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Abstract

Modification of carbon nanotubes (CNTs) and their incoporation in polymer matrix have attracted
much attention of researchers. As maximum dispersion of CNTs could enhance the properties of
matrix dynamically, researchers are trying to find new methodologies to obtain this target. However,
maximum dispersion remains a great challenge and under the stage of progress. Here, we claimed the
synthesis of composites with a highly uniform dispersion of the filler that results significantly
improved electrical features. In this regard, composites of polymethylmethacrylate (PMMA) were
fabricated by using pristine and zwitterionic surfactant (ZIS) modified CNTs (ZIS-CNTs).
Characterization was done by using ultraviolet—visible (UV-Vis), Fourier transform infrared (FTIR),
X-ray diffraction (XRD), scanning electron microscopy (SEM), and thermo gravimetric analysis
(TGA) techniques. UV—Vis and FTIR spectroscopy confirmed the synthesis of ZIS-CNTs and
composites. UV—Vis spectra showed an increase in wavelength with the decrease in optical band gap
for CNTs-based (CNTs/PMMA) and ZIS-CNTs-based (ZIS-CNTs/PMMA) composites. SEM and
XRD studies confirmed a significant homogenoeus and uniform dispersion of CNTs in ZIS-
CNTs/PMMA composites. An increase in conductivity of PMMA from 10 to 10 and 10™' S/cm was
observed on addition of less than 1% (mass fraction) of CNTs without and with modification by ZIS,
respectively. Low values of percolation threshold at 0.5% and 0.005% for CNTs/PMMA and ZIS-
CNTs/PMMA composites were obtained, respectively. TGA analysis showed a slow rate of
decomposition for composites than that for pure PMMA. Around 600 °C, 3% CNTs/PMMA and 7%
ZIS-CNTs/PMMA composites were left in the end, which depicts the increase in thermal stability of
PMMA. This work depicts a better dispersion of CNTs in PMMA matrix via slight modification in
synthesis as well as by using ZIS as surfactant.

Keywords: polymer composite; enhanced dispersion of carbon nanotubes (CNTs); increased
electrical conductivity; low percolation threshold; improved thermal stability

https://www.sciopen.com/journal/2150-5578


mailto:ayeshamushtaq2000@yahoo.com
https://doi.org/10.26599/NBE.2023.9290018

Nano Biomed. Eng., 2023, 15(2)

137

Introduction

To obtain outstanding processability and versatile
functionalities, researchers are trying to incorporate
polymer matrix with functional nanoparticles. The
addition of conducting nanoparticles into the

insulating  polymer matrix is under more

consideration [1]. Electrical properties of such
polymer composites are well explained in terms of
[2—4]. highest
conductivity and lowest percolation threshold values
are the main objectives of a researcher while

synthesizing polymer composites using such nano-

percolation theory Hence, the

materials as conducting filler [5]. For the
development of polymer composites reinforced by
(CNTs) and

graphene are found to be excellent fillers [6]. CNTs

nano materials, carbon nanotubes
show remarkable electrical, thermal and mechanical
properties along with versatile morphologies [7, 8] .
These significant properties make them unique among
all nanoparticles.

It is reported that the extraordinary conducting
properties of CNTs have opened a new era in the field
of CNTs-based nanocomposites that include
electromagnetic shielding  (EMI),
chemical sensors, adsorbents, and many more [9].

interference

However, the strong interaction between the CNTs
via van der Waals forces and weak interactions
between the polymer matrix and the CNTs as filler,
lead to the improper dispersion and reagglomeration
of the filler in the matrix. This disadvantage is found
to be a crucial barrier in the practical applications of
CNTs [10]. Different approaches have been applied to
overcome the improper dispersion of CNTs such as
their covalent [11] or noncovalent functionalization
[12], polymer wrapping [13, 14], and addition of
surfactants [15, 16].

