10 °C min~") and DSC (Q20, TA
Instruments, N, atmosphere, heating rate of 10 °C min ™). Zeta
potentials of the PMMA latex and EDOT emulsion were ana-
lysed using Zetasizer apparatus (Nano ZS, Malvern Instru-
ments). The electrical resistance of PMMA-PEDOT pellets
was studied using the four-point probe method (Keithley
2450 instrument).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
PEDOT-decorated PMMA microcomposite

PMMA-PEDOT composites were synthesized in a stepwise
manner through a green protocol via acoustic emulsification,
surfactant free emulsion polymerization, and in situ oxidative
polymerization. A schematic diagram of the synthesis process is
shown in Fig. 1 and an overview is given below.

First, PMMA latex particles were prepared using the cationic
free radical initiator 2,2’-azobis(2-methylpropionamidine) dihy-
drochloride, which produced positive charges on the surface of
the PMMA particles. The generation of a positive surface is due
to the accumulation of cationic fragments from the decom-
position of the AIBA initiator.***® The EDOT emulsion was
prepared via acoustic emulsification through probe ultrasoni-
cation (20 kHz oscillator) of the EDOT/water mixture for
120 s, creating negative charges on the surface of the EDOT
molecules. This is due to the preferential adsorption of
OH™ ions from the aqueous medium, which stabilizes the
acoustic emulsion.’’™® The zeta potential of the PMMA
latex and EDOT emulsion were measured to be +41.7 mV and
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—57.3 mV (Fig. S1 and S2, ESIY), respectively. Then, the
oxidative in situ polymerisation of EDOT on positively charged
PMMA microspheres was carried out via the slow addition of an
aqueous solution of APS and further stirring for 24 h. The
PMMA-PEDOT composite turned light blue immediately, indi-
cating the formation of PEDOT. Finally, a dark-blue-coloured
PMMA-PEDOT composite was formed. During this process, the
PMMA microparticles serve as a template for the in situ poly-
merisation of PEDOT. Conducting polymers such as PEDOT
generally undergo strong interchain interactions. PEDOT was
also synthesized under similar conditions using APS as the
initiator. The use of water as a medium for the overall proce-
dure makes the method low-cost and simple.

A comparison between the water-mediated strategy for
PMMA-PEDOT composite formation and other methods for
polymer-PEDOT composites is given in Table 1. To date, several
methods have been demonstrated for preparing polymer—
PEDOT composites. The main disadvantages of these techni-
ques include the use of toxic surfactants and organic solvents,
which is undesirable from an environmental aspect. Interest-
ingly, our newly designed strategy for the preparation of a

O / \
0] O
O/
MMA EDOT / \
S
:‘“BA Surfactantfree Acousticemulsification >))
75°C, 5h emulsion polymerisation by ultrasonication 20 KHz
+ _C')._
+ O 5 O
A\ A drop wise addition = _'_Q:_ =
gt of EDOT emulsion '-Q—' -
: PMMA latex to the PMMA EDOT emulsion
zetapot is latex, zetapot is
+41.7 mV Stir for 30 minutes

APS, 24h
25°C

photographs of PMMA latex, EDOT emulsion, and the PMMA-PEDOT composite (suspension and powder).
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Table 1 Different methods for the synthesis of polymer—PEDOT composites

Preparation of matrix

Integration of conducting Solvent or surfactants used for

No. Composite polymer polymer preparation

1 PMMA-PEDOT nanofiber mat'® Electrospinning Oxidative polymerization DMF

2 PS-PEDOT nanospheres®* Dispersion polymerization  Oxidative polymerization PVP, propanol, methanol

3 PMMA-PEDOT polymer sheet*® PMMA film Oxidative polymerization Pyridine, butanol

4 PAN-PEDOT nanofiber mat®’ Electrospinning Vapour-phase deposition DMF, pyridine

5 PMMA-PEDOT polymer film*’ PMMA granules Mini-emulsion polymerization Surfactants (DBSA), CH,Cl,

6 PS-PEDOT nanofiber mat*' Electrospinning Vapour deposition polymerization = THF, acetone, butanol

7  PMMA-PEDOT thin fiber mat*® Electrospinning Solid-state polymerization of CHCI;, acetic acid, hexane,
DBEDOT CH,Cl,, DMF, THF

8 PMMA-PEDOT polymer film*’ PMMA granules Electrochemical polymerization LiClO,4, CH,Cl,

Surfactant-free
polymerisation

9 PMMA-PEDOT microspheres (our
strategy)

PMMA-PEDOT composite without using surfactants and
organic solvents can satisfy the requirements of green scientific
research.

