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Abstract: The effects of various polymerization times on the properties and conductivity of poly(methyl
methacrylate)/polyaniline (PMMA /PANi) copolymer has been investigated. Different polymer-
ization times, such as 1 h, 2 h, and 3 h, have been employed during free radical copolymerization
of PMMA /PANIi copolymer. The properties of newly synthesized PMMA /PANi copolymer were
discussed with the help of Fourier transform infrared (FTIR), H nuclear magnetic resonance (NMR)
spectroscopies, UV-Vis spectroscopy, and transmission electron microscopy. All copolymers showed
electrical conductivity of a semi-conductor material, compared with PMMA itself. It was found
that the reaction played a significant role, especially at optimum polymerization time, where PANi
formation and conductivity was at its highest. Our present work demonstrates that copolymer film
could be a promising material to fabricate polymer conducting film in many electronics applications.

Keywords: poly(methyl methacrylate); polyaniline; copolymer; free-radical; conductivity

1. Introduction

Since the discovery of conducting polyacetylene in the year 1974 by Hideki Shirakawa,
Alan Heeger, and Alan MacDiarmid [1], conducting polymers have been the main subject
of interest for many researchers. The vast interest is due to their outstanding unique charac-
teristics, including high optical and mechanical properties, flexibility in electrical properties,
ease of fabrication, and better environmental stability. Because of these properties, con-
ducting materials could be extensively useful in electrical, electronics, and optoelectronics
applications. Among various types of conducting polymers, polyaniline (PANi) is one of
the most favorable materials being studied due to its combination properties of high con-
ductivity by doping, simple processing at low cost, and better stability [2,3]. Nevertheless,
poor solubility and processability of neat PANi, together with susceptibility to degrade
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at high temperature results in poor mechanical strength that limits application [4,5]. To
overcome these limitations, PANi is usually copolymerized with other insulating polymers
to produce synergetic effects of newly polymerized conducting composite materials.

There are various polymers that can be used for fabricating conducting composites.
Examples of thermoplastics that is usually used with PANi include polystyrene (PS) [6],
poly (lactic acid) (PLA) [7], poly (vinyl alcohol) (PVA) [8], and poly (methyl methacrylate)
(PMMA) [9-11]. Two different methods can be employed to produce composites of these
monomers, namely polymer blends and copolymerization. Polymer blends involve phys-
ical mixing and the solvent casting method, while copolymerization can be carried out
by either electrochemical or chemical polymerization. Among all these methods, copoly-
merization via free radical polymerization is of interest due to the high reactivity, high
conversion, and mild reaction conditions [12]. Copolymerization via free radical polymer-
ization was used as a polymerization reaction as it requires simple and low-cost production
process, it is easy to set up, and has wide range of monomers. In addition, free radical
polymerization requires less removal of moisture either being carried out in bulk phase or
solution [13].

Copolymerization of a polymer is often carried out by chemical/electrochemical
oxidation or reduction of different monomers to yield a copolymer in various forms, such
as powders, thin films, colloids, and thin films, depending on the reaction conditions and
applications of the copolymers. Among all the polymerization methods, chemical oxidation
reaction is an advantageous method in copolymerizing PANi with other thermoplastic
polymers due to the ease of synthesis of different functional polymers [14]. For PANi
synthesis itself, various polymerization conditions, such doping concentrations, types of
oxidants, polymerization temperature, and time, have been proven to affect not only PANi
morphology and molecular weight, but also the yield and conductivity of PANi. The effects
of these parameters have been discussed in the previous work [7,15-18], however, there if
not much information on the effects of these parameters on PANi copolymers.

The main objective of this work is to fabricate a conducting material by copolymerizing
PMMA with PANi. The synthesis of PMMA with PANi was carried out by free-radical
polymerization reaction, with different polymerization times, keeping the other polymer-
ization parameters constant. In this work, the effects of polymerization time on chemical
bonding, morphology, as well as conductivities, have been studied. It has been reported
that increasing the polymerization time resulted in an increment in PANi yield and particle
size [19]. Too long polymerization time also was also reported to cause excessive oxidation
of PANi and hence, causing degradation of PANi chain [20]. Thus, the results reported
in this study in relation to polymerization time may contribute to the optimization of the
synthesis process.