In the present research, two parallel approaches
have been adopted to reduce the reagglomeration of
CNTs. One is the modification of CNTs by 3-(N,N-
dimethyloctadecyl-ammonio) propane sulfonate, a
zwitterionic surfactant (ZIS), and the other is the pre-
treatment of CNTs by ultra sonication. Further, these
two types of CNTs were used in the synthesis of
polymer composites. Polymer used in this research
(PMMA).
dielectric loss, excellent mechanical strength, and a

was  polymethylmethacrylate Low
high degree of transparency of PMMA sheets make

them the best choice as a matrix for the synthesis of

polymer composites [17]. Similarly, ZIS possesses
such as pH stability, high
low toxicity, high surface activities,

unique properties,
solubility,
bioactivity, wide isoelectric range, and potential
tendency to reduce agglomeration due to electrostatic
repulsion [18]. It is also reported that modification of
CNTs by ZIS results in stable dispersion [19].
Therefore, in present research CNTs were modified
by ZIS in order to have a uniform dispersion in the
polymer matrix. The action of ZIS, in dissembling of
CNTs, is tried to be illustrated in two-step mechanism
as shown in Fig. 1. ZIS contains a hydrophobic-
octadecyl tail and a hydrophilic-sulfonate with a
quaternary ammonium head group. First, the
octadecyl tail of ZIS gets associated at the surface of
CNTs via van der Waals force and the zwitterionic
head group is alinged in the space. In the second step,
these zwitterionic head groups, which belong to
different CNTs, develop significant dipole—dipole
electrostatic attractions upon approaching each other,
thus helpful in the dissembling of CNTs [20].

Mechanism of working of ZIS
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Fig. 1 Schematic representation of dissembling of CNTs with
the help of zwitterionic surfactant.

Series of CNTs and ZIS-CNTs incorporated
PMMA-based, CNTs/PMMA, and ZIS-CNTs/PMMA

https://www.sciopen.com/journal/2150-5578



138

Nano Biomed. Eng., 2023, 15(2)

composites, respectively, with different amounts of
CNTs have been prepared. Fourier transform infrared
(FTIR) and (UV—-Vis)
spectrometers were used to characterize the synthesis
of ZIS-CNTs and composites. Electrical parameters

ultraviolet—visible

such as conductivity, dielectric constants, and
dielectric loss for all composites were measured at
different frequencies up to 1 MHz. Scanning electron
microscopy (SEM) and X-ray diffraction (XRD)
analysis have also been used to characterize
composites for the dispersion of CNTs and ZIS-
CNTs. Thermal gravimetric analysis (TGA) has been
performed to check the thermal stability of the
composites. With the help of techniques used to
characterize composites, role of ZIS and effect of
pretreatment have also been highlighted in improving

the features of composites.

Experimental

Materials and methods

Multi (CNTs) (outer
diameter x length: 6-9 nm X 5 pm; 95% purity),

walled carbon nanotubes

polymethyl methacrylate (PMMA) (average relative
atomic mass: 35 000), 3-(N,N-Dimethyloctadecyl-
ammonio) propanesulfonate (relative atomic mass:
419.7; 99% purity) were purchased from sigma
Aldrich. Chloroform (relative atomic mass: 119.3;
> 99% purity) was purchased from Merck. All
chemicals were used as received.

Synthesis of ZIS-CNTs as filler

An amount of 1 g of ZIS was dissolved in 200 mL of
distilled water followed with the addition of same
amount of CNTs in the solution and mixture was kept
on stirring for 1 h. The mixture was then subjected to
ultrasonication for next 1 h. The suspended solution
was left for 14 h at room temperature for the
maximum settling of suspended particles. Finally,
solution was filtered with poly tetra fluoro ethylene
(PTFE) filter paper and washed with distilled water.
This residue was dried in oven at 60 °C for 14 h to
have dry ZIS-CNTs [21].

