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Abstract. In this paper, we report the synthesis, characterization and optical properties of a donor–acceptor
conjugated polymer, PTh-CN, containing 3,4-didodecyloxythiophene and cyanovinylene units. The polymer
possesses a low band gap of 1.75 eV as calculated from the onset absorption edge. From the electrochemical
study, the HOMO and LUMO energy levels of the polymer are figured out to be −5.52 eV and −3.52 eV,
respectively. Polymer light-emitting diodes are fabricated using PTh-CN as the emissive layer with a device
configuration of ITO/PEDOT:PSS/PTh-CN/Al. The device showed stable saturated red electroluminescence
with CIE coordinate values (0.65, 0.32) at 12 V, which are very close to the values for standard red demanded
by the NTSC. In addition, the device showed good colour stability under different bias voltages and the thres-
hold voltage of the PLED device is found to be as low as 3.1 V. Further, a nanocomposite of the polymer
and TiO2 nanoparticles is prepared by the dispersion method. The nonlinear optical properties of PTh-CN
and PTh-CN/TiO2 nanocomposite are studied using z-scan technique. The polymer solution, polymer film
and polymer/TiO2 nanocomposite film show a strong saturable absorption behaviour. The value of saturation
intensity (Is) is found to be of the order 1011–1012 W/m2, indicating that the materials are useful candidates for
photonic applications.

Keywords. Conjugated polymer; cyclic voltammetry; polymer light-emitting diode; nanocomposite; NLO,
z-scan.

1. Introduction

In the last two decades, a great deal of attention has
been focused on the synthesis of conjugated poly-
mers,1,2 because of their significant applications in the
field of optoelectronic devices, such as light-emitting
diodes (LEDs),3 thin film transistors,4 chemical sens-
ing,5 photovoltaic cells,6 optical limiters, etc.7,8 In
particular, electroluminescent conjugated polymers as
active materials in the field of polymer light-emitting
diodes (PLEDs) has attracted considerable research
interest because these materials are potential candidates
in flat-panel display and lighting applications. The main
advantage of the conjugated polymers is the colour tun-
ability which can be achieved by changing the mole-
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cular structure of the emitting polymers by introducing
suitable substituents into the polymer backbone. Hence,
the design and synthesis of new conjugated polymers of
varied optoelctronic properties play a vital role in the
area of display technology.9 In this direction, donor–
acceptor (D–A) conjugated polymers, introduced by
Havinga et al. 10 in the macromolecular systems via
alternating electron-rich and electron-deficient sub-
stituents along a polymer backbone is the well-known
approach to obtain efficient light-emitting polymers. In
D–A systems, the interaction between strong electron
donor (D) and strong electron acceptor (A) units in the
main chain gives rise to an increased double bond char-
acter between them. Hence, a conjugated polymer with
an alternating sequence of the appropriate donor and
acceptor units in the main chain may show a low band
gap.11 Further, from the application point of view, it is
necessary to develop conjugated polymers of pure blue,
green and red emission colours for full colour LED
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devices. The cyano (CN) containing poly(2,5-dialkoxy-
1,4-phenylenevinylene) (CN-DOPPV)12,13 and poly(3-
alkylthiophene) (P3AT)14,15 derivatives are known to
be good red light-emitting polymers. Several other red
light materials have also been reported in the litera-
ture.16–19 Among these, thiophene derivatives are shown
to be good candidates as emissive layer because of their
versatility in the structural modification and good semi-
conducting property.20,21 Since the conjugated poly-
mers based on 3,4-dialkoxythiophene derivatives are
both electron-rich and hole transporting, it is neces-
sary to introduce electron withdrawing units to the main
chains or side chains to attain lower LUMO energy level
by increasing the electron affinity of the polymer. The
presence of strong electron withdrawing cyano group
in the polymer chain has been found to increase the
electron affinity and thus enhances the electron injec-
tion and hole blocking properties of the polymer. In
addition, introduction of cyanovinylene units extend the
emission wavelength of the polymer to red and near
infrared regions.18,22,23

Further, due to the increase in effective electron
delocalization along the polymer chain, the D–A con-
jugated polymers show large third-order nonlinear
susceptibilities and hence are a promising class of
third-order nonlinear materials. The strong deloca-
lization of π-electrons in the polymeric backbone
determines a very high molecular polarizability and
thus remarkable third-order optical nonlinearities.7,24

Among various π-conjugated materials, thiophene-
based polymers are currently under intensive investiga-
tion as materials for nonlinear optics because of their
large third order response, chemical stability, and their
readiness of functionalization. Moreover, nano-sized
metal and semiconductor particles have attracted con-
siderable interest in many areas such as optics, micro-
electronics, catalysis, information storage and energy
conversion. They exhibit characteristic size and shape
dependent electronic structures leading to unique opti-
cal and NLO properties.25–28 For instance, a third-order
NLO susceptibility (χ(3)) value of 0.8 × 10−12 esu has
been observed for yellow Ag colloidal nanoparti-
cles.29 Also, a large nonlinear optical response with a
χ(3) value as high as 2 × 10−5 esu has been ob-
served for nanoporous layers of TiO2.28 It is advanta-
geous to embed metal/semiconductor nanoparticles in
thin polymer films for application purposes because
the polymer matrix serves as medium to assemble
the nanoparticles and stabilize them against aggre-
gation.30,31 Moreover, nanocomposite structures are
also known to enhance optical nonlinearities substan-
tially.32 In view of these, the third-order NLO optical
properties of a few metal/semiconductor-polymer