2. Materials and Methods
2.1. Materials

Methyl methacrylate (MMA) (99.5%), aniline (99.9%), benzoyl peroxide (BPO), and
ammonium persulfate (APS) (98%) were obtained from Sigma Aldrich, Malaysia and used
as monomer, initiator, and oxidant. Hydrochloric acid (HCl) was acquired from R&M
Chemicals, Malaysia and diluted to 1.5 M before being used to dope aniline. Toluene
(99.5%), analytical reagent (AR) grade methanol (99.9%) and chloroform were obtained
from Merck. Deionized water (DIW) and distilled water were used for dilution and washing
during the synthesis process. All chemicals except aniline used in this study were directly
used without undergoing a purification process.

2.2. Free-Radical Polymerization of PMMA/PANi Copolymer

PMMA /PANIi copolymer was synthesized by a free-radical polymerization reaction.
The entire reaction was done under oxygen-free conditions by a flow of nitrogen gas.
We used 0.1:0.0004 ratio of methyl methacrylate (MMA) monomer to benzoyl peroxide
(BPO) initiator throughout this study. In a typical procedure, BPO was introduced into a
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reaction flask containing 10 mL of MMA under stirring conditions at 60 °C polymerization
temperature. Prior to the addition of BPO, the polymerization was allowed to start until
gelation occurred, indicating that polymerization reaction had started. After a certain
time, the solution became viscous, and a certain amount of toluene was added to the
reaction to prevent coagulation of the polymer when the second monomer was added.
Then, the second monomer, 1.5 M HCl doped aniline, was added slowly to the reaction.
The ratio of the MMA to aniline monomer used was 1:3. After that, the polymerization
temperature was reduced and the polymer mixture was left to copolymerize for different
polymerization times, namely 1 h, 2 h, and 3 h. After the reaction reached the required
polymerization time, methanol was added to stop the polymerization reaction. This step
was followed by the washing process using an excess amount of methanol and distilled
water three times to remove any impurities and un-reacted monomer. Then, the copolymer
precipitate was collected and dried in an oven for 24 h. The precipitates collected at different
polymerization times in this reaction are regarded as PMMA /PANi copolymers and labeled
as PMMA /PANi 1, PMMA /PANi 2, and PMMA /PANI 3, respectively.

2.3. Preparation of PMMA/PANI Film

We dissolved 0.2 g of PMMA /PANIi precipitate in chloroform (10 w/v%). Using a
solvent casting technique, the dispersion was cast into a glass slide and left dry in an oven
for 24 h at 60 °C to eliminate any leftover solvent from the film. This technique produces
PMMA /PANI films with an average thickness of 0.08 mm.

2.4. Characterization

All samples were characterized by Nicolet 6700 FTIR (Thermo Scientific, Waltham,
MA, USA) spectrometer. Infrared spectra were recorded at room temperature in a spectral
range of 4000 to 500 cm ! wave numbers.

The components present in the PMMA /PANi copolymer prepared were identified
using proton nuclear magnetic NMR (*H NMR), using deuterated dimethyl sulfoxide
(dimethyl sulfoxide-d6) as solvent. The 'H NMR spectrum obtained in this analysis was
then compared with the 'H NMR of the control sample (pure PMMA and PANI), respectively.

The transmittance and absorbance measurement of PMMA /PANi copolymer films
were evaluated using Perkin Elmer Lambda 35 UV-Visible spectrophotometer. Analysis
was done in the wavelength range between 300 and 900 nm with 1.0 nm sampling intervals.
The sample for this analysis was spin-coated films on a glass substrate and used in the
sample position while non-coated glass substrate was used in the reference position. The
transmittance of spin-coated PMMA /PAN:i films was then compared with the spin-coated
pure PMMA.

FESEM was used to visualize the morphology, agglomeration tendency, and size
distribution of PMMA and PANi copolymer synthesized. This analysis was done using
FESEM Jeol JSM-7600F) with a magnification of 60,000 x at an acceleration voltage of ~5 kV.
The test samples used were thin rectangular films with a dimension of 2 x 1 cm.

