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Abstract

Herein, the electrochemical and structural properties of sulfonated polyimide (SPI) clay-based composite films have been
investigated. SPI reinforced with grafted sonicated clay (GSC) was fabricated via a solution casting method in the form of
thin films. The as-synthesized thin films were light brown, tough, flexible and transparent. The thickness of the films were
0.109 mm and 0.056 for pristine SPI and GSC-SPI, respectively. The fabricated composite was fully investigated via Fourier
transform infrared spectroscopy (FTIR), proton nuclear magnetic resonance spectroscopy (‘H NMR), carbon ('*C) NMR and
impedance spectroscopy. The completion of the proton exchange reaction was confirmed by 'H NMR. The electrical proper-
ties of the SPI-clay based composite film were investigated by impedance spectroscopy. The conductivity was measured in a
wide frequency range from room temperature to 363 K by applying an ac signal of 0.5 V. The appearance of two semicircular
arcs at low and high frequency shows two conduction mechanisms with different relaxation times at the exterior and interior
of the system. Bode plot also confirms the presence of two electro-active regions. The shift in the position of tand peaks to
lower frequency region with increasing temperature shows that these relaxations are thermally deactivated. The ac conductiv-
ity of the system increased from 6.02E—10 for neat SPI to 6.61E—6 Q! cm™! for SPI-GSC composite. In conclusion, these
layered silicates based conductive films have the potential to act as a polyelectrolyte membrane for fuel cell energy devices.

1 Introduction properties [1-4]. Reinforcement of the inorganic fillers to the

membrane made from polymer has enticed many research-

Sulfonated polyimide reinforced with layered silicates pro-
vides a well-known category of organic—inorganic nanocom-
posites with admirable mechanical, thermal and transport
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ers because of the low cost, better thermal stability and high
hydrophilicity [5, 6]. To increase the stability, proton con-
ductivity with barrier properties, the combination of poly-
mer membrane with silicates can lead to the reduction in
cost and improve the water retention property of prepared
composite membranes [6—8]. In spite of that, the organic/
inorganic phase interaction and the degree of dispersion may
play an indispensable role in the enhancement of the mem-
brane properties [9].

Recently, considerable efforts and research work are in
progress to achieve well functionalization of clays by graft-
ing reactions [10, 11]. Organo-clays prepared by the grafting
method show excellent structural, thermal and chemical sta-
bility because of the clay matrix and grafted molecules have
strong covalent linkages. Organosilanes have the property to be
adsorbed on the external surfaces of clay mineral by hydrogen
bonding. Due to the larger size of organosilane molecules, this
needs rigorous reaction conditions to achieve the grafting of
the interlayer. These include the solvent of pure organosilane,
high reaction temperatures, and inert environment [12—14].
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Among different matrix materials, sulfonated polyimides
have gained much attention as they are frequently used in
various technological applications [15-17]. Recently, exten-
sive research work has been done on the membrane of sul-
fonated polyimide, which is clear from the high level of pub-
lications and patents, particularly in the application in fuel
cell [15, 18]. Chang et al. [19] carried out in situ polymeri-
zations of SPTA under click chemistry via propargyl-func-
tional modified clay for the preparation and characterization
of sulfonated polytriazole-clay (SPTA-clay) nanocompos-
ites. Chirachanchai et al. [7] used poly (ether ether ketone)
(SMMT/SPEEK) montmorillonite/sulfonated for the prepa-
ration organic—inorganic nanocomposite membrane. SMMT
was modified with silane consisting proton conductivity of a
sulfonic acid group. Atif et al. used poly(vinyl alcohol) and
aqueous solutions of chitosan and crosslinker (tetraethoxysi-
lane (TEOS)) for the preparation of polymer films and also
employed to investigate its effect on the electrical properties
of polymer blends [20]. Yuan et al. investigated the electri-
cal properties of a new cross-linked naphthalenic polyimide
using impedance spectroscopy [8].

