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In  this  communication  we  describe  the  design  and  synthesis  of  a new  conjugated  polymer  (P)  carry-
ing  3,4-dialkoxythiophene,  1,3,4-oxadiazole  and  thienylene-vinylene  units,  from  its  monomers  using
Wittig  condensation  method.  The  structure  of  newly  synthesized  polymer  was  confirmed  by  FT-IR, 1H
NMR, UV–vis  spectral,  elemental  analysis  and  gel  permeation  chromatographic  techniques.  The  polymer
exhibited  good  thermal  stability  with  the  onset  decomposition  temperature  around  320 ◦C  in nitrogen
atmosphere.  Further,  its electrochemical,  linear  and  nonlinear  optical  properties  have  been  investigated.
The  optical  and electrochemical  band  gap  was  found  to be 2.21  eV.  Its  third-order  nonlinear  optical  prop-
erty  was  investigated  by  Z-scan  and  DFWM  techniques,  using  a Q-switched,  frequency  doubled  Nd:YAG
hienylene-vinylene
xadiazole
LO properties
FWM

laser  producing  7 ns  laser  pulses  at 532  nm. Z-scan  results  reveal  that  the polymer  exhibits  self-defocusing
nonlinearity.  The  operating  mechanism  involves  reverse  saturable  absorption.  The  polymer  shows  strong
optical limiting  behavior  due  to effective  two-photon  absorption  (2PA).  The  value  of  2PA coefficient  was
found to  be  3.0  ×  10−11 mW,  which  is  comparable  to  that  of good  optical  limiting  materials.  The  fluores-
cence  quantum  yield  of  the polymer  in solution  was  determined  using  quinine  sulfate  as  standard  and  it
was found  to be 35%.
. Introduction

Polymeric nonlinear optical (NLO) materials have been identi-
ed as strong candidates for use in a variety of photonic devices,

ncluding high-speed optical modulators, ultrafast optical switches
nd high-density optical data storage media [1–3], which are
ssential for continued advancement in the effort to transform
nformation storage and transmission from the electrical to the
ptical regime. The promise of NLO active polymers lies in their
ortuitous combination of exceptional optical quality, low cost and
ase of fabrication into device structures. This juxtaposition of
echnologically favorable aspect has led to considerable research
ctivities towards the development of new NLO active polymers
or commercial applications. One of the major challenges in this
esearch area is to design and synthesize the NLO active chro-
ophores exhibiting large molecular hyperpolarizability (ˇ) and

igh thermal stability. It has been well established that many con-

ugated polymeric systems carrying aromatic heterocyclic rings
xhibit an increased hyperpolarizability when compared to those
arrying benzenoid systems [2,4,5].  This is because of the fact that
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delocalization energy of heteroaromatics is lower than that of ben-
zenoid systems. Chromophores containing aromatic heterocycles
such as thiophene [6–8], thiazole [9,10],  benzothiazole [10,11] and
benzoxazole [12,13] or their derivatives are among the most stud-
ied systems.

Recently Cassano et al. [14] reported a new strategy for tun-
ing nonlinear optical properties of the �-conjugated polymers.
According to them, incorporation of alternate electron-acceptor
and electron-donor units along the polymer main chain would
enhance the NLO properties significantly, mainly due to hyperpo-
larizability. The desired optical properties can be achieved when
new conjugated systems are composed of donor–acceptor (D–A)
segments with different heterocyclic systems which allow the
fine tuning of important physical and/or photophysical proper-
ties. Such aromatic D–A type molecules with push–pull mechanism
are quite stable and they exhibit reasonably good  ̌ values. It
has been reported that incorporation of benzene rings into the
aliphatic push–pull polyenes leads to saturate molecular nonlin-
earity [15]. Further, oligothiophenes have been shown to possess
better electron relay properties and hence larger contributions
to  ̌ values than that of polyenes. Also, oligothiophenes have