Synthesis of composites

of CNTs/PMMA and ZIS-
CNTs/PMMA composites, solution mixing method as

For preparation

given in Ref. [22] was used with slight modification.
First calculated amount of CNTs, depending upon the

required composition of the filler, was added in
chloroform and kept on stirring for 1 h. Afterwards,
the suspended
additionally for next 20 min to acquire the uniform

mixture was  ultra-sonicated
dispersion. This suspension was added in solution of
PMMA and kept under ultra sonication for next
25 min. To get thin films, the suspended solution was
casted on petri dish for the solvent evaporation at
room temperature. Similar method was follwed for
the synthesis of ZIS-CNTs/PMMA composites with

different concentrations of ZIS-CNTs as filler.
Characterization

Synthesized composites were characterized by FTIR
spectrophotometer (CARY-630) of Agilent in the
range 650-4 000 cm™ to study the interaction
between the filler and the matrix. To record electronic
absorbance spectra and optical properties of the pure
PMMA, CNTs/PMMA, and ZIS-CNTs/PMMA
composites, UV—-Vis double beam spectrophotometer
(PG Instrument; model: UVD-T90+) was used in the
spectral range of 200-800 nm. Precision LCR meter
(E4980AL) of Keysight with frequency range of
40 Hz to 1 MHz was used to measure the resistance
and capacitance of the composites. XRD analysis of
the PMMA and its composites was done by AXS D2
PHASER  powder of  Bruker.
Dispersion of filler in the polymer matrix was studied
through SEM images taken by Hitachi SEM
(S3700N). Effect of filler on the thermal stability of
the composite was analyzed by TGA (TA Instrument;
SDT-Q600) from room temperature to 600 °C, under
nitrogen atmosphere at a heating rate of 20 °C/min.

diffractometer

Results and Discussion

FTIR and UV-Vis spectroscopy

Analysis of the FTIR spectra confirms the synthesis
of ZIS-CNTs, CNTs/PMMA, and ZIS-CNTs/PMMA
composites. Figure 2(a) shows the spectra of pristine
PMMA, powder CNTs, and composites with 1%, 7%,
and 12% (mass fraction) of CNTs, respectively. In the
spectrum of powder CNTs, no infrared (IR) active
species is observed, however, the band range between
2 000 and 2 200 cm™ represents the imperfect carbon
dioxide compensation from the atmosphere [23]. The
characteristic peaks of PMMA at 1 063 to 1 270 cm™
correspond to stretching vibrations of the ester bond.
The peak around 1 430 cm™ belongs to bending

https://www.sciopen.com/journal/2150-5578
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Fig. 2 FTIR spectra of (a) pure PMMA, CNTs, and CNTs/PMMA composites and (b) pure PMMA, ZIS-CNTs, and ZIS-

CNTs/PMMA composites at different concentrations.

vibration of —CH bond in methyl group. Peaks at
2 953 and 3 000 cm™ correspond to stretching
vibrations of —CH bond in CH, and CH; groups,
respectively. The peak around 1 720 cm™ corresponds
to carbonyl group of PMMA [24]. Reoccurrence of
peak pattern of pure PMMA in all spectra of
CNTs/PMMA confirms that no chemical reaction
takes place between PMMA and CNTs. In FTIR
spectrum of CNTs, prominent peaks are present
around 2 000 cm™ and appearance of peak as same
position in the FTIR spectrum of CNTs-PMMA
composites again confirms that no chemical reaction
takes place in the synthesis of composites. Figure 2(b)
represents the FTIR spectra of pure PMMA, powder
of ZIS-CNTs, and ZIS-CNTs/PMMA composites at
1.5%, 3%, 6%, 9%, and 12% modified CNTs. Low
intensity peaks at 2 850-2 915 cm™ in the spectrum of
ZIS-CNTs powder correspond to alkyl chains of ZIS,
and the peak at 1 474 cm™ shows the presence of
sulphonic group while the peak at 1 028 cm™ shows
the symmetric vibration of SO, [25, 26]. A shift of
peaks in ZIS-CNTs/PMMA composite as compared
to PMMA from 1 430 to 1 474 cm™ and 2 953—
3000 cm™ to 2 855-2 924 cm™' is due to the chains of
ZIS. The appearance of characteristics peaks of ZIS-
CNTs in the FTIR spectra of ZIS-CNTs/PMMA
confirms the successful incorporation of ZIS-CNTs in
the PMMA matrix and the pattern of characteristics
peaks of PMMA remains intact in the spectrum of
ZIS-CNTs/PMMA composite, which again indicates
that no chemical reaction took place.