Morphology of PMMA-PEDOT microcomposites

TEM analysis was conducted to examine the decoration of
PEDOT on the surface of PMMA microspheres. Fig. 2 shows
TEM images of PMMA (Fig. 2a) and the PMMA-PEDOT compo-
sites formed via the polymerization of anionic EDOT emulsion
on the surface of cationic PMMA latex particles with 7.08 wt%
PEDOT loading (Fig. 2b) and 10.20 wt% PEDOT loading
(Fig. 2c). The PMMA particles are clean, smooth, and spherical,
with an average size of 200 nm, as shown in Fig. 2a.
Surprisingly, the PMMA-PEDOT composites also exhibit
spherical morphology but with a totally different surface; a
continuous rugged morphology was observed, as shown in
Fig. 2b and c. Indeed, this morphology suggests the deposition

Acoustic emulsification H,0

of segregated PEDOT, preferably at the surface, whereas the
majority of the volume consists of PMMA matrix. As seen in
Fig. 2c, for 10.20 wt% PEDOT loading, the tightly coated PEDOT
particles are interstitially spaced between PMMA particles
forming a conductive network. This type of network is very
crucial for electrical conduction throughout the composite,
consequently promising a low percolation threshold of around
7.08 wt% PEDOT loading.

We believe that the in situ polymerisation of EDOT occurs on
the surface of the spherical PMMA matrix. Initially, oligomeric
chains of EDOT were generated at the surface of PMMA
particles. Later, the spontaneous assembly of EDOT oligomers
was carried out and finally the formation of PEDOT occurred on
the surface of the PMMA particles.

Fig. 2d shows the SEM image of spherical PMMA particles.
Fig. 2e shows the PMMA-PEDOT composite formed via the
polymerization of an anionic EDOT emulsion on the surface of

Fig. 2 TEM images of (a) PMMA, and PMMA—-PEDOT composites with (b) 7.08 wt% and (c) 10.20 wt% PEDOT loading. SEM images of (d) PMMA, (e) the
PMMA-PEDOT composite with 7.08 wt% PEDOT loading, and (f) the PMMA-PEDOT composite formed from the direct addition of EDOT with 10.48 wt%

PEDOT loading.
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cationic PMMA latex particles with 7.08 wt% PEDOT loading,
exhibiting the uniform coating of PEDOT onto the surfaces of
PMMA microspheres, as seen in the TEM images. Specifically, it
highlights the core-shell morphology, in which in situ poly-
merised PEDOT particles were accumulated on the insulating
PMMA matrix. More specifically, this strategy ensures strong
improvements in the electrical and thermal properties of the
polymer composites. Fig. 2f shows the PMMA-PEDOT compo-
site formed from the direct addition of the EDOT, with 10.48
wt% PEDOT loading; it exhibited an aggregated structure with a
non-uniform PEDOT coating on the surface of the PMMA
microspheres, which limits the overall conductivity of the
composite due to the absence of segregated morphology, and
this is verified via electrical conductivity studies.

Structural characteristics

The measured IR spectra of PMMA, PEDOT, and PMMA-
PEDOT are presented in Fig. 3a. For PEDOT, the exhibited
peaks could be assigned to symmetric and asymmetric C-H
(2852 and 2920 cm ™), C=C (1527 em "), C-C (1345 cm™ '), C-
0 (1090 cm™ ), and C-S (981 cm ™" and 836 cm™).">***” pPMMA
exhibited characteristic peaks at 1719 ecm ™' (C=O0 stretching)
and 1145 cm™ ' (CO stretching).?> However, the FT-IR spectrum

(a)

PMMA-PEDOT

PEDOT

Transmittance (%)

PMMA

1 1 1 1 1
3000 2500 2000 1500 1000
Wave number (cm™)
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of the PMMA-PEDOT composite exhibited the characteristic
peaks of both PEDOT and PMMA.