nanocomposites have been investigated.33–35 Further,
nanocomposites using a few conjugated molecules and
oligomers with metal/semiconductor nanoparticles
have also been prepared. The effects of the polymer
matrix on the optical properties of the nanoparticles
and electronic behaviour of both the nanoparticles
and conjugated materials have been investigated in
these composite materials.36 A nonlinear susceptibi-
lity of the order of 10−7 esu and an ultrafast response
time of 1.2 ps has been observed for a polymer com-
posite.37 Similarly, the nanocomposite made of Ag
nanoparticles dispersed in poly[2-methoxy-5-(2-ethyl-
hexyloxy)-1,4-phenylenevinylene] matrix exhibited
large third-order nonlinear susceptibility of the order
of 10−6 esu.38 Xin Chen et al. have observed higher
χ(3) value in a polydiacetylene-Ag nanocomposite film
compared to pure polydiacetylene film.39 However,
studies on nanocomposites of donor–acceptor type con-
jugated polymers and metal/semiconductor nanopar-
ticles are limited. In this context, we describe the
synthesis and characterization of a donor–acceptor con-
jugated polymer, PTh-CN, containing a 3,4-didode-
cyloxythiophene core (donor) and a cyanovinylene
linker (acceptor). Preliminary studies on the electrolu-
minescence properties of the polymer are carried out.
Further, the nonlinear optical properties of PTh-CN
and PTh-CN/TiO2 nanocomposite are studied using
z-scan experiment.

2. Experimental

2.1 Instrumentation

1H NMR spectra were recorded with a BRUKER
400 MHz NMR spectrometer using TMS as inter-
nal reference. Elemental analyses were performed on
a Flash EA 1112 CHNS analyzer (Thermo Electron
Corporation). Infrared spectra of all the compounds
were recorded on a NICOLET AVATAR 330 FTIR
(Thermo Electron Corporation). UV-Vis absorption
spectra were measured using a CINTRA-101 (GBC
scientific equipment) spectrophotometer. The electro-
chemical studies of the polymer were carried out
using an AUTOLAB PGSTAT 30 electrochemical ana-
lyzer. Cyclic voltammograms were recorded using a
three-electrode cell system, with a glass carbon disk
as working electrode, a Pt wire as counter elec-
trode and an Ag/AgCl electrode as the reference
electrode with 0.1 M tetrabutylammoniumperchlorate
(TBAPC)/CH3CN as the electrolyte at a scan rate of
50 mV/s at room temperature. Fluorescence spectra
were recorded using a JASCO FP6200 spectrofluoreme-
ter. Gel permeation chromatography (GPC) was used
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to obtain the molecular weight of the polymer and was
determined by Waters make GPC instrument with refe-
rence to polystyrene standards with THF as eluent.
Polymer and nanocomposite films are prepared using
an ACE -1020 (Dong Ah Trade & Tech. Corp.) spin
coating unit. The EL spectrum was determined using
HR 2000 Ocean Optics spectrometer, having a CCD
array and fibre optic probe. The current–voltage cha-
racteristic of the PLED devices was studied using a
Keithley 2400 programmable digital source meter. The
thickness of the deposited layers was measured by ellip-
sometry. Thermogravimetric analysis was carried out
using an EXSTAR TG/DTA 7000 (SII Nanotechnology
Inc.) thermal analyzer. SEM images are obtained with
a CARL ZEISS SUPRA 40 VP (NTS GmbH Germany)
field emission scanning electron microscopy (FESEM).

2.2 Materials

Diethyl 3,4-didodecyloxythiophene-2,5-dicarboxylate
(1) was prepared according to the previously reported
method.40 Lithium aluminum hydride, 2,3-dichloro-
5,6-dicyano benzoquinone, thiophene-2-acetonitrile,
sodium tert-butoxide, poly(3,4-ethylene dioxythio-
phene):poly(styrene sulphonate) (PEDOT:PSS) and
nano-sized TiO2 powder were purchased from Sigma
Aldrich Chemical Co. Tetrabutylammoniumperchlo-
rate (TBAPC) was purchased from Lancaster company
(UK). All solvents and other reagents were purchased
commercially and used without further purification.

2.3 Synthesis of monomer (Th-CN) and polymer
(PTh-CN)

The synthetic route for preparing the monomer and the
polymer are depicted in scheme 1. The detailed syn-
thetic procedures for the synthesis of the monomer and
the polymer are as follows.