2.5. Conductivity Analysis

Resistance of PMMA /PANi copolymer produced was measured by two-point probe
measurement using 4200-5CS’s Keithley Interactive Test Environment (KITE) source meter.
The sample used for this measurement was in the form of a thin rectangular film with a
dimension of 0.02 x 0.01 m and a thickness of 8 x 1075 m. Meanwhile, the length of the
needle probe was 0.005 m and fixed for every measurement of all samples. The resistivity
determination was repeated five times for each sample to evaluate the accuracy.

The resistivity of PMMA /PANi copolymer was obtained using Equation (1):

p= "1 () 0
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where, R is the resistance of the material, A is the cross-sectional area (width, w times
thickness, t), and [ is the needle’s length.

The conductivity of the material is simply the inverse of resistivity. It is denoted by
the symbol o and the unit of conductivity is S/m. From the resistivity value measured
previously, the conductivity of PMMA /PANIi copolymer was calculated using Equation (2):

o= ; (sm™), @)
3. Results

3.1. FTIR Characterization

The chemical structure of the synthesized PMMA /PANi copolymers was studied
using FTIR spectroscopy. Figure 1 shows the FTIR spectra for pure PMMA and PAN],
while Figure 2 shows FTIR spectra of PMMA /PANi copolymer at different polymerization
times. The typical bands corresponding to the PMMA can be seen in the PMMA spectrum
and listed as asymmetrical elongation vibrations of the methylene group, C-H (2953 and
2993 cm™1), C=0 stretching vibration (1720 cm~ 1), CHj stretching (1480 and 1433 cm™ ),
C-O-C stretching vibration (1236 cm~1), -O-CHj stretching (1143 cm 1), and (CH,), with
n > 4 (alkene) (749 to 988 cm™!) [21-23]. On the other hand, the band characteristics
of PANi that can be observed in the PANi spectrum were attributed to -N-H stretching
(3433 cm~ 1), C-N stretching vibration in aromatic primary amine (1275 cm '), and ortho
and meta substitution in benzene ring (732 and 684 cm 1) [22,24]. In addition, peak char-
acteristics that are responsible for conductivity can be seen at 1590 and 1593 cm ™!, which
were attributed to stretching vibrations of quinoid and benzenoid rings, respectively [25].

FTIR spectra of PMMA /PANi 1, PMMA /PANi 2, and PMMA /PANI 3 that analyzed
in the wavenumber range of 4000 to 600 cm ™! are shown in Figure 2. In general, all
PMMA /PANi copolymer synthesized exhibited broad peaks at around 2000 to 2500 cm™*
wavenumber, indicating the typical form of conducting state of PANi. This broadband
indicates the absorption of free charge carriers in the protonated PANi [26]. The IR bands
at 1590 and 1493 cm ™! are attributed to C=C stretching vibrations of quinoid and benzoid
rings, which are the characteristics of protonated PANi. As can be observed, these peaks
were shifted to 1485 and 1583 cm ™~ (PMMA /PANi 1), 1483 and 1584 cm ™~ (PMMA /PANI 2)
and 1483 and 1586 cm ! (PMMA /PANIi 3), respectively. The shifting of these peaks to
lower frequency suggests the Van der Waals type of interactions or hydrogen bonding that
occurred between the introduced PANi chain and PMMA matrix structure [22]. Meanwhile,
the characteristic bands of emeraldine salts formed due to the protonated process of PANi
with HCI can be found at bands from 1050 and 1154 cm ™. Through the HCI doping process,
an excitation band for emeraldine salt is formed and hence responsible for improving
conductivity in PANi [27]. The intensity of the protonated bands may give an estimation
of their ratio in the polymeric layer. As can be observed in IR spectra, these protonated
bands are more significant for PMMA /PANi 1 and PMMA /PANi 2 spectrum as compared
to PMMA /PANi 3 spectrum. Besides, the intensities of these bands are different for all the
copolymer films, suggesting that these conduction bands are forming in approximately
different proportions in the copolymer. As can be seen in FTIR spectrum of PMMA /PANi 1
and PMMA /PANI] 2, IR band characteristics to quinoid and benzoid and emeraldine salt
form of PANi are higher for PMMA /PANI 2 than those of PMMA /PAN:i 1, suggesting the
relationship between the formation of PANi bonding with the polymerization time. These
results are related to the higher proportion of PANi units in the copolymer by increasing
polymerization time, which results in high conductivity, and hence in agreement with the
data presented in the conductivity analysis.
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Figure 1. FTIR spectra of pure PMMA and pure PANi.
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Figure 2. FTIR spectra of PMMA /PANi copolymer at different polymerization times.