Distinguishable peaks were exhibited at 1731 em ' (C=0
stretching), 1527 em™ ' (C=C stretching), and 981 cm™* (C-S
stretching). These assigned peaks were correlated to the
characteristic bonds of PMMA and PEDOT. The shifting of
the characteristic peaks was connected to electrostatic and
interfacial interactions between PMMA and PEDOT. In addi-
tion, PEDOT particles were shown to be physically entrapped
with the matrix PMMA microspheres rather than chemically
bonded.

Fig. 3b shows the XRD patterns of PMMA, PEDOT, and
PMMA-PEDOT. For PEDOT, the diffraction peak observed
at 26 = 6.6° seems to be the (100) reflection of the polymer
backbone and the other two peaks at 20 = 11.8° and 20 = 25.5°
correspond to (200) and (020) reflections, respectively.>¢™>®
PMMA exhibited two broad peaks at 20 = 14.5° and 30.1°,
indicating an amorphous structure.”® The XRD pattern of the
PMMA-PEDOT composite, showing diffraction peaks at 260
scattering angles of 14.2° and 25.1°, confirmed the incorpora-
tion of PEDOT onto the PMMA particles. The successful incor-
poration of PEDOT onto the PMMA particles was also
demonstrated via XPS analysis. Fig. 3c shows the XPS survey
spectra of PMMA, PEDOT, and the PMMA-PEDOT composite.

(b)
E PMMA-PEDOT
2
[7]
c
2
= PEDOT
PMMA
- i . 1
20 60 80

40
20 (degree)

S2p ,S2s

Intensity (a.u)

A

S2p ,S2s

PMMA-PEDOT

PMMA

1 1 1

100 200 300

400 500 600

Binding Energy (eV)

Fig. 3 Characterization of the PMMA-PEDOT composite: (a) FTIR spectra, (b) XRD patterns, and (c) XPS survey spectra.
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In PMMA-PEDOT, apart from the signals of carbon and oxygen
elements, signals due to sulphur confirm the presence of
PEDOT in the polymer matrix.

Composite characteristics

A group of PEDOT-decorated PMMA composites was prepared
in which the PEDOT loading was varied from 4.38 wt% to 16.66
wt%. Fig. 4 shows the C 1s XPS spectra of PMMA (Fig. 4a),
PEDOT (Fig. 4b), and PEDOT-decorated PMMA composites with
4.38 wt%, 7.08 wt%, and 10.20 wt% PEDOT loading (Fig. 4c-e).
For PMMA, the dominant peaks are centred at 283.59 eV
(C-C/C-H), 285.29 eV (C-C-O), 286.79 eV (C-O), and
288.41 eV (0-C=0).°"*' For PEDOT, the main peaks are seen
at 283.54 eV (C-C/C-H) and 284.88 eV (C-S), and a smaller peak
is located at 286.04 eV (C-0).'*%>%* Additionally, a weak ©= —
n* shake-up signal is seen at 290.6 eV from the heteroaromatic
thiophene ring.®> For the composites, some of the subpeaks
overlap based on the reference spectra obtained from PMMA
and PEDOT particles. However, the composite with higher
PEDOT loading exhibits comparatively similar signals to the
PEDOT particles, clearly revealing that PEDOT is heavily con-
centrated at the surface of the PMMA microspheres, which was
also supported by TEM images.

View Article Online
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Fig. 4f-i shows the S 2p spectra for PEDOT particles and
PEDOT-decorated PMMA composites with PEDOT loading
levels of 4.38, 7.08, and 10.20 wt%. The dominant signals can
be fitted to neutral S (162.6-163.01 eV), cationic S* (163.44-
164.28 eV) assigned to the PEDOT backbone, and sulphate
dopant (166.41-167.77 €V).®>"°® 1t is possible to determine the
doping levels via analysing the peak area of sulphate dopant
compared to those of the other two signals, and it was indicated
that PEDOT was doped with roughly 11.7 £ 1.6% sulphate.
Approximately similar low doping levels of the PEDOT in the
composite were recorded based on XPS analysis.

