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Preparation and characterization of poly(3-methylthiophene)/CeY

zeolite composites

Pengyue Han, Junjie Liao, Jinyu Chang, Liping Chang, Weiren Bao”
(State Key Laboratory Breeding Base of Coal Science and Technology Co-founded by Shanxi Province and the Ministry of
Science and Technology, Taiyuan University of Technology, Taiyuan 030024, PR China)
Abstract: Poly(3-methylthiophene)/CeY zeolite nanocomposites (P3MT/CeY) were prepared
by chemical oxidative polymerization using anhydrous FeCl; as the oxidizing agent. The
physical and chemical properties of the prepared samples were measured by various
characterization techniques, such as conductivity measurement, Fourier-transform infrared
spectroscopy (FT-IR), scanning electron microscopy (SEM), X-ray diffraction (XRD),
thermogravimetric analysis (TGA) and carbon-sulfur analysis. The prepared P3MT/CeY
composites retained the crystalline structure of Y zeolite, which also enhanced thermostability.
A 2000-fold increase in conductivity relative to a blank prepared using P3MT was observed

for the composite prepared using a 3:1 g/mL ratio of CeY and P3MT.

1 Introduction

Conducting polymers have shown tremendous prospect for their applications in the fields of
electronics', energy” and biology. Polythiophene and its derivatives are of particular interest
due to their ease of synthesis and high environmental stability and have been actively
researched for more than two decades®>. When the conductivity of polythiophene is higher
than 10 S/cm, it will has the potential to be used as a semi conductive polymer, and can be

used in light emitting diodes, field-effect transistors, photodetectors, photovoltaic cells,

*Corresponding author: Weiren Bao, Tel.: +86 351 6010482; fax: +86 351 6010482.

E-mail: baoweiren@tyut.edu.cn
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optocouplers and light modulators®. Guo et al.” synthesized a LiV3;Ogs/polythiophene
composite, and found that the composite with high electronic conductivity (~107 S/cm) and
good cycling performance, which could be used as a promising cathode material for lithium
ion batteries. Poly(3-hexylthiophene) with high carrier density and conductivity was achieved
by electrostatic charge injection, and thus its field-effect mobility was improved dramatically
compared with oligomeric semiconductors *. Tong el al’ reported an Au/polythiophene/Au
device with a sandwich structure, which has high conductivity (~10 S/cm) and exhibit strong
photoresponses. One such derivative, Poly(3-methylthiophene) (P3MT), is of importance due
to its application in a variety of devices, such as sensors, super capacitors, light-emitting
devices and photovoltaic cells.

Many studies'™ ' have attempted to develop hybrid P3MT-inorganic nanocomposites.
The addition of inorganic material can not only improve composite stability, but also enhance
their performance in other applications. Hybrid nanocomposites composed of P3MT and Gold,
Platinum, Palladium or Copper metal nanoparticles have been shown to exhibit excellent

13, 14

electrocatalytic activity towards the oxidation of iodatelz, dopamine , uric acid14,

1216 ' methanol'®, ascorbic acid'*"” and glucose'’. Bhattacharya et al.'®

acetaminophen', nitrite
synthesized a P3MT/graphene composite via chemical oxidative polymerization and reported
its use as a supercapacitor with specific capacitance of 240 F/g. Lagoutte et al."’ reported that
the nanocomposites synthesized by the electrodeposition of P3MT onto long, thick and
vertically aligned carbon nanotubes exhibited a large capacitance of 126 F/g. P3MT

composites also presented excellent photoluminescence properties. When Cu was coated onto

the P3MT film by a sequential electrochemical method in an anodic alumina oxide
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nanoporous template, the PL peak intensity for the hybrid P3MT/Cu film showed a 100-fold
enhancement when compared to that of the P3MT single nanotube”. After the gold
nanoparticles were fabricated on the surface of the P3MT nanotubes, the emission spectrum
of P3MT dramatically changed from green to bright red, and the PL peak intensity for the
increased by ~200 times relative to that of P3MT nanotube?'. Wang et al.? prepared stable
P3MT/WO; nanocomposite films with high electrochemical activity and stability, whilst Lin
et al® prepared organic-inorganic hybrid material based on P3MT and TiO,. The
photovoltaic cell fabricated from P3MT/TiO, donor/acceptor hybrid showed good
photoelectric performance. Sydorov er al.** produced ZnO and P3MT composites which
exhibited photovoltaic activity due to their hybrid organic—inorganic heterostructure.
Mokhtari et al®® prepared P3MT-coated polyester fabric by a chemical polymerization
process, which demonstrated electrochromic and piezochromic behaviors.