a strong tendency to increase  ̌ values with increasing number
of thiophene units. Besides the electron transmission efficiency,
oligothiophenes possess inherent stability [16]. An extensive liter-
ature survey reveals that 3,4-dialkoxy thiophene based conjugated
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http://www.sciencedirect.com/science/journal/03796779
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olymers show facile dopability and low band gap ascribe to the
lectron donating nature of the alkoxy moiety. It has been also
eported that introduction of long alkoxy pendants at 3- and
-positions of the thiophene ring improves the solvent proces-
ibility and hole carrying ability of the corresponding polymer.
urther, the incorporation of highly electron withdrawing oxadi-
zole ring along the conjugation path increases the charge carrying
roperty of the polymer [17,18]. In addition to this, introduc-
ion of vinylene linkages increases the planarity of the polymer
hain by reducing the torsional interactions between the het-
ro aromatic rings, which leads to decrease in the band gap
19].

Against this background, we have designed a new D–A type
onjugated polymer P, viz. Poly 2-(5-(1,3,4-oxadiazol-2-yl)-
,4-bis(tetradecyloxy)thiophen-2-yl)-5-((E)-2-(5-(4-(5-(3,4-bis
dodecyloxy)-5-(1,3,4-oxadiazol-2-yl)thiophen-2-yl)-1,3,4-
xadiazol-2-yl)styryl)thiophen-2-yl)vinyl)-1,3,4-oxadiazole,
herein additional unsubstituted thiophene moiety with vinylic

inkage has been introduced in between electron donating
,4-dialkoxy substituted thiophene and electron accepting 1,3,4-
xadiazole systems, in order to reduce the steric repulsion between
he bulky alkoxy groups and to increase planarity of the polymer
hain that could help to reduce the band gap. It has been predicted
hat introduction of thienylene-vinylene group would increase the
onjugation path length and hence bring about enhanced optical
imiting behavior of the resulting polymer. Accordingly, the new
olymer has been synthesized in good yield from its monomers
ollowing Wittig condensation method. The required monomers
ave been prepared from simple thiodiglycolic acid through
ultistep reactions. The structure of the new polymer has been

stablished by spectral techniques and further its electrochemical,
ptical and nonlinear optical properties have been evaluated in
rder to investigate the influence of its structure on the properties.

. Experimental

.1. Materials and methods

3,4-Dialkoxythiophene-2,5-dicarbohydrazide (6a,b) were syn-
hesized according to the reported procedure [17]. Dimethylfor-

amide and acetonitrile were dried over CaH2. Thiodiglycolic acid,
iethyl oxalate, tetrabutyl ammonium perchlorate (TBAPC) and
-bromododecane and n-bromotetradecane were purchased from
anchaster (UK) and were used as received. All the solvents and
eagents were of analytical grade. They were purchased commer-
ially and used without further purification.

.2. Instrumentation

Infrared spectra of all intermediate compounds and polymer
ere recorded on a Nicolet Avatar 5700 FTIR (Thermo Electron
orporation). The UV–visible and fluorescence spectra were taken

n GBC Cintra 101 UV–visible and Perkin Elmer LS55 fluorescence
pectrophotometers, respectively. 1H NMR  spectra were obtained
ith Bruker-400 MHz  FT-NMR spectrometer using TMS/solvent

ignal as internal reference. Elemental analyses were performed
n a Flash EA1112 CHNS analyzer (Thermo Electron Corporation).
ass spectra were recorded on a Jeol SX-102 (FAB) Mass Spectrom-

ter. The electrochemical studies of the polymer were carried out
sing AUTOLAB PGSTAT30 electrochemical analyzer. Cyclic voltam-
agram was recorded using a three-electrode cell system, with
lassy carbon button as working electrode, a platinum wire as
ounter electrode and an Ag/AgCl electrode as the reference elec-
rode. Molecular weights of the polymer were determined with

 WATERs make gel permeation chromatograph (GPC) against
Metals 161 (2011) 1699– 1706

polystyrene standards with tetrahydrofuran (THF) as an eluent.
The third-order NLO properties of these polymer were studied at
532 nm in THF solution with 7 ns pulses from an Nd:YAG laser
using the Z-scan and degenerate four wave mixing (DFWM) tech-
niques.