2.3a Synthesis of (3,4-bis(dodecyloxy)thiophene-2,5-
diyl)dimethanol (2): To a solution of diethyl 3,4-
didodecyloxythiophene-2,5-dicarboxylate, 1, (1 g,
1.67 mmol) in 10 ml of dry diethyl ether, 0.15 g
(4.18 mmol) lithium aluminum hydride (LiAlH4) was
added at 0◦C. The reaction mixture was stirred at
room temperature for 1 h. After completion of reac-
tion (monitored by TLC), the resulting mixture was
quenched with saturated NH4Cl solution. The residue
obtained was filtered through celite and was washed
with dichloro methane. The filtrate thus obtained was
washed with water, dried with MgSO4 and concen-
trated to get the product as white solid in 80% yield.
M.P: 72–73◦C. 1H NMR (400 MHz,CDCl3, δ, ppm):
4.72 (s, 4H,-CH2OH), 4.02 (t, J = 6.4 Hz, 4H, -OCH2),
1.80–1.26 (m, 40H, -(CH2)10-), 0.88 (t, J = 6.8 Hz, 6H,
-CH3). FTIR,

√
(cm−1): 3311 (-OH), 2915 and 2848

(-C-H), 1500, 1462, 1427, 1364, 1240, 1086, 992. Ele-
ment. Anal. Calcd. For C30H56O4S: C, 70.26; H 11.01;
S, 6.24; found: C, 70.28; H, 11.04; S, 6.22.

2.3b Synthesis of 3,4-bis(dodecyloxy)thiophene-2,5-
dicarbaldehyde (3): To a solution of compound 2
(0.5 g, 0.97 mmol) in 5 ml of dry diethyl ether, 0.66 g
(2.29 mmol) 2,3-dichloro-5,6-dicyanobenzoquinone
(DDQ) was added portion-wise at room temperature.
The reaction mixture was stirred at room temperature
for 72 h. After completion of the reaction (monitored
by TLC), the solvent was evaporated. The solid residue
obtained was redissolved in 50 ml n-hexane and filtered
off. The organic layer was washed with water several
times, dried with MgSO4 and concentrated. Finally, the
obtained crude solid product was recrystallized with
ethanol to get the product as white crystals in 60%
yield. M.P: 52–54◦C. 1H NMR (400 MHz, CDCl3, δ,
ppm): 10.09 (s, 2H, -CHO), 4.26 (t, J = 6.4 Hz, 4H,
-OCH2), 1.83–1.26 (m, 40H, -(CH2)10- ), 0.88 (t, J =
6.8 Hz, 6H, -CH3). FTIR,

√
(cm−1): 2914 and 2848

Scheme 1. Synthetic route of the monomer and the polymer.
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(-C-H), 1656 (-C=O), 1480, 1430, 1366, 1263, 1186,
1037, 798. Element. Anal. Calcd. For C30H52O4S: C,
70.82; H, 10.31; S, 6.29; found: C, 70.80; H, 10.34;
S, 6.26.

2.3c Synthesis of 3,3′-(3,4-bis(dodecyloxy)thiophene-2,
5-diyl)bis(2-(thiophen-2-yl)acrylonitrile) (Th-CN): To
a stirred solution of dialdehyde 3 (1 g, 1.96 mmol) and
thiophene-2-acetonitrile (0.5 g, 4.12 mmol) in 10 ml
absolute ethanol under argon, a solution of 0.56 g of
sodium tert-butoxide (5.89 mmol) in 5 ml of absolute
ethanol was added through a syringe. The mixture was
stirred at room temperature for 2 h. The precipitated
solid was filtered off to give dark red shiny solid in
70% yield. M.P: 89◦C. 1H NMR (400 MHz,CDCl3,δ,
ppm): 7.57 (s, 2H, -olefinic proton-), 7.37–7.35 (dd,
J1 = 1.2 Hz, 2H, J2 = 3.6 Hz), 7.30–7.28 (dd, J1 =
1.2 Hz, J2 = 5.2 Hz, 2H), 7.07–7.05 (dd, J1 = 4 Hz,
J2 = 5.2 Hz, 2H), 4.11 (t, 4H, -OCH2-), 1.80–1.26 (m,
40H, -(CH2)10-), 0.88 (t, 6H, -CH3). FTIR,

√
(cm−1):

2913 and 2845 (-C-H), 2205 (-CN), 1568, 1454, 1377,
1282, 1159, 1013, 946. Element. Anal. Calcd. For
C42H58N2O2S3: C, 70.16; H, 8.14; N, 3.90; S, 13.35;
found: C, 70.12; H, 8.12; N, 3.86; S, 13.38.

2.3d Synthesis of polymer (PTh-CN): To a stirred
solution of monomer Th-CN (500 mg, 0.695 mmol)
in 50 ml of chloroform was added anhydrous FeCl3

(0.56 g, 3.47 mmol) in nitromethane drop-wise over
a period of 45 min at room temperature under argon
atmosphere. The light red monomer solution turned
progressively dark violet with addition of oxidizing
agent. The mixture was stirred for 24 h and then added
into methanol (200 ml). The precipitate was filtered,
dissolved in CHCl3, and extracted with water. Solvent
was removed and the residue was redissolved in chlo-
roform (50 ml) and hydrazine monohydrate (25 ml).
To reduce the polymer to neutral form, the mixture
was stirred for 12 h. After evaporation of CHCl3, the
residue was precipitated in methanol (200 ml) and fil-
tered off. Then the residue was stirred in acetone to
remove unreacted monomers. The polymer was filtered
and dried under vacuum to give polymer (PTh-CN)
as violet solid. 1H NMR (400 MHz, CDCl3, δ, ppm):
7.57 (s, 2H, -olefinic proton-), 7.35 (d, J = 3.6 Hz,
2H), 7.14 (d, J = 4 Hz, 2H), 4.13 (t, 4H, -OCH2-),
1.83–1.23 (m, 40H, -(CH2)10-), 0.87 (t, 6H, -CH3).
FTIR,

√
(cm−1): 2912 and 2846 (-C-H), 2206 (-CN),

1567, 1451, 1368, 1260, 1024, 785, 684. Element. Anal.
Calcd. For C42H56N2O2S3: C, 70.36; H, 7.88; N, 3.91;
S, 13.39; found: C, 70.28; H, 7.76; N, 3.84; S, 13.48.