Y zeolite demonstrates remarkable stability and is commonly used as a commercial
adsorbent and catalyst. Previous work shows that it is possible to ion-exchange the metal ion
into the zeolite channel, leading to an improvement in conductivity. Additionally, it is possible
to enhance the stabilization of P3MT by forming a composite with Y zeolite®. From our
previous studies, CeY zeolite(CeY) demonstrate excellent adsorption of thiophene and its
derivatives from crude benzene solution when compared with ZSM-5, silica gel and
y-ALO3*"'. The main focus of this work is to recycle the used CeY, along with thiophene and
any of its derivatives extracted from crude benzene. In this study, a series of P3MT/CeY
samples were prepared by chemical oxidative polymerization using FeCl; as oxidant so as to

investigate their properties, which to the best of our knowledge, have not yet been determined.
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The composition, morphologies, structural features and thermal stabilities of the P3AMT/CeY
composites were analyzed using carbon-sulfur analysis, scanning electron microscopy (SEM),
X-ray diffraction (XRD), FT-IR spectroscopy and thermogravimetric analysis (TGA). The

conductivities of prepared samples were measured and correlated to the observed structures.

2 Experimental
2.1 Preparation of samples
CeY with excellent adsorption capabilities towards thiophene present in crude benzene was
prepared from commercial NaY zeolite by the following method. The commercial NaY
zeolite, having Si/Al ratio of 5:1, was ion-exchanged in Ce(NQO;); solution (0.1 mol/L) at 100
°C in a heating reflux apparatus, using 10 mL Ce(NO3); solution per 1 g NaY zeolite. The
sample was washed thoroughly with deionized water, oven-dried at 120 °C for 10 h, and then
calcined at 700 °C for 2 h. The above steps were repeated to increase the amount of
ion-exchanged Ce in the zeolite.

P3MT was prepared in a 250 mL conical flask. Firstly, 10 g of FeCl; were dispersed in
25 mL CHCI; by 30 minutes of ultrasonication. 1.45 mL of 3-methylthiophene monomer
(BMT) was added to the P3MT whilst maintaining the reaction temperature at 0 °C, after
which the reaction mixture was magnetically stirred for 12 h. The product was then filtered
and then dried in a vacuum oven at 50 °C for 24 h. The P3MT/CeY composites were
synthesized using the same approach, with the CeY zeolite being added prior to addition of
3MT. Samples having different ratios of CeY zeolite mass (mcey, g) to 3MT volume (Viumr,
mL) were prepared as listed in Table 1, in which » in PMTY7 denotes the CeY zeolite dosage

per 10 mL 3MT used during the preparation of the P3MT/CeY composites. PMTYB is the

4
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blank sample prepared via the same process except for the addition of 3MT.

Table 1 Codes of samples prepared in different conditions

Mcey - V3MT (g/mL) 2.0 2.5 3.0 3.5 4.0

Codes of samples PMTY20 PMTY25 PMTY30 PMTY35 PMTY40 PMTYB

2.2 Characterization of samples

Crystallographic analysis of the sample was performed using a D/max-2500 model X-ray
diffractometer (Rigaku, Japan) with Cu-Ko radiation source (A=0.154 nm), 40 kV tube
voltage and 100 mA tube current. Thermal stability measurements were carried out on a
STA409C Thermogravimetric Analyser (Netzsch, Germany) in air with a flow rate of 80
mL/min and a heating rate of 10 K/min. Surface morphology characterization was performed
using a JSM-6700F Scanning Electron Microscope (JEOL Ltd., Japan) with an accelerating
voltage of 10 kV.