The relationship between PANi proportion units in the copolymer with polymer-
ization time can be explained in more detail with polymer conversion. It is observable
that FTIR spectra of PMMA /PANi 1, PMMA /PANi 2, and PMMA /PANi 3 exhibited al-
most identical peaks. However, compared to PMMA /PANi 1 and PMMA /PANIi 2, FTIR
spectra for PMMA /PANi were less apparent. The reason for this difference can be at-
tributed to the monomer conversions which have reached a limiting conversion [28]. In
the case of the free radical polymerization reaction, too long polymerization time might
increase the chance of hydrogen abstraction reaction from the solvent occurring. This can
happen when the radical from the propagating polymer chain end is transferred to the
solvent molecules and hence reduces the polymer conversion and shortens the propagating
chain [29]. The results suggest that, in free radical polymerization, more monomers are
consumed by the reactive propagation chains. The slight increase in the intensities of PANi
segments of the PMMA /PAN] 2 spectrum indicates that polymerization at a relatively
short polymerization time is favorable in regard to produceing optimum PANi conversion.
However, too long polymerization time (3 h) causes the reacting MMA propagating chains
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to undergo a combination termination, leading to the self-polymerized PMMA [30]. The
formation of the self-polymerized PMMA is unfavorable owing to the less interaction
with PANi segments, which leads to the absence of few PANIi characteristics band in the
PMMA /PANI 3 spectrum.

It can be seen that some of the peaks had shifted to either higher or lower frequency
as compared to the individual spectra of PMMA and PANi. The peak at 1433 cm™!,
which is attributed to C-CHj stretching, was shifted to higher frequency of 1448 cm~! in
all PMMA /PANi spectra. The peak at 798 cm !, which is attributed to C-Hj stretching
vibration, was shifted to 810 cm ™! for PMMA /PANi 1 and PMMA /PANi 2 and 809 cm ™ for
PMMA /PANI 3, respectively. Meanwhile, in the case of functional groups corresponding
to PAN], the peak attributed to N stretching band of aromatic amine was shifted from 1419
to 1485 cm ! for PMMA /PANi 1 and 1483 cm~! for PMMA /PANi 2 and PMMA /PANi 3,
respectively. The shifting of peaks to higher frequency indicates that interactions took
place between the hydrogen atoms of PMMA and the aromatic amines of PANi [13]. The
obtained FTIR spectrum of PMMA /PANi 1 and PMMA /PANIi 2 suggested that PMMA and
PANi components were compatible, and an interaction existed between them. In addition,
the shifting of band attributed to ring stretching for quinoid (1493 cm~!) and benzenoid
(1590 cm 1) peak characteristics to lower frequency suggests the Van der Waals type of
interactions or hydrogen bonding that occurred between the introduced PANi chain and
PMMA matrix structure [31].

3.2. NMR Spectroscopy

The synthesized PMMA /PANi copolymer was further characterized by means of 'H
NMR spectroscopy. The 'H NMR spectra of the PMMA are shown in Figure 3a, while the 'H
NMR spectra for PMMA /PANi copolymer polymerized at different polymerization times
are shown in Figure 3b. For PMMA spectrum, the characteristic peaks at corresponding
chemical shifts are listed as 0.7, 1.9, and 3.6 ppm, which can be assigned as CHj3, CHj, and
O-CHj, respectively [32,33].

As depicted in Figure 3b, after copolymerization of PANi with PMMA, two new peaks
that appeared at 2.3-2.4 and 6.9-7.7 ppm correspond to the N-H, and aromatic protons
of the phenylamines groups, respectively [32]. Thus, the data obtained from 'H NMR
spectrum clearly indicate the successful copolymerization of MMA and aniline through
free radical polymerization reaction.