UV-Vis spectra of pure PMMA, CNTs/PMMA,
and ZIS-CNTs/PMMA composites at 12% CNTs are
shown in Fig. 3(a). Pure PMMA has the value of 4,,,
at 265 nm which is between the range (260-290 nm)
as given in Ref. [§], while for CNTs/PMMA and ZIS-
CNTs/PMMA composites, A,y 1S observed at 274 and

270 nm, respectively. Overall, a shift in absorption
band upon composite formation has been attributed to
the existence of physical interaction between filler
and matrix. Tauc plot, as shown in Figs. 3(b)-3(d), is
used to calculate optical band gaps with the help of
UV-Vis absorption studies [27]. The extraplotation of
the linear portion of the plot between (ahv)* vs. hv
provides the value of the optical band gap. The
absorption coefficient a is calculated by [26]:

a =2.303A/1

where 4 is the optical density (absorption) and / is the
path length of the cuvette used (i.e., /=1 cm). Table 1
gives the difference in the optical band gap with
respect to pristine PMMA.

X-ray diffraction and SEM analysis

Figure 4 shows the XRD pattern of pristine PMMA
and composites of CNTs/PMMA and ZIS-
CNTs/PMMA. Three characteristics broad humps of
PMMA were observed at 16.5°, 29.1°, and 40.86°.
These values are matching well with previous study
results [28, 29]. However, in the XRD pattern of the
CNTs/PMMA composite, the peak pattern of PMMA
reappears without any change, indicating that the
structure of PMMA remains intact. Additionally, a
peak at 25.6° shows up belonging to CNTs. A similar
peak also shows up at the same position in the
spectrum of ZIS-CNTs/PMMA
interesting

composite. An
ZIS-CNTs/PMMA
composite is enhancement in sharpness of the peak
around 16°. This
structure of PMMA enhances upon the addition of
ZIS-CNTs, which
tremendous improvement of electrical features of ZIS-
CNTs/PMMA composites. The peak pattern in XRD
of ZIS-CNTs/PMMA does not resemble well with
that of PMMA as CNTs/PMMA does with PMMA,

observation  in
indicates that the crystalline

supports the observation of
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Fig. 3 (a) UV-Vis spectra with dotted, thin lined, and thick lined. Tauc plots of (b) pristine PMMA, (¢) CNTs/PMMA, and (d)

ZIS-CNTs/PMMA composites, respectively.

Table 1 Optical band gap energies of PMMA, CNTs/PMMA, and ZIS-CNTs/PMMA composites at 12% of CNTs

Difference in band gap with

Sample ID Band gap (V) respect to pure PMMA (eV)
PMMA 431 —
CNTs/PMMA 3.7 0.61
ZIS-CNTs/PMMA 3.08 1.23
Z_ depict the effect of the presence or absence of ZIS on
CNTs

PMMA

3 ZIS-CNTs/PMMA
2

‘G
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k= AN
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Fig. 4 XRD patterns of pristine PMMA, CNTs/PMMA, and
ZIS-CNTs/PMMA composites.