FT-IR spectra of the sample were obtained on a Bruker VERTEX 70 model instrument
(Bruker, Germany) in absorbance mode at room temperature, with a repetition of 16 scans at 4
cm™ resolution. For FT-IR analysis, 1 mg of sample and 100 mg KBr were finely ground
together and then pressed into a translucent pellet. Figure 1(a) shows the typical FT-IR
spectrum of the PAMT/CeY composite. the peak at 1447 cm™ is attributed to symmetric C=C
stretching vibrations of the 3MT ring3 2 and the peak observed at 797 cm’ is the characteristic
peak of C,-C,> bonds between 3MT rings in the polymer33. Because the C=C bonds can exist
in several poly(3-methylthiophene) with different C-C connection forms, if we divide the area
of the peak at 797 cm™ by that of the peak at 1447 cm™ as list in equation (1), the R4 can be

used to describe the relative content of the poly(3-methylthiophene) with C,-C, connection
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modes.

Ry = et (1)
where Acg.co> and Ay-ja42 are the area of the peak around 797 cm™ and 1447 cm™ in FT-IR
spectrum of samples, respectively.

In order to calculate Ra, the bands around 797 cm™ and 1447 cm™ were deconvoluted as
show in Figure 1(b) and Figure 1(c) respectively. The bands around 708 cm™ and 821 cm™
belong to out-of-plane C-H deformation of a and B position of 3MT, respectivelyzl. The weak

peak around 740 cm™ can be attributed to the 0(Cp-H) vibration band®, and the peaks at 1392

cm’ corresponds to deformation of methyl groups in PAMT*!*!,
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Fig. 1 A typical FTIR spectrum of the composite (a) and the deconvolution of brands around 653~890

cm'(b) and 1318~1550 cm™'(c)
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Sample conductivity was studied using a ZC-36 ohmmeter (Shanghai Qiangjia Electrc Co.,
Ltd., China). P3MT and the composite materials were ground and then characterized on
pressed wafers. Wafer thickness and diameter were measured using a vernier caliper.

Carbon and sulfur content of sample were measured by a HCS-140 infrared
carbon-sulfur analyzer (Shanghai Dekai Instrument Co., Ltd., China). The theoretical sulfur
content of CeY/P3MT composite based on CeY zeolite (Stheoretical) Was calculated on the basis
of the assumption that all the added 3MT successfully polymerized to form the P3MT present
in the resulting CeY/P3MT composite, as shown in equation (2). The conversion of 3MT

(X3mT) can be calculated using equation (3).

p3MTMsulfur 1
. frd x x 0
STheoretical Moy — T 100% )
N
X3MT — “Measured X 100% (3)

Theoretical

where pspyr 18 the density of 3MT (g/mL), Mgy 5 and Msyp are the relative molecular
mass of sulfur and 3MT, respectively, and Spyeasurea 18 the sulfur content measured in the
CeY/P3MT samples based on CeY zeolite using infrared carbon-sulfur analysis.

3 Results and discussion

3.1 Conductivity of samples

The measured results of conductivity of different samples are shown in Table 2. The
conductivity of PMTYB is very low, whereas that of other P3MT/CeY samples is much
higher. The ratio of CeY zeolite mass and 3MT volume obviously influences the electrical
properties of the composites, with PMTY30 having the highest conductivity, with a value of
3.2x10° S/cm, which is about two thousand times higher than that of PMTYB. There are two

probable reasons for the increase in conductivity of samples. Firstly, cerium in CeY zeolite is
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a metal ion which in itself is a good electrical conductor, leading to an increase in the
conductivity for P3MT/CeY. Secondly, in the P3MT/CeY nanocomposite, the Ce-S bond
could be formed by movement of the 3MT lone-pair electrons to the empty orbitals of the
cerium ion; the resulting reduction in electron density around the 3MT would yield a more
stable composite, which in turn could improve the conductivity.

Table 2 Conductivities of samples

Samples PMTY20 PMTY25 PMTY30 PMTY35 PMTY40 PMTYB

Conductivity
8 21 320 110 66 0.13
(x10° S/cm)

3.2 Composition and structure characteristics of samples

In order to verify the existence of P3MT, the prepared samples were characterized by FT-IR
spectroscopy, as shown in Fig. 2. It can be seen that the P3MT sample prepared without CeY
presents a number of characteristic peaks. The peaks at 1636 cm™ and 1447 cm™ pertain to

C—C stretching vibrations and C=C stretching vibration of the thiophene ring?', respectively.