Compositional analysis of the PMMA-PEDOT composites
was also carried out based on energy dispersive X-ray (EDX)
analysis (see Fig. S3, ESIt). The intensity of the S signal
increases as the PEDOT composition in the composite
increases. The signal consists of carbon, oxygen, and sulphur.
Examining the elemental composition from EDX studies and
the percentage of sulphate dopant in PEDOT, five different
samples were analysed. The PEDOT loading levels in the different
composites were calculated to be 4.38 wt%, 7.08 wt%, 9.77 wt%,
10.20 wt%, and 16.66 wt%.

Table 2 summarizes the elemental analysis results from XPS
and EDX analysis for five PEDOT-decorated PMMA composite

(b) C 1s (PEDOT)

(a) C 1s (PMMA)

Intensity (a.u)
Intensity (a.u)

(c) C 1s Composite (4.38 wt%)

Intensity (a.u)

282 292 282 284 286

284 286 288 290
Binding Energy (eV)

Binding Energy (eV)

288 200 292 282 292

284 286 288 290
Binding Energy (eV)

(d) C 1s Composite (7.08 wt%)

Intensity (a.u)
Intensity (a.u)

(e) C 1s Composite (10.20 wt%)

(Hs2p (72\001')

Intensity (a.u)

284 286 288 290 282

Binding Energy (eV)

282 292

284 286 288 290
Binding Energy (eV)

2 160 170

Bﬁﬁdingﬁnerégs(evf“

(g) S 2p Composite (4.38 wt%)

Intensity (a.u)
Intensity (a.u)

(h) S 2p Composite (7.08 wt%)

(i) S 2p Composite (10.20 wt%)

Intensity (a.u)

160 170 160

1,82, 164 166 168
Binding Energy (eV)

162 164 166 168
Binding Energy (eV)

170 1&0 170

162 164 166 _ 168
Binding Energy (eV)

Fig. 4 XPS spectra: C 1s spectra of (a) PMMA, (b) PEDOT, and PMMA-PEDOT composites with (c) 4.38 wt%, (d) 7.08 wt%, and (e) 10.20 wt% PEDOT
loading; S 2p spectra of (f) PEDOT, and PMMA—-PEDOT composites with (g) 4.38 wt%, (h) 7.08 wt%, and (i) 10.20 wt% PEDOT loading.
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Table 2 XPS and EDX composition results from different PEDOT-loaded
composites

S (at%) % of sul- Doping PEDOT cover- S (wt%)

from phate level age at the sur- from  PEDOT
Composite XPS  dopant (%) face (at%) EDX  (Wt%)
Sample I 2.58 10.25 11.42 20.88 0.98 4.38
Sample II 2.61 9.40 10.37 21.37 1.59 7.08
Sample III 3.33 11.85 13.40  26.49 2.20 9.77
Sample IV 4.36 9.10 10.01 35.80 2.30 10.20
Sample V. 4.65 9.87 10.95 37.89 3.74 16.66

samples, including the doping level percentage, the relative
proportion of PEDOT at the surface, and its loading in the
composites. The relative proportion of PEDOT at the surface of
the composites was calculated based on the atomic ratio
between the S 2p signals from the coated composites and
PEDOT bulk powder, assuming that the composition is homo-
geneous in the volume analysed via XPS. The PEDOT loading in
the composite was quantified via taking the weight ratio
between sulphur in the composite and the PEDOT bulk,
resulting from EDX analysis. In both calculations, sulphur
content due to sulphate dopant was excluded.