2.2.1. Z-scan measurement
The Z-scan technique [20] was developed to simultaneously

measure the magnitude of both the nonlinear refraction (NLR) and
the nonlinear absorption (NLA). The sign of the nonlinear refrac-
tive index (n2) can also be obtained at the same time. In the “open
aperture” Z-scan, which provides information about the nonlinear
absorption coefficient, a laser beam is used for molecular excita-
tion and its propagation direction is taken as the z-axis. The beam is
focused using a convex lens and the focal point is taken as z = 0. The
beam has maximum energy density at the focus, and the energy
density drops symmetrically on either side of the focus (i.e., for
positive and negative values of z). In the experiment, the sample
is placed in the beam at different positions with respect to the
focus (different values of z), and the corresponding transmission
is measured. The sample sees different laser intensity at each posi-
tion, and therefore its position-dependent transmission will give
information on its intensity-dependent transmission as well. The
nonlinear absorption coefficient can be calculated from this non-
linear transmission information.

We used a stepper-motor-controlled linear translation stage in
our setup to move the sample through the beam in precise steps.
The sample was placed in a 1 mm cuvette. The transmission of
the sample at each point was measured using two  pyroelectric
energy probes (Rj7620, Laser Probe Inc., Utica, NY, USA). One energy
probe monitored the input energy while the other monitored the
energy transmitted through the sample. The second harmonic out-
put (532 nm)  of a Q-switched Nd:YAG laser (Quanta Ray, Spectra
Physics) was  used to excite the molecules. The temporal width
(FWHM) of the laser pulses was  7 ns. Laser pulse energy of 160 �J
was used for the experiments. The pulses were fired in the “single
shot” mode, allowing sufficient time between successive pulses to
avoid accumulative thermal effects in the sample.

2.2.2. DFWM studies
Degenerate four-wave mixing (DFWM)  is a commonly used

technique to determine the magnitude and temporal dynamics of
the third-order nonlinearity of a medium [21–24].  This process
involves the nonlinear mixing of three spatially distinguishable
beams to produce a fourth beam that has a different propagation
direction than the original beams. When all the waves have the
same frequency, it is called degenerate four-wave mixing (DFWM).
Usually two  configurations, namely the phase-conjugate and BOX-
CARS geometries, are used for DFWM experiments. We  used the
forward folded BOXCARS geometry, where a laser beam is split into
three and the beams are aligned such that they form three corners
of a square. The diametrically opposite beams are the pump beams,
and they have the same intensity. The third beam is the probe,
which has an intensity of about 20% of the pump beam. When the
beams are focused onto the sample the fourth beam (signal beam)
is generated due to nonlinear interaction, which will appear on the
fourth corner of the square. It can be measured using a detector.
In our DFWM experiment we used 7 ns pulses at 532 nm obtained
from the second harmonic output of a Q-switched Nd:YAG laser.
A rotating polarizer was used to change the intensity of the input

laser beam. The sample was  taken in a 2 mm glass cuvette. The input
energy was monitored using a pyroelectric energy probe. The gen-
erated signal beam was  measured in the far field using a calibrated
photodiode.
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.3. Synthesis of intermediates, monomers and polymer

.3.1. Synthesis of
,4-dialkoxythiophene-2,5-carboxydihydrazides [6a,b]

Diethyl 3,4-dialkoxythiophene-2,5-dicarboxylate (0.5 g) was
dded to a solution of 5 mL  hydrazine monohydrate in 40 mL  of
thanol. The reaction mixture was refluxed for 3 h. Upon cooling
he solution to room temperature a white precipitate was  obtained.
he precipitate was filtered, washed with petroleum ether, dried
nder vacuum and finally recrystallized from ethanol to get crys-
alline white crystalline solid. 6a:  Yield: 92%. IR (KBr, cm−1): 3412
–NH2), 3341 (–NH–), 2915, 2848, 1650 (–C O), 1501, 1302, 1043,
56,720. 6b:  Yield: 86%. IR (KBr, cm−1): 3411 (–NH2), 3341 (–NH–),
916, 2848, 1651 (–C O), 1501, 1312, 1042, 956,721.