The peaks at 1383 cm™ and 1298 cm™ correspond to deformation of methyl groups in PAMT*"

3! The bands around 708 cm™ and 821 cm™ belong to out-of-plane C-H deformation of a and
B position of 3MT, respectively®'. The peak at 856 cm™ corresponds to the C-S bond in PAMT
polymer*'*!. The FT-IR spectra of PAMT/CeY composites present very different peak results

to those discussed previously. The peaks at 1066 cm™ and 460 cm’

of the blank sample
(PMTYB) are assigned to Si-O stretching vibrations and bending vibrations of CeY zeolite,
respectively’®, whereas the peaks at 805 cm™ and 575 cm™ are indicative of Si-O-Si

vibrations of CeY>. Compared with PMTYB, new peaks appear in FT-IR spectra of

P3MT/CeY at 1392 cm'l, 1319 cm™, 797 cm™ and 699 cm™, which are shifted relative to the
8
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peaks in the PAMT FT-IR spectrum, with values of 1383 cm™, 1298 cm™, 821cm™ and 708
cm™. This shift is probably due to the chemical interaction between P3MT and CeY zeolite.
Formation of the S-Ce bond by Ce’" in CeY and S from 3MT, leads to an increase in
conjugation of the P3MT, which results in the enhancement of the electron withdrawing effect
of the n-bond to C,-H and Cg-H in 3MT, which in turn leads to shifting of the peaks to the
lower wavenumbers of 708 cm™ and 821 cm’, respectively. On the contrary, increased
conjugation weakens the methyl-thiophene ring bonds, and the IR peaks of 1383 cm™ and
1298 cm™ move to higher wavenumbers. In the prepared P3MT/CeY samples, the extent of
peak shift did not change on varying the ratio of CeY mass and 3MT volume during synthesis

of the composite, although peak intensity was different.

14
pMT__
PMTYB H
PMTY20N |~

PMTY25 :

PMTY30 !
PMTY35 v |
PMTY40 ™\ :

Transmittance (a.u.)

1636

2000 1600 1200 800 400

Wavenumbers (cm™)

Fig. 2 FT-IR spectra of P3MT and P3MT/CeY composites

In order to explain the difference in electrical conductivity, it is necessary to understand
the physical and chemical properties of the prepared samples. It can be observed from Fig. 3
that R values of P3MT/CeY samples show a linear relationship with the nature logarithm of
their conductivities, which should explain the conductivity results from Table 3. It can be

concluded that the PMTY30 sample shows the highest conductivity and C,-C, connection
9
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content from the prepared P3MT samples, and hence should be further analyzed in terms of

crystalline structure, surface morphology and thermal stability.

= experimental data 61 | o experimental data
F — fitting line

y=0.0461x+2.28
R’=0.9044

LnConductivity

Fig. 3 Effect of relative peak area of C,-C,- in P3MT on conductivity of P3MT/CeY (a) and the fitting

results (b)

Fig. 4 displays the SEM and EDS images of P3MT, PMTYB and PMTY30. As shown in
Fig. 4(a), P3MT has a smooth surface appearance and uniform color, while for PMTYB, lots
of particles could be observed (Fig. 4(b)). From Fig. 4(c), it can be seen that the surface of
PMTY30 is similar to that of PMTYB, indicating that the P3MT polymer does not alter the
surface morphology of CeY zeolite after formation of the composite. From the EDS results of
these three samples, it can be seen that P3MT mainly contains carbon and sulfur from the
3MT monomer, and also contains iron and chlorine which are from the anhydrous FeCl;used
as an oxidizing agent in the reaction. Moreover, PMTYB and PMTY30 all consist primarily
of Si, Al, O and Ce which are all present within CeY zeolites. The presence of C and S in

PMTY30 also indicates that P3MT was composited with CeY zeolite.

10
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Fig. 4 SEM and EDS images of P3MT (a), PMTYB (b) and PMTY30 (c)

Fig. 5 shows XRD patterns of P3MT, PMTYB and PMTY30. Obviously, the structure of
P3MT is non-crystalline, which is consistent with literature®. The positions of the peaks in
both PMTYB and PMTY30 samples are very similar to each other, indicating that P3MT/CeY

composites still can retain the crystal structure of zeolite.