The relative proportion of PEDOT at the surface increases
as PEDOT loading increases, suggesting that the PMMA
surface is supportive of EDOT polymerisation. However, the
relatively low proportion of PEDOT at the surface of the
composite particles shows that the PEDOT coating is non-
uniform, and this is supported by the morphological analysis.
Ultimately, the PEDOT-rich surface relative to the composite

100
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2 w0 ——PMMA
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——4.38 wt%
———7.08 wt%
29 ——9.77 wt%
—10.20 wt%
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Fig. 5
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bulk ensures a segregated morphology, providing higher com-
posite conductivity.

Thermal and electrical properties

Thermogravimetric analysis (TGA) was conducted to test the
thermal properties of the composites. Fig. 5a shows the TGA
curves of PEDOT, PMMA, and PEDOT-decorated PMMA com-
posites with different PEDOT loading levels. Fig. 5b shows the
derivative thermal gravimetric (DTG) curves of samples.

Table 3 summarises the initial decomposition temperature
(T}) and temperature of the maximum decomposition rate
(Tmax) values of PMMA and the composites with different
PEDOT loadings. Initially, the weight loss between 25 and
110 °C (about 2-3 wt%) corresponds to the vaporisation of
adsorbed water. PEDOT powder is stable up to 190 °C and then
continuous degradation occurs up to 400 °C due to the degra-
dation of the ethylenedioxy groups in the PEDOT molecules.
From 400 °C to 600 °C, a smaller degradation step is seen due to
the decomposition of the polymer backbone. There was around
57.4 wt% left after heating to 600 °C.*® For PMMA, the two
stages of weight loss appeared in the temperature ranges of
110-220 °C and 254-410 °C, and these may be attributed to the
degradation of unsaturated end groups and main-chain
pyrolysis.*® In the case of the PMMA-PEDOT composites, the
onset decomposition temperature and pyrolysis shifted toward
a higher temperature compared to the PMMA matrix. Specifi-
cally, the onset of decomposition was increased by about
28.2 °C and 37.7 °C for the composites with PEDOT loading
levels of 7.08 wt% and 10.20 wt%, respectively. The final weight
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Table 3 Results from TGA, DTG, and DSC analysis of PMMA and PMMA—-
PEDOT composites with different PEDOT loading levels

Sample T; (°C) Timax (°C) Ty (°C)
PMMA 254.4 351.6 111.3
4.38 wt% 259.5 360.2 123.0
7.08 wt% 283.2 359.1 125.7
9.77 wt% 284.3 367.1 126.6
10.20 wt% 292.1 357.7 126.8
16.66 wt% 258.6 355.9 126.9

fractions of PMMA and PEDOT remaining at 410 °C were 9.6%
and 65.2%, respectively. Interestingly, the final weight fractions
of the PMMA-PEDOT composites increased dramatically com-
pared to the matrix polymer. They increased to 43.5% and
48.6% for the composites with PEDOT loading levels of
9.77 wt% and 10.20 wt%, respectively. The improved thermal
stability when compared to the PMMA matrix could be attrib-
uted to the formation of a segregated structure with PEDOT on
the surface of PMMA. Fig. 5c exhibits the DSC thermograms of
the PMMA and PMMA-PEDOT composites with different PEDOT
loading levels, providing evidence for the formation of segregated
conductive-filler networks. According to the results, the PEDOT
morphology in the PMMA-PEDOT composites affects the glass
transition temperature value of the PMMA matrix. A T, value of
111.3 °C was observed for pure PMMA particles.***

The addition of PEDOT to PMMA caused an increase in T,
(see Table 3), revealing that the decoration of PEDOT onto the
surface of PMMA limits the segmental mobility of the matrix for
the glass transition. Also, this supports the concept of inter-
facial interactions between PEDOT and the matrix polymer and
the compatibility between the two polymers. Moreover, SEM
and TEM images of composites with the thick decoration of
protruding PEDOT on the PMMA surface validate the interfacial
interactions between components which can limit the relaxa-
tion behaviour of PMMA.