.3.2. Synthesis of 3,4-bis(tetradecyloxy)-N′2,N′5-bis(3-
thiophen-2-yl)acryloyl)thiophene-2,5-dicarbohydrazide
7a]

To a mixture of compound 6a (5 g, 8 mmol) and 2 mL  of pyri-
ine in 50 mL  of NMP, 3-(thiophen-2-yl)acryloyl chloride (2.76 g,
6 mmol) was added slowly at room temperature while stir-
ing. The stirring was continued at room temperature for 8 h.
he reaction mixture was poured into excess of water to get a
recipitate. The precipitate obtained was collected by filtration,
ashed with excess of water, dried in oven and recrystallized from

thanol/chloroform mixture. 7a:  Yield: 82%, m.p.: 210–212 ◦C. 1H
MR (400 MHz, CDCl3) ı (ppm): 7.74 (d, 2H, –CH CH–, J = 16 Hz),
.42 (d, 2H, Ar–H, J = 4.8 Hz), 7.29 (d 2H, Ar–H, J = 3.6), 7.10 (m,
H, Ar–H), 6.9 (d, 2H, –CH CH–, J = 16 Hz), 4.31 (t, 4H, –O–CH2–,

 = 7 Hz), 1.24–1.83 (m,  48H, –(CH2)10–), 0.89 (t, 6H, ACH3, J = 6.8 Hz).
R (KBr, cm−1): 3310, 3214, 2918, 2852, 1685, 1648, 1495, 1303,
051, 931, 723. Element. Anal. Calcd. for C48H72N4O6S3: C, 64.25;
, 8.09; N, 6.24; S, 10.72. Found: C, 64.34; H, 8.23; N, 6.29; S, 10.86.

.3.3. Synthesis of 5,5′-(3,4-bis(tetradecyloxy)thiophene-2,5-
iyl)bis(2-(-2-(thiophen-2-yl)vinyl)-1,3,4-oxadiazole)
8a]

A mixture of compound 7a (3 g, 3.4 mmol) and 50 mL  of phos-
horous oxychloride was heated at 80 ◦C for 6 h. The reaction
ixture was then cooled to room temperature and poured into

rushed ice. The resulting precipitate was collected by filtration,
ashed with water and dried in oven. Further purification was
one by column chromatography using silica gel using PE/EA as
luent. 8a:  Yield: 56%, m.p.: 189–190 ◦C. 1H NMR  (400 MHz, CDCl3)

 (ppm): 7.74 (d, 2H, –CH CH–, J = 16 Hz), 7.42 (d, 2H, Ar–H,
 = 4.8 Hz), 7.29 (d 2H, Ar–H, J = 3.6), 7.10 (m,  2H, Ar–H), 6.9 (d, 2H,
CH CH–, J = 16 Hz), 4.31 (t, 4H, –O–CH2–, J = 7 Hz), 1.24–1.83 (m,
8H, –(CH2)10–), 0.89 (t, 6H, Ar–CH3, J = 6.8 Hz). IR (KBr, cm−1):
916, 2849, 1585 (–C N–), 1458, 1274, 1044, 955, 712. Element.
nal. Calcd. for C48H68N4O4S3: C, 66.94; H, 7.96; N, 6.51; S, 11.17.
ound: C, 67.04; H, 7.99; N, 6.65; S, 11.24.

.3.4. Synthesis of 2,2′-(5,5′-(3,4-bis(tetradecyloxy)thiophene-
,5-diyl)bis(1,3,4-oxadiazole-5,2-diyl))bis(ethene-2,1-
iyl)dithiophene-2-carbaldehyde
9a]