In the present work, sulfonated polyimide/clay-based
composites have been fabricated and their electrical and
structural properties have been investigated. The dispersion
and interaction between sulfonated polyimide matrix and
clay particles have been enhanced by surface modification of
clay particles. The main emphasis was to study the electrical
properties of the composite using impedance spectroscopy.
As the impedance spectroscopy evaluate the material dielec-
tric properties [12, 21], in which imaginary and real parts
of complex material are characterized as a function of the
applied electric field frequency [22]. It defines the outer field
interaction with the electric dipole moment of the material.
This method is now being extensively used in many of sci-
entific field’s, for example, polyelectrolyte membrane (PEM)
testing and characterization of microstructures. Herein, we
present the fabrication of organo-functionalized clay-based
conducting composite in the form of thin films having inter-
calated networks of (layered silicates). The SPI/GSC thin
films were characterized using FT/IR (Fourier transform
infrared spectroscopy), °C NMR and '"H NMR spectros-
copy. To study the electrical properties of SPI/GSCthin film
we used the technique of impedance spectroscopy. These
conductive films of layered silicates may have potential
application as PEM for fuel cell energy devices.

2 Experimental
2.1 Synthesis of the sulfonated polyimide

Sulfonated polyimide (SPI) was prepared via a chemical imi-
dization method. A stoichiometric amount of 4,4-diamino

diphenyl ether-2,2-disulfonic acid (ODADS) was dissolved
in m-cresol under an inert environment. Upon complete dis-
solution of ODADS, 1,4,5,8-naphthalene tetracarboxylic
dianhydride (NTDA) was added and the resultant mixture
was treated at 80 °C for 4 h followed by additional heating
at 180 °C and 20 h time interval to complete the imidization
reaction. Synthetic details of SPI and their corresponding
nanocomposites has been given in our previous report [23].

2.2 Synthesis of grafted sonicated vermiculite clay

The grafting of vermiculite (VMT) with 3-aminopropyl tri-
ethoxysilane (3-APTES) was carried out using the ultrasonic
processor of sonic and material (Model-VC 505-350) with
20-kHz converter coupled to a titanium probe. Adequately,
2 wt % of 0.9 g of sodium vermiculite clay [24] was sus-
pended in 50 mL of toluene. Argon gas was bubbled under
stirring for 6.0 h. The linker, 3-aminopropyl triethoxysilane
(3-APTES) (6.2 mL) was dropwise introduced to the reac-
tion mixture and sonicated from 10 to 30 min. Grafted ver-
miculite clay from the suspension was recovered by filtra-
tion and then, repeatedly washed with ethanol to remove any
residual APTES. The sample was dried in a vacuum oven at
120 °C for 12 h to acquire grafted sonicated vermiculite clay.

2.3 Synthesis of SPI-clay based composite

The synthesized SPI was re-dissolved in dimethyl sulfoxide
(DMSO) via heating at 80 °C, accompanied by vigorous stir-
ring. A weighted amount of 5 wt % GSC was added to the
polymer solution and the reaction mixture was sonicated in
an ultrasonic bath [frequency (35 kHz)] for 5 h with the tem-
perature maintained at 25 °C by the help of a cooling circuit
to ensure uniform dispersion of clay. A schematic illustra-
tion of the reaction between the SPI and the clay (GSC) is
depicted in Fig. 1.

2.4 Characterization

The following section contains details about the techniques
used for the structural and electrical analysis of the devel-
oped materials.

2.4.1 Proton ("H) NMR

Structure elucidation of SPI (in salt form) was carried out
using 'H NMR. The spectra were recorded on CPMAS-

Bruker Advance II spectrometer at 300 and 75 MHz using
DMSO as a solvent.

@ Springer
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Fig. 1 Schematic illustration
for the reaction between the SPI
and GSC o)
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2.4.2 Carbon (**C) NMR

Structural interpretation of the sulfonated diamine (ODADS)
was carried out using 13C solid-state NMR. The spectra were
recorded on CPMASBruker Advance II spectrometer at 300
and 75 MHz.