Electrical conductivity is one of the most useful character-
istics of PEDOT. About a 10°-fold increase in the electrical
conductivity of the PMMA-PEDOT composite was obtained
compared to the polymer matrix.”>** Fig. 5d shows the elec-
trical conductivity of the composites as a function of PEDOT
loading (wt%) at 25 °C, demonstrating the percolation beha-
viour. The electrical conductivity data for PMMA and compo-
sites with different PEDOT loading levels are shown in Table 4.
Interestingly, a sudden increase in electrical conductivity, also
termed the percolation threshold, is reached when the PEDOT
loading was about 7.08 wt%, specifying the generation of a

Table 4 Electrical conductivity measurements of PMMA and PMMA-
PEDOT composites with different PEDOT loading levels

Sample Electrical conductivity (S m™")
PMMA ~1071°

4.38 wt% 3.16 x 10°°

7.08 wt% 3.37 x 10°°

9.77 wt% 3.37 x 1072

10.20 wt% 0.30

16.66 Wt% 0.37
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conductive network in PEDOT-decorated PMMA. The electrical
conductivity of the PMMA-PEDOT composite reaches
0.30 S m ™" when the PEDOT loading is 10.20 wt%. It is worth
noting that the conductivity of the composite consisting of
directly added EDOT with 10.48 wt% PEDOT loading is only
3.21 x 10°° S m~". In contrast, our new strategy ensures an
almost similar level of conductivity of 3.16 x 107° S m~' when
the PEDOT loading was only 4.38 wt%. The very low conductiv-
ity of the former is most likely due to the absence of
a conductive network, which was limited by the uneven agglom-
eration of PEDOT over PMMA particles, as seen in SEM
imaging. The PMMA-PEDOT composite formed via the poly-
merization of the anionic EDOT emulsion on the surface of
cationic PMMA latex particles has a conductive network with
the interstitial spacing of PEDOT between the PMMA particles.
Moreover, the surfactant-free water-mediated process incorpor-
ating acoustic emulsification and latex technology ensured that
the good electrical properties of PEDOT were maintained in the
composite material.

Conclusions

In this work, we report a simple and green strategy for the
synthesis of conductive-PEDOT-decorated PMMA composites
involving acoustic emulsification, surfactant-free emulsion
polymerization, and in situ polymerization. The EDOT emul-
sion was prepared via green acoustic emulsification, which
could create negative charge on the surface of the EDOT
monomer. In addition, cationic PMMA latex particles were
synthesised via surfactant-free emulsion polymerization.
Finally, the in situ oxidative polymerization of EDOT generated
PEDOT-decorated PMMA microspheres. Morphological analy-
sis shows that PEDOT particles were efficiently decorated onto
the surface of PMMA particles, forming a segregated network.
The prepared PMMA-PEDOT composite exhibits better electri-
cal conductivity and thermal stability than related materials.
The electrical conductivity of the composite when the PEDOT
loading was ~10.20 wt% is increased ~ 10°-fold over that of the
matrix polymer and ~10°fold compared with a composite
that was prepared conventionally. With 10.20 wt% PEDOT
loading, the electrical conductivity of the composite exceeded
0.30 S m™ ', which is a sufficient level of conductivity for many
electrical applications, including electromagnetic interference
shielding. Also, the onset decomposition temperature and
pyrolysis temperature of the composite were shifted toward
higher temperatures compared to the PMMA matrix. Specifi-
cally, the onset decomposition temperature increased by about
28.2 °C and 37.7 °C for composites with PEDOT loading levels
of 7.08 wt% and 10.20 wt%, respectively. The improved thermal
stability when compared to the PMMA matrix could be attrib-
uted to the formation of the segregated PEDOT structure on the
surface of PMMA particles. The significant improvement of T,
at low PEDOT loading levels indicates the strong interfacial
interactions between PEDOT particles and the PMMA matrix,
and this also validates the good compatibility between the two

© 2022 The Author(s). Published by the Royal Society of Chemistry
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polymers. This method opens up new paths in sustainable
materials research for the synthesis of conductive polymeric
composites. We strongly recommend that our green process
and the related composite be used for the preparation and
fabrication of electronic devices, antistatic coatings, gas sen-
sors, and energy-storage systems. In addition, the composite
can be utilized as an effective conductive filler for the prepara-
tion of highly transparent conductive thin films.
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