which shows the considerable interaction between
PMMA and ZIS-CNTs. This interaction is the main
reason behind the proper dispersion of the ZIS-CNTs
in PMMA. SEM images of the CNTs/PMMA and ZIS-
CNTs/PMMA composites with surface profile and

topography are given in Fig. 5. These images clearly

the dispersion of CNTs in PMMA matrix. Surface
profile images in Fig. 5 demonstrate that in the
absence of ZIS, random sized stacks of CNTs are
unevenly distributed in the matrix of CNTs/PMMA
the presence of ZIS, CNTs are
homogeneously dispersed in the whole structure of
PMMA matrix of ZIS-CNTs/PMMA composite,
respectively. A similar observation is also found in
XRD analysis.

whereas in

Electrical conductivity

Electrical conductivity of the CNTs/PMMA and ZIS-
CNTs/PMMA composites has been measured at
1 MHz for all synthesized composites with different
filler loading and their plots are given at 1 MHz in
Figs. 6(a) and 6(b), respectively. A tremendous
increase in the values of conductivity was observed
on the addition of small amount of CNTs and ZIS-

https://www.sciopen.com/journal/2150-5578
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CNTs. It can be observed that seven and eight order
of magnitude increase in the conductivity was
of CNTs
without and with ZIS, respectively. An almost 1 000

observed on addition of less than 1%

times increase in conductivity was observed around
0.05% and 0.0007% of CNTs without and with ZIS,
than 100 times
conductivity has been reported on the addition of
0.2% of CNTs modified by maleic anhydride by
Friedal-Craft acylation [30]. In another reported
work [31], CNTs were dispersed in the solution with
mechanical stirring followed by sonication for
several hours for the formation of well dispersed
CNTs/PMMA
Conductivity values obtained for these composites
were 10 S/cm at 1%, 3.84 x 10™* S/cm at 2%, and
107 S/cm at 3% of CNTs. In present work, the values
of conductivity were observed in the range of 107
S/cm at only 1% and 0.5% of CNTs without and with
ZIS, respectively. This increase is significant in

respectively. Less increase in

and homogeneous composites.

comparison to reported values for similar
systems [26, 32]. This significant increase in the
value of the conductivity as compared to previously
reported values is because of the uniform dispersion

of the CNTs controlled by ZIS.

Reported values of percolation threshold and
maximum conductivity along filler contents at which
maximum conductivity was recorded for similar
systems [5, 6, 32, 33] along the same values observed
in the present case are given in Fig. 7 for comparison.
The value of maximum conductivity is improved for
synthesized CNTs/PMMA and ZIS-CNTs/PMMA
composites as compared to reported values.
Maximum conductivity values observed were
18 S/cm at 12% and 25 S/cm at 9% of filler contents
for CNTs/PMMA and ZIS-CNTs/PMMA composites,
respectively.  While best
conductivity among the recently reported cases for
the similar systems are 1.2 [32] and 0.01 S/cm [33],
both at 3% CNTs. In these both cases, CNTs were

modified by incorporating PMMA or polyethylene

values of maximum

oxide (PEO) at their surface before synthesizing
composites with PMMA. They aimed to develop the
interaction between PMMA and CNTs through
adsorbed PMMA or PEO at the surface of CNTs. This
helped somehow in increasing the dispersion and thus
improving the value of maximum conductivity. Since
the dispersion of CNTs is very much sensitive
towards the

method of composite formation,

modification, or pretreatment of CNTs and solvent
used during the composite formation, in the present
case, pretreatment of CNTs and modification of
CNTs by adsorbing ZIS at their surface played a vital
role in increasing the electrical conductivity. As the
proposed role of ZIS in the introduction section, it is
assumed that ZIS adsorbed at the surface of CNTs
also made association with PMMA through its polar
part. In this way, ZIS played a role in creating
indirect interaction between CNTs and PMMA. It is
reported that ZIS helped to disassemble the CNTs
into individual tubes via electrostatic interaction by
forming monolayers of ZIS onto the surfaces of
CNTs [26, 34].