2.4 Fabrication of the polymer light-emitting
diode devices

In the device fabrication, we used the simplest sandwich
structure for the device configuration with poly(3,4-
ethylenedioxythiophene):poly(styrenesulphonate) (PEDOT:
PSS) coated indium tin oxide (ITO) glass as the anode,
the spin coated polymer (PTh-CN) as the emissive
layer and aluminum as the cathode. To fabricate PLEDs
of device configuration ITO/PEDOT:PSS/PTh-
CN/Al, first the indium tin oxide (ITO) coated glass
substrates with a sheet resistance of 20 �/square and
a thickness (ITO) of 120 nm were cleaned using deio-
nized water, acetone, trichloroethylene and isopropyl
alcohol sequentially for about 20 min each using an
ultrasonic bath and dried in vacuum oven. Then ITO
surface was treated with oxygen plasma for about 5 min
to increase its work function. Then, a hole injection
layer of PEDOT:PSS was spin coated on the cleaned
and patterned ITO substrates at 4000 rpm with about
50–60 nm in thickness and was dried by baking at
120◦C in vacuum for ∼1 h. Then, the emitting layer,
PTh-CN, was spin cast onto the PEDOT: PSS layer
at a speed of 2000 rpm from chlorobenzene solution
(10 mg/mL) through a 0.45 μm teflon filter, followed
by vacuum annealing at 150◦C for ∼2 h in order to
remove the organic fraction. Finally, the coated ITO
was transferred to a deposition chamber, where a layer
of Al electrodes was vacuum deposited on the poly-
mer layer with about 200 nm in thickness by thermal
evaporation at a pressure of 1 × 10−6 Torr. Four pixels,
each of active area of 4 × 4 mm2 are defined per sub-
strate and were used to assess the reproducibility of the
device performance. The complete fabricated devices
were finally annealed at 100◦C in vacuum for 5 min
before being characterized. All the characterization
of the light-emitting diode device was carried out at
room temperature under ambient conditions without
protective encapsulation.

2.5 Preparation of PTh-CN/TiO2 nanocomposite
films

For the preparation of polymer nanocomposite (PTh-
CN/TiO2) films, 10 weight% TiO2 nanoparticles
were dispersed in the polymer using chloroform and
chlorobenzene solvent system (10:1 volume ratio) and
sonicated for 2 h. Nanocomposite films are prepared on
clean glass plates by spin coating and the films are dried
under vacuum for 1 h.

2.6 Z-Scan measurements

The z-scan technique is a widely used method deve-
loped by Sheik Bahae et al. 41 to measure the nonlinear
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absorption coefficient and nonlinear refractive index of
materials. The ‘open aperture’ z-scan gives informa-
tion about the nonlinear absorption coefficient. A nearly
Gaussian laser beam is used for optically exciting the
sample, and its propagation direction is considered as
the z-axis. The beam is focused using a convex lens and
the focal point is taken as z = 0. Obviously, the beam
will have maximum energy density at the focal point,
which will symmetrically reduce towards either side of
it, for the positive and negative values of z. In the experi-
ment the sample is placed in the beam at different posi-
tions with respect to the focus (i.e., at different values
of z), and the corresponding optical transmission values
are measured. Then a graph is plotted between z and the
measured sample transmission (normalized to its linear
transmission), which is known as the z-scan curve. The
shape of the z-scan curve will provide information on
the nature of the nonlinearity. The nonlinear absorption
coefficient of sample can be calculated by fitting the
experimental data to theory.

In our z-scan experiment, we have used a stepper-
motor controlled linear translation stage, to move the
sample through the beam in precise steps. Two pyro-
electric energy probes (Rj7620, Laser Probe Inc.) are
used to measure the transmission of the sample at each
point. One energy probe monitors the input energy,
while the other monitors the transmitted energy through
the sample. The second harmonic output (532 nm) of a
Q-switched Nd:YAG laser ( Minilite- Continuum, 5 ns
FWHM laser pulses) was used for excitation of sam-
ples. The linear transmissions of the samples studied
were in the range of 50% to 75% at 532 nm. The experi-
ments were carried out in the ‘single shot’ mode, allow-
ing sufficient time between successive pulses to avoid
accumulative thermal effects in the sample. The experi-
ment was automated, controlled by a data acquisition
program written in Lab VIEW.