2.4.3 Electrical properties

Impedance spectroscopy was used to measure the electrical
properties, whereas Alpha-N analyzer (Novo control, Ger-
many) in the frequency range of 1x 107! Hz to 1x 107 Hz
was used for the conductivity measurements. Films were
(10 mm X 10 mm) were cut in the proper size and linked
using wires on the films by silver paste and cured at 120 °C
temperature for 2 h of time to vanish the presence of any
humid drop. The data was accomplished using WINDETA
software having fully automated interface of analyzer [25].

2.4.4 Fourier transform infra-red spectroscopy

Diffuse Reflectance Infrared Fourier Transform (DRIFT)
spectroscopic analysis was performed using Thermo Scien-
tific Nicolet IS10 spectrometer, while the scanning coverage
was from 4000 to 400 cm ™! with a 4 cm™ spectral resolution
and averaged over 60 scans.

@ Springer
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3 Results and discussion
3.1 '"HNMR

Figure 2 illustrates the "H NMR spectrum of SPI in trieth-
ylammonium (salt) form. No residual protons of amide or
carboxylic acid were observed, signifying the successful
completion of imidization reaction [26]. The protons of
methyl group appear as a singlet about 1 ppm, while proton
of the methylene group resonates as a doublet at 2.54 ppm.
The peak for -NH proton appears as a singlet of two protons
at 3.35 ppm, whereas the peak at 7.171 ppm is for proton
at C-1 of the phenyl ring, appears as a triplet because of its
coupling with a proton at C-2 and C-3. The peak at 7.9 ppm
is for proton at C-2 of phenyl ring that appears as a doublet
due to its coupling with a proton at C-1. The peak at 8.4 ppm
appears as a broad singlet, which is attributed to the proton
at C-3 of the phenyl ring. The peak at 9.2 ppm appears as
a singlet for the proton of naphthalenic dianhydride. The
above data confirm the successful synthesis of SPI polymer
via one-step chemical imidization method.

3.2 FTIR of SPI and SPI-clay hybrid membranes

Figure 3 displays the FTIR spectra of SPI and composite
having 5% GSC clay. The appearance of an absorption band
of the amide group around 1717 cm™~! (asymmetric) and
1672 cm™! (symmetric) indicates the successful preparation
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Fig.3 FTIR spectra of neat SPI and SPI-GSC composite

of the SPI-clay hybrid membranes [12, 27]. The C-N stretch-
ing vibration of the amide ring was observed at 1345 cm™!.
The presence of these bands indicates the formation of amide
[27]. Lacking any absorbance peaks around 1650 cm™"! and
1550 cm™! substantiates the complete imidization [28]. Sul-
fur-oxygen symmetric vibration (O=S=0) and asymmetric
stretching of the sulfonic acid groups appeared at 1078 cm™!
and 1021 cm™! [29-31]. The appearance of a broader band
at 830-1030 cm™! was assigned to the O-Si—O stretching
vibration of GSC clay. An extensive absorption band at
3400 cm™! was attributed to Si—-OH of the silicates. Overall,

Figure 4 presents the structural elucidation of the prepared
sulfonated diamine. The carbon-6 (C6) of the phenyl adja-
cent to the amine group appears at 152.9 ppm, this higher
de-shielding value is most probably due to the amino group
(EWG) present at C6. The other peak, which appears at
133.6 ppm, is for C5 present at the ether linkage. The peak
at 127 ppm is assigned to C4 linked to the sulfonic acid
group. The signal of C3 and C2 appear at 125 and 120 ppm,
respectively, while C1 resonates at 118 ppm i.e. the region
representing aromatic carbons. All these findings corrobo-
rate the successful sulfonation of ODA to ODADS.

4.1 Charge transport properties

Impedance spectroscopy analysis of the fabricated thin films
was studied in the 1 x 10~ Hz to 1 x 107 Hz frequency range
at elevated temperatures. Equation 1 explain the complex
impedance (z*) [33].