PMTYB

2

&

g

g

2

£ PMTY30
M
5 10 15 20 25 30

2 theta (°)

Fig. 5 XRD spectra of P3MT, PMTYB and PMTY30 samples

C-S analysis results, theoretical sulfur contents, and 3MT conversion of samples are
illustrated in Table 3. The C and S contents both decrease with increasing CeY mass and 3MT

volume ratio, which is understandable due to carbon and sulfur only being provided by the
11
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207 3MT. The relationship between actual measured (y%) and corresponding theoretical (x%)
208  values of sulfur content based on CeY zeolite in samples is shown in Fig. 6, which is used to
209  describe the 3MT utilization during preparation. It can be seen that sulfur content y (%) and x
210 (%) exhibit a linear relationship to which an equation can be fit, having formula y=17.09x-4.76
211 with R?*=0.9859. Theoretically, in this equation, the intercept should be zero, but instead is
212 -4.76. This could be due to the loss of 3MT during synthesis, since it is a volatile substance.

213 This indicates that this preparation method has the advantage of less 3MT loss (4.76%).

214 Table 3 C and S contents, theoretical sulfur contents, and % conversion of 3MT of prepared samples
Carbon content
Samples SMeasured (Wt %) STheoretical (Wt %) X3MT (%)
(wt %)
PMTY20 30.2 13.6 16.6 81.9
PMTY25 19.2 9.2 13.3 69.2
PMTY30 13.9 6.9 11.0 62.7
PMTY35 12.0 5.7 9.5 60.0
PMTY40 9.6 4.5 8.3 54.2

15

°
12+
s
E
T I9r
%: y 2= 1.09x - 4.76
R"=0.9859
6F
e experimental data
° — fitting line
9 12 15 18
21 5 sTheoretical (Wt%)

216 Fig. 6 Relationship between observed and corresponding theoretical sulfur content within the samples

12
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3.3 Thermal stability of samples

TGA/DTG results of P3MT, PMTYB and PMTY30 are shown in Fig. 7. It can be seen that
there are two weight loss steps in the TGA curves of P3MT, PMTYB and PMTY30 samples.
The temperature of the first weight loss step below 200 °C can be attributed to the loss of
water and organic solvent adsorbed by the zeolite, and the temperature of the other step is
higher than 300 °C, which could be due to combustion of the polymer. The ignition
temperature, maximum combustion temperature, burn-out temperature and burnable content
of the second weight loss step are illustrated in Table 4. Both of these temperatures are higher
for PMTY30 when compared to those of P3MT, and almost all of the P3MT decomposes
before 400 °C, whereas only approximately 30 percent of P3MT in PMTY30 decomposes at
the same temperature. This suggests that the thermal stability of the composites could be
enhanced by CeY zeolite. Moreover, the burnable content, which represents the polymer
content, are 11% and 85% for PMTY30 and P3MT, respectively. This indicates that after
combustion, P3MT still retains approximately 15% of its starting mass, which can probably
be attributed to the presence of FeCls, the existence of which was evinced by the EDS result

of P3MT, as shown in Fig. 4(a).

0.2 5
. 0
E E
801 g 1-5 g
-~ § -10 §'
£ 60f 2 g
= £ 15 £
20 2 2
L e =
£ 40 [+ PMTYB < 20 2
—e—P3MT ) 25 2
20F | ——PMTY30 = =
—+—PMTY30| +-30
a a4l P
0 1 1 1 1 1 1 1 1 1 1 1 1 _35
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature ("C) Temperature ("C)

Fig. 7 TGA (a) and DTG (b) curves of P3MT, PMTYB and PMTY30 samples

Table 4 Thermal analysis results of samples

13
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Samol Ignition temperature ~~ Maximum combustion Burn-out temperature Burnable
amples
(°C) Temperature (°C) (°C) content (%)
P3MT 220 323 430 85
PMTY30 290 480 625 11

4 Conclusions

P3MT/CeY composites were successfully synthesized by chemical oxidative polymerization
of 3MT and CeY zeolite in CHCI; using anhydrous FeCl; as oxidant. P3MT exists in a
non-crystalline structure, whereas the poly(3-methylthiophene)/CeY composites retain the
crystal structure of Y zeolite. The conductivity of PAMT/CeY composite is higher than that of
PMTYB and up to 3.2% 10 S/cm. In comparison to P3MT, the thermostability of P3MT/CeY

composite is greatly improved by zeolite.
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