3. Results and discussion

3.1 Synthesis and characterization

The synthetic method followed for the synthesis of
monomer Th-CN and polymer PTh-CN is depicted in
scheme 1. 3,4-Bis(dodecyloxy)thiophene-2,5-dicarbal-
dehyde (3) was synthesized starting from diethyl
3,4-didodecyloxythiophene-2,5-dicarboxylate (1). The
diester compound (1) was reduced using lithium alu-
minum hydride in ether at room temperature to obtain
(3,4-bis(dodecyloxy)thiophene-2,5-diyl)dimethanol (2).
The bisalcohol (2) was then oxidized to the dicar-
baldehyde (3), using 2,3-dichloro-5,6-dicyano-1,4-ben-
zoquinone as the oxidizing agent. In the next step,

a Knoevenagel condensation reaction was performed
between 3,4-bis(dodecyloxy)thiophene-2,5-dicarbalde-
hyde (3) and thiophene-2-acetonitrile in ethanol in the
presences of sodium tert-butoxide under argon atmo-
sphere to yield the monomer, Th-CN. The overall
yields for all the intermediate compounds were between
60 and 80%. Polymer PTh-CN was prepared by the
chemical oxidation of the monomer (Th-CN) using
FeCl3 as oxidizing agent. This method is very useful
to prepare polythiophenes due to its simplicity and the
high molecular weights achieved. After the polymeriza-
tion reaction, the residual iron (III) salts present in the
mixture were reduced in concentration with rigorous
purification. The crude polymer obtained was precipi-
tated with methanol several times in order to remove
residual FeCl3. The oxidative polymerization reaction
gives the polymer in the oxidized (doped) form. The
reduction (dedoping) of the polymer was achieved
using hydrazine to get the polymer in the neutral form.
Further, the polymer was stirred with acetone so as to
remove any traces of unreacted monomer. All the inter-
mediate compounds and the polymer showed good sol-
ubility in common organic solvents, such as CHCl3,
THF and chlorobenzene, resulting from the alkoxy
chains at 3 and 4- positions of the thiophene ring. The
chemical structures of all the intermediate compounds
and the polymer were confirmed by 1H NMR spec-
troscopy, FTIR spectroscopy and elemental analysis.
The 1H NMR spectrum of monomer Th-CN showed a
singlet at δ 7.57 ppm which is assigned to the olefinic
protons. The three double doublet peaks in the range of
δ 7.37–7.35, 7.07–7.05 and 7.30–7.28 ppm are assigned
to thiophene ring protons at position 2, 3 and 4, respec-
tively. The triplet peak at δ 4.11 ppm is due to –OCH2–
protons of the alkoxy chains of the thiophene ring and
the multiple peaks in the range δ 1.80–0.88 ppm are due
to – (CH2)10–CH3 protons of the alkoxy chains. Poly-
merization of the monomer Th-CN was confirmed by
the 1H NMR spectrum. In the 1H NMR spectrum, the
disappearance of double doublet peak of thiophene ring
proton at position 2 and conversion of double doublet
in to a doublet peak gave a clear evidence of success-
ful polymerization of the monomer to the polymer. The
1H NMR spectrum of polymer PTh-CN showed a sin-
glet at δ 7.57 ppm due to olefinic protons. The two dou-
blet peaks at δ 7.35 and 7.14 ppm are assigned to thio-
phene ring protons at positions 3 and 4, respectively. A
triplet peak at δ 4.13 ppm is due to the –OCH2– pro-
tons of the alkoxy chains of the thiophene ring and the
multiple peaks in the range 1.83–0.87 ppm are due to
the – (CH2)10–CH3 protons of the alkoxy chains. The
average molecular weights of the polymer were mea-
sured by gel permeation chromatography (GPC) with
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reference to polystyrene standards. The number aver-
aged molecular weight (Mn) of the polymer is found to
be 15800 and the molecular weight distribution (PDI)
is 2.1. Generally, the chemical polymerization method
gives polymers with high molecular weights. But, the
average molecular weights of PTh-CN are rather low.
This could be due to the presence of strong electron
withdrawing cyano group in the monomer, which deac-
tivates thiophene ring towards oxidative polymerization
reaction. This effect becomes more prominent in the
growing polymer chain due to increase in the number
cyano groups with successive addition of the repeat-
ing units. As a result, further addition of monomeric
units becomes difficult which terminates the polymer-
ization process. Hence a low molecular weight poly-
mer sample is obtained in the present study. The strong
bands at 2912 and 2846 cm−1 in the FTIR spectrum of
PTh-CN are due to (C–H) stretching vibrations of the
alkyl chains. The band at 2206 cm−1 is assigned to the
–C≡N stretching vibration. FTIR spectrum of the TiO2

nanoparticles exhibits a band at 3397 cm−1 due to O–H
stretching mode of Ti–OH. The characteristic absorp-
tion band of Ti–O–Ti was observed at 475 cm−1. 42

All these characteristic bands arising from both TiO2

nanoparticles and PTh-CN were observed in the spec-
trum of PTh-CN/TiO2 nanocomposite, confirming the
incorporation of TiO2 nanoparticles in the nanocom-
posite structure.43 Smooth and optically clear thin solid
films on glass substrates were obtained by spin-coating
the chloroform solutions of the polymer (1 mg mL−1)

at a spin rate of 1500 rpm. Figure 1 shows the FESEM
image of the PTh-CN/TiO2 nanocomposite. A mode-
rately uniform distribution of TiO2 nanoparticles was
observed with average particle sizes ranging from 25 to
50 nm. The thickness of polymer films and nanocom-

Figure 1. FESEM images of PTh-CN/TiO2 nanocompo-
site (inset: magnified image, Mag = 100 KX).

posite films were determined by SEM cross section and
was found to be in the range 0.9–1 micrometer.