From the 'H NMR, it can be seen that both PMMA and PANi peaks give rise to
intensity with the increases in polymerization time. The difference in intensity indicates
the polymer formation for each polymerization time is different. The intensity of PANi
peak signals in PMMA /PAN] 2 is the highest, as the formation of PANi segment in the
copolymer chain is increased during the polymerization reaction. Thus, it can be concluded
that the intensity of PANi peaks for PMMA /PAN:i 1 is the lowest due to the least number
of PANi formations in the copolymer chain. It is also found that the methylene (-CHj) peak
signal at 1.3 ppm chemical shifts is broader for PMMA /PANi 2 and PMMA /PANIi 3 than
that of PMMA /PANi 1. This is because the monomer incorporation into the polymer chain
at longer polymerization time is higher [34].

3.3. UV-Visible Spectroscopy

The optical properties of the synthesized PMMA /PANi copolymer film were ac-
quired using UV-Vis spectroscopy. Figure 4a shows the transmittance spectra variations of
PMMA /PANi copolymer synthesized at various polymerization times and the pure PMMA
thin film. According to the PMMA spectrum, it is clearly seen that, from wavelength 350
to 370 nm, there is an increase in transmittance from 0 to 94%. Then, at 370, the transmit-
tance reduces to 85% before showing a steep increment above 100% at wavenumber 370 to
800 nm.
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Figure 3. (a) 'H NMR spectra of PMMA. (b) 'H NMR spectra of PMMA /PANi copolymer polymer-
ized at different polymerization time.

It is clearly seen that PMMA /PANi copolymer films have less transmittance than those
of PMMA. For instance, the transmittance of PMMA /PANi copolymer polymerized at 3 h
polymerization time (PMMA /PANIi 3) exhibited the lowest transmittance (8%), followed
by PMMA /PANIi copolymer polymerized at 2 h polymerization time (PMMA /PAN;i 2),
which is about 13% and 17% transmittance of PMMA /PANi copolymer polymerized at 1 h
polymerization time (PMMA /PANIi 1). The influence of the polymerization time (1, 2, and
3 h) on the transmittance of PMMA /PANi copolymer is not significant. For instance, the
transmittance of PMMA /PANi copolymers did not differ much between one another. The
flat curve between PMMA /PANI] spectra is due to the dark green color of protonated PANi
with HCI [35].
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Figure 4. (a)Transmittance spectra and (b) absorbance of the PMMA and PMMA /PANi copolymer
film variation with the wavelength for different polymerization times.

Meanwhile, the absorbance spectra of PMMA, and PMMA /PANi copolymers poly-
merized at different polymerization time (1 h, 2 h, and 3 h) are shown in Figure 4b. The
spectra of PMMA /PANi copolymer show the two main absorption peaks at 328-334 nm
and 553-680 nm. The first peak is attributed to 7-7* transitions in the benzene ring that re-
lates to the extent of conjugation between adjacent rings in the polymer chain [36]. Another
strong broad peak is attributed to exciton formation in the quinoid ring of PANi. Thus,
the presence of these two peaks in the PMMA /PANi copolymers spectrum proves the
successful formation of PANi segments with alternating benzenoid and quinoid segments
in the copolymer chain. It is obviously seen that the intensities of both main absorption
peaks increase with increasing polymerization time from 1 h to 2 h. This may be due to
the strong interaction between PANi segment or increase in the conjugated unsaturated
bonds in the copolymer chains [24] with the increase in polymerization time. It is found
that, the intensity of the bands is slightly reduced for PMMA /PANi 3 sample, which is in
agreement with the results obtained from FTIR results in which too long polymerization
time reduces the formation of PANi due to less interaction of PANi with PMMA.

3.4. Morphological Analysis

Figure 5 shows the surface images related to PMMA and PMMA /PANIi copolymer.
All of the PMMA /PANi copolymer films show a coral-like morphology that consists of
branched PANi nanofibers. The obtained PANi microstructures are the common HCl-doped
PANIi microstructures obtained from chemical oxidation polymerization reaction [37]. The
diameter of most of the PMMA /PANi copolymer obtained here was ~30 nm.