=7 +j" (1)
where 7' is the real part of impedance, the z" is imaginary
part of impedance, and j is the imaginary number equal to
\/ —1. The Nyquist plots (temperature range 35 to 55 °C) of
SPI-clay based composite film at low and high frequency

@ Springer
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Fig.4 '3C CPMAS NMR spectrum of the synthesized SPI

are demonstrated in Figs. 5 and 6, respectively. The plot
shows apparently a single semi-circular arc (Fig. 5) in a
temperature range of 55 °C. Beyond this temperature range,
two semicircular arcs were observed, and radii of semicir-
cular arcs increased with increase in temperature. The arc
at low frequency is due to the relaxation of charge carriers
at some trapping sites such as grain boundaries and other
defects in the system [34]. The radii of these semicircular
arcs (both at low and high frequency) are directly related to
the resistance of the system [35]. A further increase in tem-
perature up to 90 °C causes both semicircular arcs to shift
toward lower frequencies indicating that the charge carriers
are delocalized [34]. It can be concluded that the semicir-
cular arcs at low and high frequency show two conduction
mechanisms with different relaxation times at the exterior
and interior of the system, respectively. Below 55 °C, the
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Fig.5 Nyquist plot of SPI-clay based composite at different tempera-
tures
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core charge carriers do not contribute to conduction of the
system. However, as the temperature increases, these charges
gain some thermal energy (kT) and become available for
conduction. Due to this reason, the radii of both semicircular
arcs increases, indicating that the conductivity of the system
decreases with increase in temperature [34].

The Borde plot for the imaginary part of the complex
impedance as a function of frequency shows two peaks at
10 Hz and 10° Hz (Fig. 7). The height of the peak specifies
total resistance of the electro-active region in the system,
while the position of the peak (relaxation frequency) shows
the ability of charge carriers in the system. The Bode plot is
in agreement with the Nyquist plot, which shows two elec-
tro-active regions. The one at low frequency is due to the
grain boundaries in the system, while the second is due to
the core region surrounded by grain boundaries and various
defects. Hence, there are two relaxation phenomena with
different relaxation times (t=RC). The relaxation time of
the charge carriers at grain boundaries is larger as compared
to that of the core relaxation time. This is due to the large
resistance of the grain boundaries and other interfaces [34].
It can be observed that the height of both peaks increases
with increasing temperature. This reveals that both phases
become more resistive with increasing temperature [35].
Moreover, both peaks shift toward low frequency, which
indicates that there is only metallic conduction and no pos-
sibility of the band or hopping conduction. This may be due
to the presence of various free metal ions in the clay [24].
The conduction mechanism indicates that the metal ions are
completely free and bonded neither ionically nor covalently.
The use of conventional complex impedance plane plots in
an inhomogeneous material gives very limited information,
as these plots are dominated by the most resistive regions
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Fig. 7 Spectroscopic plot of SPI-clay based composite at different
temperatures

and are insensitive to the more conductive regions within
a sample. The complex impedance is defined in Eq. 2 [36]

M*(w) = 1/e(w) =M +jM" = joC,Z* 2)
where the real part of modulus M’ =jowC,Z" and imaginary
part of modulus is M" =jwCyZ’, @ =2xf is the angular fre-
quency, € is permittivity, and Z" is complex impedance.
Cy=¢,Alt is capacitance, g, is permittivity of free space,
A is an area of the electrode surface, and t is thickness. To
probe this phenomenon, combined spectroscopic plots of
the imaginary components of modulus M are plotted as a
function of frequency in Fig. 8. The special character of this
plot is that it marks the most resistive part of the system and
provides detailed information about the most electro-active
region. In our case, the most conductive region is the core
region, which response at high frequency. This is the reason
that we can see the peaks at high frequency while the low-
frequency resistive region is masked. A single peak in the
spectrum is observed at each temperature.

The frequency at which the maximum of the peak occurs
is called relaxation frequency. It is well defined from the plot
that the relaxation frequency shifts towards low-frequency
values as the temperature increases. This shift in the relaxa-
tion frequency reveals that the charge carriers are de-local-
ized and conductivity decreases with increase in temperature
[37]. The height of the peak slightly increases with increase
in temperature.