3.2 UV-Vis absorption studies

The UV-Vis absorption spectra could provide a good
deal of information on the electronic structure of con-
jugated polymers. Figure 2 shows the absorption spec-
tra of monomer Th-CN and polymer PTh-CN in
dilute chloroform solution along with the spectra of
PTh-CN thin film and PTh-CN/TiO2 nanocomposite
thin film. The monomer solution displayed an absorp-
tion maximum at 457 nm, where as for the poly-
mer solution an absorption maximum is observed at
550 nm. The monomer being a donor–acceptor conju-
gated molecule shows absorption in the visible region.
The presence of alternating electron withdrawing and
electron releasing units in a conjugated system results
in strong intramolecular charge transfer (ICT) interac-
tions, which extends the absorption to longer wave-
length regions. The polymer thin film, in addition to an
absorption maximum at 550 nm, showed a peak in the
shorter wavelength region at 390 nm and a shoulder at
661 nm. The optical energy band gap (Eg) of PTh-CN
is found to be 1.75 eV in the thin film state. The broad-
ening of the absorption spectrum of the polymer film
in comparison with that of the polymer solution could
be due to the enhanced interchain interaction in the
solid film state and increased polarizability of the film.
The absorption spectra of PTh-CN/TiO2 nanocompo-
site thin film showed a red shift of about 18 nm in com-
parison with that of the polymer film. The observed

Figure 2. UV-Vis absorption spectra of Th-CN solution,
PTh-CN in chloroform solution, PTh CN thin film and PTh-
CN/TiO2 nanocomposite thin film.
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Table 1. Linear optical and nonlinear optical properties of the polymer.

Linear optical properties λmax(nm) Nonlinear optical properties (z- scan) Is in W/m2

Nanocomposite Nanocomposite
Solutiona Filmb filmb Eopt

g eV Solutiona Filmb filmb

PTh-CN 550 550 568 (295) 1.75 2 × 1012 6 × 1011 9 × 1011

aMeasured in chloroform solution. b Cast from chloroform solution
Eopt

g , Bandgap estimated from the onset wavelength of the optical absorption of the polymer film
Is Saturation intensity measured from z-scan technique

red shift in the absorption maximum can be understood
in terms of enhanced effective π-conjugation length
in PTh-CN/TiO2 nanocomposite film as compared to
that of PTh-CN film. A similar trend in the absorption
maximum was observed for MEH-PPV/TiO2 nano-
composite films.44 Further, the peak observed at 295 nm
in the nanocomposite film is assigned to the character-
istic absorptions of TiO2 nanoparticles. These optical
results indicate that some interactions occur between
the conjugated polymer chains and TiO2 nanoparticles.
The optical properties of PTh-CN are summarized in
table 1.

3.3 Thermal stability

The thermal property of polymer PTh-CN and PTh-
CN/TiO2 nanocomposite were determined by thermo-
gravimetric analysis (TGA) and was carried out under
nitrogen atmosphere at a heating rate of 10◦C/min. The
TGA reveals that, both the polymer and the nanocom-
posite possess good thermal stability. The onset decom-
position temperature for the polymer was observed near
180◦C with a gradual weight loss until 320◦C, which
could be attributed to the loss of alkoxy or alkyl chains
present on the thiophene ring. Beyond this temperature
range, the weight loss increases abruptly, indicating the
decomposition of the polymer backbone. The nanocom-
posite is thermally stable up to 300◦C. When the tem-
perature is increased beyond 300◦C, there is a sharp
weight loss near 350◦C and it continues until 650◦C.
Similar trend was observed for other nanocomposites
reported in the literature.43 These results indicate that
there is a strong interaction exists at the interface of the
polymer and TiO2 nano particles in the nanocomposite
structure.

3.4 Electrochemical properties

The device fabrication and investigation of LED
characteristics of polymers require information on
the electronic structure of the luminescent polymer

which can be determined by electrochemical studies.
Cyclic voltammetry was used to investigate the redox
behaviour of the polymer and to assess the HOMO
and LUMO energy levels. All measurements were cali-
brated with the ferrocene/ferrocenium (Fc/Fc+) stan-
dard (EFOC = 0.53 vs. Ag/AgCl). As shown by the
cyclic voltammogram in figure 3, the polymer showed
both n-doping and p-doping processes. On sweeping
the polymer cathodically, the onset of the n-doping pro-
cess occurred at a potential value of −0.75 V with a
reduction peak at −1.06 V. In the anodic scan, the p-
doping onset was observed at 1.25 V followed by an
oxidation peak at 1.55 V. The onset potentials of n-
doping and p-doping processes were used to estimate
the HOMO and LUMO energy levels of the conjugated
polymer according to the equations;45

EHOMO = − [
Eox

(onset) + 4.8 eV
]

and

ELUMO = − [
Ered

(onset) + 4.8 eV
]
,

where Eox
(onset) and Ered

(onset) are the onset potentials for the
oxidation and reduction processes of a polymer, respec-
tively. Accordingly, the HOMO and LUMO energy

Figure 3. Cyclic voltammogram of the polymer film cast
on glassy carbon disk in 0.1 M tetrabutylammoniumperchlo-
rate (TBAPC)/CH3CN solution at 50 mV/s.
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Table 2. Electrochemical properties of the polymer.