Obviously, there is a significant difference in the copolymer surfaces with the variation
of polymerization time. The formation of PANi on PMMA matrix is found to be time-
dependent. PANi that had been formed by 1-h and 2-h polymerization time exhibited
a highly defined and porous structure. In general, at 2-h polymerization time, newly
polymerized PANi molecules would grow from previously constructed PANi structures
because PANI structures that were already formed previously become dominant, despite
prolonging the polymerization time. However, when the polymerization time was further
increased more than the optimized polymerization time (3-h), the PANi structures became
agglomerated due to excessive generation of PANi, causing the microstructures to lose
their shape and definition [38].
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Figure 5. FESEM images of PMMA and PMMA /PANi polymerized at various polymerization times
at 60,000 magnification.

3.5. Conductivity Measurement

Current (f)

Figure 6 shows the I-V curve of PMMA and PMMA /PANi copolymer measured by
the 2-probe method. Using Equations (1) and (2), the conductivity of all samples was
calculated and tabulated in Table 1. Based on the conductivity calculated, PANi has a great
influence on the conductivity of PMMA. The conductivity of the film is due to the presence

of quinoid and benzenoid ring in PANI structure that facilitates the movement of electrons
around the copolymer chain [25,39].
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Figure 6. Relationship between current and voltage of PMMA and PMMA /PANIi copolymer films.
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Table 1. Conductivity calculated for PMMA and PMMA /PANi copolymer.

Sample Polymerization Time (h) Conductivity (S/m)

PMMA - 3.61 x 1077
PMMA /PANi 1 1 7.76 x 10~°
PMMA /PANi 2 2 234 x 1074
PMMA /PANi 3 3 828 x 107°

In addition, it is found that there are differences in conductivity values for the
various polymerization times used. The highest conductivity value was recorded for
PMMA /PANIi 2 copolymer film (2.34 x 10~* S/m). This suggests the optimum polymeriza-
tion time for PMMA /PANI copolymerization, which is at 2 h. The calculated conductivity
also substantiates that increased polymerization time would increase the conductivity of
PANI until it reaches optimum polymerization time. This result is in line with the results
obtained from FTIR and FESEM where an increased polymerization time improves the for-
mation of PANi as compared to short polymerization time (1 h), indicating well conversion
of aniline monomer. The increase of conductivity with polymerization time is said to be
due to an increase in crystallinity and molecular weight as PANi grows [19]. Nevertheless,
too long polymerization time reduces conductivity of PMMA /PANi copolymer because
the copolymer chain reached the optimum formation, and excess PANi formation caused
agglomeration of PANI.

4. Conclusions

PMMA /PANi copolymer by free radical polymerization reaction was successfully
synthesized. This is proven by FTIR and 'H NMR spectra that identified the presence of
peak characteristics and chemical shifts of PMMA together with benzenoid and quinoid
structures attributed to PANi. In this work, we report the influence of different poly-
merization times on the properties of PMMA /PANi copolymer. Analysis using FTIR
indicated that PMMA /PANi copolymer polymerized at longer polymerization time shows
less significant peaks, suggesting that monomer conversion increases with time until it
reaches limited conversion. The 'H NMR spectra of PMMA and PMMA /PANi copolymer
suggested successful copolymerization of PMMA with PANi with copolymerization at
higher polymerization time gives higher polymer formation. According to the UV-Vis
spectroscopy results, PMMA /PANi spectra showed distinct differences in percent trans-
mittance as compared to PMMA. In addition, prolonged polymerization time is found
to reduce the transmittance of PMMA /PANi copolymer due to the dark green color of
protonated PANi with HCL. The absorbance spectra of the copolymers are in agreement
with the results obtained in both FTIR and 'H NMR analysis, where the formation of
PANIi segment in the copolymer chain depends on the polymerization time. Morphological
study using FESEM showed nanofibers polyaniline with increased polymerization time.
Conductivity measurement using the 2-probe method has shown that the conductivity of
PMMA /PANIi polymerized at this optimum polymerization time exhibited the highest
conductivity of 2.34 x 10~* S/m. Overall, this study reinforces the effect of polymerization
time on fabricating conducting PMMA by copolymerization with PANi. In the near future,
the suitability of conducting PMMA /PANI] to be used in many electronic devices can be
further explored.
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