1.0
A 10% (volume fraction)
0.8 |

0.6 f
O 10 % (without ZIS)
0.4 A2 %[6]

021

3% [33]

10 % (with ZIS)
0.0 | & 3% [32] @)

Percolation value (mass fraction)

0 5 10 15 20 25 30 35
Conductivity (S/cm)

Fig. 7 Comparison of (A) reported percolation threshold
values along maximum conductivity observed at certain mass
fration of CNTs for CNTs/PMMA composites with the same
values from (O) present work.

Electrical properties of conducting filler-based
polymer composites are best explained with the help
of percolation models. The critical concentration of
filler named percolation threshold, f;, where the
sudden rise in the conductivity of the composite is
observed, is the key parameter of this model. The
electrical percolation threshold of composites is well
described by following the power law equation:

ca(f-f), for f>f (1
where o is the conductivity of the composites, f'is the
concentration of filler, f; is the critical concentration
at percolation, and ¢ is the conductivity exponent.
Values of £, and ¢ for both types of composites were
determined by plotting linear fit log—log plot of
power law given in Eq. (1). These linear plots for
CNTs/PMMA and ZIS-CNTs/PMMA composites are
shown 6(a) and 6(b),
respectively. Values of f, and ¢ determined for
CNTs/PMMA composites are 0.5 and 2.05, and 0.005
and 1.6 for ZIS-CNTs/PMMA composites,

in the insets of Figs.
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respectively. ¢ values lie in the range reported for
three-dimensional (3D) systems [35]. Recently, a
research group working in this field [32] observed the
percolation at 0.0095% which they were able to
achieve by using CNTs-coated PMMA particles as
fillers to synthesize composites with PMMA.
Synthesis of the CNTs-coated PMMA particles
involved a tedious experimental procedure. At
another place [33], the value of the percolation
threshold reported for similar systems is 0.07%. They
claimed observation of low percolation threshold
value with the help of PEO by adsorbing it at the
surface of CNTs. They used 20% PEO for this
purpose. In our case, the values of percolation
threshold were observed at 0.005% and 0.5% for
ZIS-CNTs/PMMA and CNTs/PMMA composites,
respectively. As discussed above, in the case of ZIS-
CNTs/PMMA, disassembling of CNTs and indirect
interaction of CNTs with PMMA due to ZIS are the
factors behind the homogeneous dispersion of CNTs
which resulted in the observation of low percolation

x1077
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Figures 8(a) and 8(b) depict the effect of frequency
on the conductivity of CNTs/PMMA, and Figs. 8(c)
and 8(d) show that of ZIS-CNTs/PMMA composites
with different filler contents. It is observed that the
extent of the effect of frequency is different not
only for CNTs/PMMA from ZIS-CNTs/PMMA
composites but also not the same for the same type of
composites with different filler contents. For both
types of composites, conductivity linearly increases
with frequency for lower filler contents.

While for composites with higher CNTs contents,
frequency-independent behavior is observed. This
phenomenon can be well analyzed with the help of
resistor—capacitor percolation model. According to
that model, conductivity can be divided in two types.
One of the types is the frequency-dependent, AC
conductivity, and the other is frequency-independent,
DC conductivity [36]. It is reported that polarization
arises due to interfaces between conductive entities,

1.2
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Fig. 8 Effect of frequency on conductivity for ((a) and (b)) CNTs/PMMA composites and ((¢) and (d)) ZIS-CNTs/PMMA

composites with different mass fractions of CNTs.
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filler, and nonconductive regions, and matrix is the
reason for this kind of frequency dependence
conductivity provided no proper network exists as an
alternative passage of current [37]. Due to this reason,
AC conductivity, frequency-dependent conductivity
is more pronounced at low filler contents where such
interfaces exist. Basically, conductivity through this
mechanism becomes more feasible at higher
frequencies. While at higher filler contents, after the
establishment of a proper conductive network, DC
conductivity becomes pronounced where no
facilitation from frequency is required anymore. It is
also noticeable that transition filler contents and
conversion of frequency dependence region to
frequency independence region are lower for ZIS-
CNTs/PMMA than CNTs/PMMA. This confirms our
findings that ZIS helped in developing a conductive
network at low filler loading by avoiding
agglomeration.