Figure 9 shows the variation of tand, which is also defined
as a dielectric loss, as a function of frequency at different
temperatures for SPI-clay based composites sample. Each
spectrum possesses only one peak, which corresponds to a
single relaxation; it can be observed that all peaks are shifted
to a lower frequency region with an increase in temperature.

-

10" 10° 10" o' 10' 10 10® 10" 4

Frequency (Hz2 )

Fig.8 (M") vs. frequency plot of SPI-clay based composite

This shift in the position of tand peaks to lower frequency side
(Fig. 9) with increasing temperature shows that these relaxa-
tions are thermally deactivated. An increase in the magnitude
of tand is observed which may be due to the scattering and
continues collision of the charge carries with each other and
with atoms of the clay [38—40].

The temperature-dependent relaxation time at various tem-
peratures is calculated using Eqs. 3 and 4.

T = 1/2xfmax 3)

7 = 7,eBRT 4)

Tan(Delta)

Frequency (Hz)

Fig.9 Tan d of SPI-clay based composite at different temperatures
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where E, is the activation energy (kJ mol~"), R is the ideal
gas constant (J mol~! K™') and T the temperature (K). The
negative activation energy again vanishes, the possibil-
ity of semiconducting or insulating nature of the system.
Hence, there is no band or hopping conduction mechanisms
(Fig. 10).

4.2 Dielectric response

Like complex impedance, dielectric constant also has real
(¢’) and imaginary part (¢”). The real part of dielectric
constant shows the energy stored in the system as polari-
zation while the imaginary part demonstrates the energy
loss under the applied electric field. The dielectric constant
vs. frequency plot is shown in Fig. 11. The plot shows two
dispersion regions at a lower and higher frequency, where
the dielectric constant decreases with frequency. In the
given plot, the real dielectric constant shows two dispersion
regions against the frequency. The high dielectric constant
at lower frequency is the interfacial polarization, while the
second dispersion at comparatively high frequency is the
intrinsic dielectric constant of the material. The overall
dielectric constant decreases with increasing temperature
as indicated in Fig. 11.

5 Conclusion

The sulfonated polyimide was synthesized via a one-step
direct temperature imidization method. The VMT clay was
organically modified with 3-APTES using sonication as
a tool. The SPI-clay based composite was fabricated by a
solution casting method. Electrical characterization reveals
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Fig. 10 The relaxation time In (tp,,) against inverse temperature
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that the conductivity SPI-clay decreases with an increase in
temperature. However, the overall conduction mechanism
of the system is metallic due to the presence of free metallic
ions in the system. The Nyquist plot demonstrates that the
conduction due to the interface or grain boundaries is domi-
nant throughout the frequency range below 55 °C. While
above this temperature, the core charge carries and/or ions
become free by gaining thermal energy and contribute in
conduction of the system. The core conduction appears as
a second semicircular arc above 55 °C at high frequency.
The combined spectroscopic plots of the imaginary compo-
nents of an imaginary part of the modulus M” and frequency
shows a single peak in the spectrum of all temperatures,
representing the most conductive core region. It is observed
that the relaxation frequency of the Modulus peaks shifts
towards low-frequency values as the temperature increases.
This shift in the relaxation frequency reveals that the charge
carriers are de-localized which provide further evidence for
the presence of metallic conduction and delocalization of
charge carriers. The dielectric plot shows two dispersion
regions against the frequency, the high dielectric constant
at lower frequency is the interfacial polarization, while the
second dispersion at comparatively high frequency is the
intrinsic dielectric constant of the material. The ac conduc-
tivity was also calculated which increases from 6.02E—10
for neat SPI to 6.61E—6 Q! cm™! for SPI-GSC composite.
In conclusion, these composite films could be used as a poly-
electrolyte membrane in fuel cell devices for the production
of clean energy.
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