Polymer Eox
(onset) (V) E(oxd) (V) Ered

(onset) (V) E(red) (V) HOMO (eV) LUMO (eV) Eg(eV)

PTh-CN 1.25 1.55 −0.75 −1.06 −5.52 −3.52 2.0

EEc
g Electrochemical band gap estimated from the difference between EHOMO and ELUMO

levels of the polymer are estimated to be −5.52 eV
and −3.52 eV, respectively and hence electrochemical
band gap of the polymer is 2.0 eV. The electrochemical
band gap of the polymer is higher than the optical band
gap. This difference is due to the creation of free ions
in the electrochemical experiment compared with the
one measured through UV experiments, which refers to
a neutral state. From the high electron affinity value,
which could be attributed to the electron withdraw-
ing property of –CN units in the polymer backbone, it
can be expected that the polymer may show increased
electron injection ability in PLEDs. Also, the electro-
chemical data support the argument that the injection of
electrons and holes would be more balanced in the poly-
mer. The cyclic voltammetry data of the polymer are
summarized in table 2.

3.5 Fluorescence emission and electroluminescence
properties

Fluorescence emission studies of Th-CN and PTh-CN
reveal that Th-CN and PTh-CN in dilute chloroform
solution emit intense green and red light, respectively,
under the irradiation of UV light with emission maxima
at 550 nm for Th-CN and 657 nm for PTh-CN. The flu-
orescence quantum yield (φfl) of the polymer in chlo-
roform solution was estimated by comparing with the
standard of quinine sulphate (ca. 1 × 10−5 M solution
in 0.1 M H2SO4 having a fluorescence quantum yield of
55%).46 The quantum yield of the polymer is 38%.

PLED devices fabricated with a configuration of
ITO/PEDOT:PSS/PTh-CN/Al were used to investi-
gate the electroluminescent (EL) behaviour of the poly-
mer (PTh-CN) as emissive material for polymer light
emitting diodes. The devices are fabricated under ambi-
ent conditions and are characterized without using any
protective encapsulation. The EL spectra of polymer
PTh-CN under different driving voltages ranging from
7 V to 14 V are as shown in figure 4. The EL spectra
show that with an increase in the applied voltage, the
intensity of the emitted light also increases as a function
of wavelength. The PLED devices emitted red light with
emission maxima originated at 615 and 670 nm. Also,
the EL spectrum of the polymer showed stable red emis-
sion without any considerable spectral change and/or

additional peaks with driven voltage. The EL spectra of
the polymer was blue shifted relative to the correspond-
ing PL spectra which results from different exciton
generation processes and heating of the LEDs because
of applied voltages during the measurement. This sug-
gests that the local heating in the polymer film at high
voltages probably leads to conformational changes of
the polymer backbone. The colour stability under dif-
ferent voltages for PTh-CN was also investigated. The
CIE coordinates of the polymer devices under different
voltages of 11 V, 12 V, 13 V and 14 V were (0.64, 0.32),
(0.65, 0.32), (0.66, 0.32) and (0.64, 0.32), respectively.
The EL peak position and the CIE coordinates of the
device were not changed significantly under different
driving voltages. These results indicate that the polymer
show good colour stability under different applied volt-
ages. The colour coordinates of the red emitting PTh-
CN is closer to the standard red (0.66, 0.34) demanded
by the National Television System Committee (NTSC)
indicating that PTh-CN emits almost pure red colour.47

The current density-voltage characteristics of the PLED
device (figure 5) show that the current density of the
polymer increases exponentially with the increasing
forward bias voltage, which is a typical diode charac-
teristic. The polymer shows low threshold voltage of
3.1 V. The lower threshold voltage can be attributed to
the lower energy barrier for electron injection (due to

Figure 4. Electroluminescence (EL) spectra of the
ITO/PEDOT: PSS/ PTh-CN/Al device at varying forward
applied voltages.
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Figure 5. Current density-voltage characteristics of the
ITO/PEDOT: PSS/ PTh-CN/Al device.

low lying LUMO level of the polymer) from the alu-
minum electrode. The low threshold voltage value can
be comparable with some of the previously reported
light-emitting polymers which showed good EL perfor-
mance.23 These preliminary studies on EL properties of
PTh-CN suggest that the polymer may be used for the
fabrication of stable red light-emitting diodes.

3.6 Nonlinear optical properties

The open aperture z-scan curves obtained in the
polymer PTh-CN solution, PTh-CN film and PTh-
CN/TiO2 film are shown in figures 6, 7 and 8, respec-
tively. The laser pulse energies used to excite the
samples were between 10 and 100 μJ. All sam-
ples show a pure saturable absorption (SA) behaviour.

Figure 6. Open aperture z-scan of PTh-CN in solution
having a linear transmission of 51% at 532 nm. The laser
pulse energy is 100 μJ. Circles are data points while the solid
curve is a numerical fit according to Eq. 1.

Figure 7. Open aperture z-scan of PTh-CN film having a
linear transmission of 72% at 532 nm. The laser pulse energy
is 10 μJ. Circles are data points while the solid curve is a
numerical fit according to Eq. 1.