Dielectric properties

Dielectric constant ¢, and dielectric loss & were
calculated by [38—40]:

G, @)
& =
T d 28
2
tang = ———— 3
MOZ2RfC,R, ®)
£=¢gtand @)

where £, is the thickness of the sample, C, is the
capacitance in parallel, d is the diameter of the
electrodes, &, is the permittivity of free space (8.854 x
10"* F/m), tand is the loss factor, R, is the resistance
in parallel, and f is the frequency. The dielectric
constants for CNTs/PMMA and ZIS-CNTs/PMMA
composites are given in Figs. 9(a) and 9(b) as a
function of mass fraction of CNTs and Figs. 9(c) and
9(d) as a function of frequencies, respectively. From
Figs. 9(a) and 9(b), it is witnessed that the dielectric
constant values of both types of composites increase
very rapidly upon the incorporation of CNTs. Almost
10 times increase is observed in the values of
dielectric constant for ZIS-CNTs/PMMA at 0.25%,
and 20 times for CNTs/PMMA at 1.5% CNTs as
compared to the pure PMMA. The dielectric behavior
of such kind of polymer composite is mainly due to
the accumulation of charge at the interface of non
conductive polymer and conductive filler. The value
of the observed dielectric constant increases along the

increase in the extent of interfacial surface area
containing accumulated charge, due to an increase in
conductive filler in insulator polymer until conductive
network formation takes place. The maximum values
of the dielectric constant observed are 23 at 1.47%
and 12 at 0.37% CNTs for CNTs/PMMA and ZIS-
CNTs/PMMA composites, respectively at 1 MHz.
This trend is in accordance with the
Maxwell-Wagner—Sillar effect [36, 41, 42]. Flipping
of the dipole induced at the interface of filler and
matrix is slow and adjustable at low frequency and
thus. The dependence of dielectric constant on
frequency is quite observable at lower frequency
region as shown in Figs. 9(c) and 9(d). While at
higher frequencies, reversal of the applied electric
field is quite higher and dipoles are not able to attune
themselves according to the frequency of the applied
electric field. Thus, the value of dielectric constant
remained ineffective when frequency change takes
place in higher regions [43]. A similar kind of
frequency response was also observed in Ref. [36].

Frequency dependence of dielectric loss for
composites with different filler loadings is given in
Figs. 9(e) and 9(f). As obvious, low values of
dielectric loss are observed for both types of
composites. It is reported that materials with such a
low value of dielectric loss make them attractive for a
number of applications such as actuators [44]. Here, it
is evidenced by the frequency dependence response
of dielectric loss that an increase in frequency helps
in decreasing the extent of dielectric loss. This
frequency dependence effect is more pronounced for
ZIS-CNTs/PMMA composites than CNTs/PMMA
while, in general, values of dielectric loss of
CNTs/PMMA composites are lower than those of ZIS-
CNTs/PMMA composites. As mentioned earlier,
interfacial polarization between CNTs is reduced due
to the additional ZIS and causes reduction in
reagglomeration. Similarly, ZIS is also responsible
for the increase in the dielectric loss due to the
presence of polar functional group (hydrophilic-
sulfonate with a quaternary ammonium head group)
that not only absorbs the electromagnetic energy but
also causes the interfacial polarization which results
in the
CNT/PMMA composites, these polar groups are

increase in dielectric loss. However, in
absent; therefore, its dielectric loss is comparatively
low. One more reason for this difference is the direct

association of dielectric loss to conductivity. In
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present research, percolation threshold was achieved
at far lower loading for ZIS-CNTs/PMMA as
compared to CNTs/PMMA composites. Conductivity
was also relatively high for ZIS-CNTs/PMMA;
therefore, the value of dielectric loss is also higher for
ZIS-CNTs/PMMA composites than
CNTs/PMMA. Comparison of conducting and
dielectric properties of CNTs/PMMA and ZIS-
CNTs/PMMA composites is elaborated in Table 2 as

follows.