Saturable absorption is a property of a material where
the absorption of light decreases with the increase of
light intensity. At sufficiently high incident light inten-
sity, atoms or molecules in the ground state of a satu-
rable absorber material become excited into upper
energy state at such a rate that there is insufficient
time for them to decay back to the ground state before
the ground state becomes depleted, and the absorp-
tion subsequently saturates. In a saturable absorber, the
nonlinear absorption coefficient α is given by,

α = α0
1

1 +
(

I
Is

) , (1)

where α0 is the linear absorption coefficient at the
wavelength of excitation, I is the incident intensity,

Figure 8. Open aperture z-scan of PTh-CN/TiO2 film
having a linear transmission of 50% at 532 nm. The laser
pulse energy is 10 μJ. Circles are data points while the solid
curve is a numerical fit according to Eq. 1.
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and Is is the saturation intensity. The z-scan profile
usually shows a valley with a maximum and a mini-
mum on each side of the focal point. However, in our
study, the open aperture z-scan profile shows a typi-
cal peak, symmetric about the focus, which is known
to be the signature of saturable absorption behaviour.
The peak appears at the focal point where the laser
pulse has the strongest fluence. A similar type of satu-
rable absorption in the near-field transmission was
observed for inorganic materials.48 The z-scan curves
obtained are fitted with numerically simulated results
using Eq. (1). By determining the best-fit curves for
the experimental data, the nonlinear parameters could
be calculated. For PTh-CN solution, saturation inten-
sity (Is) was found to be 2 × 1012 W/m2, for PTh-
CN film it was 6 × 1011 W/m2 and for PTh-CN/TiO2

nanocomposite film it was found to be 9 × 1011 W/m2.
Obviously there is an enhancement of nonlinearity in
PTh-CN/TiO2 nanocomposite film compared to pure
PTh-CN film. This is not substantial though, the rea-
son being that the polymer films themselves are highly
nonlinear in nature. From a device point of view both
PTh-CN and PTh-CN/TiO2 nanocomposite films are
equally useful. Because of their large saturable absorp-
tion, both PTh-CN and PTh-CN/TiO2 nanocomposite
films are expected to be useful candidates for photonic
applications mainly in the areas such as Q- switching
and mode-locking of lasers, pulse shaping, and optical
switching.49 For comparison, similar saturable absorp-
tion behaviour is observed for some organic materi-
als in the literature. The values of Is obtained are 1.5
to 4.5 × 1013 W/m2 in phthalocyanines, 1 to 4 ×
1010 W/m2 in poly(indenofluorene), 1010 to 1011 W/m2

for Rhodamine B and 1.4 to 6.8 × 1013 W/m2 for
thiophene-based conjugated polymers.50–53 The value
of Is obtained for PTh-CN is almost 100 times lower
than the values obtained for thiophene-based donor–
acceptor polymers,53 indicating a better NLO response
in PTh-CN. This could be due to the presence of
stronger electron withdrawing cyano group in PTh-
CN in comparison with 1,3,4-oxadiazole groups in the
reported polymers. The nonlinear optical properties of
the polymer are summarized in table 1. The presence of
strong electron donor and electron acceptor groups in
the polymer chain increases π-electron delocalization
and hence improves the NLO properties of the poly-
mer. Thus, incorporation of cyano groups as electron
acceptors in donor–acceptor conjugated polymers could
be a promising molecular design to achieve high NLO
responses in polymers. Further, nanocomposite struc-
tures formed by the incorporation of TiO2 nanoparti-
cles into the polymer matrix found to enhance the NLO
properties of the polymer. Hence donor–acceptor con-

jugated polymers and their nanocomposites could be
potential candidates for photonic applications.

4. Conclusions

A donor–acceptor type conjugated polymer, PTh-CN
containing 3,4-didodecyloxythiophene unit as electron
donor moiety and cyanovinylene unit as electron accep-
tor moiety was synthesized and characterized. The
push–pull (D–A) arrangement along with the presence
of strong electron withdrawing cyano group in the poly-
mer structure greatly influenced its electronic structure.
Hence the polymer showed a lower bandgap with a
low-lying LUMO energy level. As a result, the poly-
mer light-emitting device based on PTh-CN showed a
low threshold voltage of 3.1 V indicating an efficient
electron injection in the device. Further, the polymer
device showed almost pure red emission with a CIE
coordinate of (0.65, 0.32), which is very close to the
standard red. Also, the device, without any protective
encapsulation, showed good colour stability under dif-
ferent bias voltages. The PTh-CN/TiO2 nanocompo-
site was prepared using the dispersion method. Incor-
poration of TiO2 nanoparticles into the polymer matrix
found to improve the thermal stability of the poly-
mer. The nonlinear optical properties of PTh-CN and
PTh-CN/TiO2 nanocomposite are studied using z-scan
technique. All the samples show a strong saturable
absorption behaviour and the incorporation TiO2

nanoparticle marginally enhances the nonlinear optical
property in PTh-CN/TiO2 nanocomposite film when
compared to the pure PTh-CN film. The NLO results
signify that the materials are useful candidates for
photonic applications.

Supplementary information

The electronic supporting information can be seen in
www.ias.ac.in/chemsci.
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