for

Thermal properties

Results obtained by TGA analysis of PMMA,
CNTs/PMMA, and ZIS-CNTs/PMMA composites at
10% CNTs are shown in Fig. 10 and these results
show that ZIS helped in increasing the thermal
stability of the composites. It is observed that the
CNTs/PMMA and ZIS-CNTs/PMMA composites
show a better thermal stability as compared to pure
PMMA, and similar findings are also observed for
in Refs. [45, 46].

such polymer composites

Table 2 Summary of the conducting and dielectric properties of CNTs/PMMA and ZIS-CNTs/PMMA composites

Composite Conductivity Percolation Dielectric constant Dielectric loss
P (S/em) threshold (1) at 0.5%
CNTs/PMMA 18 (12%) 0.5 2.7 (0.5%), 23 (1.47%)" 5.4 x 10!
ZIS-CNTs/PMMA 25 (9%) 0.005 12 (0.37%)" 1.2 x 10*

*shows maximum value.
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Fig. 10 TGA analysis of PMMA (dotted), CNTs/PMMA (thin

line), and ZIS-CNTs/PMMA (thick line) composites at 10%

CNTs.

Two-step degradation of PMMA as reported in Refs.
[47-49] and in CNTs/PMMA composite is also
present in ZIS-CNTs/PMMA composite with
improved thermal stability. Though vinyl PMMA end
group [50] started degradation from 150 to 225 °C for
ZIS-CNTs/PMMA composite, the random scission
region that started degradation from 225 °C continued

till 590 °C with still 7% of the remaining mass.

As reported in different PMMA composites, the
thermal stability could be determined by the
increment in char yield [51, 52]. An increase in char
yield of ZIS-CNTs/PMMA composite witnessed the
improvement in the thermal stability of PMMA. A
detail of weight loss with respect to temperature is
shown in Table 3 along with the char yield percentage
which shows the residue left at the end of the TGA
analysis.

The reason for the better stability of ZIS-
CNTs/PMMA than CNTs/PMMA is because of the
establishment of an indirect association between
CNTs and PMMA through ZIS. This assumption is in
line with the results obtained through the
measurement of electrical properties, decrease in the
optical band gap, XRD patterns, and SEM images.
Overall, the maximum mass loss of the synthesized
composites seems to be quite convincing when
compared to data reported in the literature for similar
systems [53, 54].

Table 3 Temperature weight loss summary for PMMA and its composites with CNTs and ZIS-CNTs at 10% filler

Sample ID Decomposition start (°C) Decomposition mid (°C) Decomposition end (°C) Char yield at 593 °C (%)
PMMA 29.87 330.4 600 0.34
CNTs/PMMA 36.845 376.233 593.4 2.67
ZIS-CNTs/PMMA 29.6 376.23 593 7
Conclusion CRediT Author Statement

A series of percolative conductive composites of
PMMA matrix, with CNTs and ZIS-CNTs as filler,
were synthesized by solution casting method. FTIR
and UV—Vis spectroscopy confirmed the successful
synthesis of the composites. SEM and XRD studies
revealed that modified CNTs by ZIS were more
effectively dispersed than pristine CNTs. A low value
of the percolation threshold and high wvalue of
maximum conductivity demonstrated that
modification of CNTs by ZIS was significantly
encouraging. The decrease in the optical band gap
from 4.31 (PMMA) to 3.7 eV (CNTs/PMMA) and
further reduction to 3.08 eV (ZIS-CNTs/PMMA
composites) supported the increase in the electrical
conductivity of the composites. Thermal stabilities of
the composites were enhanced than pure PMMA. As
compared to the literature, improved
properties with the lowest percolation threshold and
better thermal stability have been obtained for ZIS-
CNTs/PMMA composites.
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