Dialdehyde 9a was synthesized using the Vilsmeier–Haack reac-
ion. N,N-Dimethylformamide (0.954 g, 13 mol) cooled to 0 ◦C was
reated drop wise with phosphorus oxychloride (1.989 g, 13 mol).
he resulting orange solution was stirred at 0 ◦C for 1 h and at 25 ◦C
or 1 h, and then compound 8a (2 g, 2.18 mmol) in 20 mL  of 1,2-
ichloroethane was added slowly. The mixture was  heated at 90 ◦C

or 24 h, cooled, and poured onto 200 g of crushed ice. Brown oil
eparated, which was taken up in dichloromethane. The extract
as washed with saturated aqueous bicarbonate and then with
ater containing a little ammonium chloride and the organic layer
etals 161 (2011) 1699– 1706 1701

was dried over anhydrous Na2SO4. The solvent was  removed under
reduced pressure, and the crude viscous product was  separated
on a silica gel column, using hexane:ethyl acetate (1:1) as eluent.
The yield of the dialdehyde was  37%. 1H NMR  (400 MHz, CDCl3) ı
(ppm): 9.94 (s, 2H, Ar–CHO), 7.74 (m,  4H, –CH CH–), 7.37 (d, 2H,
Ar–H, J = 4.8 Hz), 7.11 (m,  2H, Ar–H), 4.31 (t, 4H, –O–CH2–, J = 7 Hz),
1.85–1.24 (m, 48H, –(CH2)10–), 0.87 (t, 6H, Ar–CH3, J = 6.8 Hz). IR
(KBr, cm−1): 2918, 2849, 1662 (–HC O), 1590, 1458, 1354, 10044,
809, 720. Element. Anal. Calcd. for C50H68N4O6S3: C, 65.47; H, 7.47;
N, 6.11; S, 10.49. Found: C 65.55; H, 7.58; N, 6.23; S, 10.51.

2.3.5. Synthesis of N2,N5-di-(4-methylbenzoyl)-3,4-didodecyloxy
thiophene-2,5-dicarbo hydrazide [10b]

To a clear mixture of dihydrazide 6b (5 g, 8.79 mmol) and 2 mL
of pyridine in 50 mL  of NMP, 2 equiv. (2.71 g, 17.58 mmol) of 4-
methyl benzoyl chloride was  added slowly at room temperature
while stirring. The stirring was continued at room temperature for
1 h. The resulting solution was  heated at 80 ◦C for 5 h. After cool-
ing to room temperature, the reaction mixture was poured into
excess of water to get a precipitate. The precipitate obtained was
collected by filtration, washed with excess of water, dried in oven
and recrystallized from ethanol/chloroform mixture to get desired
product. 10b: Yield: 82%. FAB: m/z, 806, 1H NMR  (400 MHz, CDCl3),
ı (ppm): 10.22 (s, 2H, –NH–), 9.71 (s, 2H, –NH–), 7.75 (d, 4H, Ar,
J = 8.4 Hz), 7.15 (d, 4H, Ar, J = 8.0 Hz), 4.24 (t, 4H, –OCH2–, J = 7.0 Hz),
2.38 (s, 6H, Ar–CH3), 1.12–1.84 (m,  40H, –(CH2)10–) 0.80 (t, 6H,
ACH3, J = 7.4 Hz). IR (KBr, cm−1): 3245 (–CO–NH–), 2917, 2849 (Aro-
matic), 1666, 1621, 1447, 1274, 1046, 835, 732. Element. Anal.
Calcd. for C46H68N4O6S: C, 68.62; H, 8.51; N, 6.96; S, 3.98. Found:
C, 68.72; H, 8.64; N, 6.98; S, 4.01.

2.3.6. Synthesis of 2,2′-(3,4-dialkoxythiophene-2,5-diyl)bis[5-(4-
methylphenyl)-1,3,4-oxadiazole]
[11b]

A mixture of compound 10b (5 g, 6.2 mmol) and 50 mL  of phos-
phorous oxychloride was  heated at 80 ◦C for 6 h. The reaction
mixture was  then cooled to room temperature and poured into
an excess of ice cold water. The resulting precipitate was collected
by filtration, washed with water and dried in oven. Further purifi-
cation was done by recrystallization of the obtained solid from
ethanol/chloroform mixture. 11b: Yield: 85%, m.p.: 98–100 ◦C. 1H
NMR (400 MHz, CDCl3) ı (ppm): 7.95 (d, 4H, Ar, J = 8.4 Hz), 7.28
(d, 4H, Ar, J = 8.0 Hz), 4.25 (t, 4H, –O–CH2–, J = 6.6 Hz), 2.38 (s,
6H, Ar–CH3), 1.13–1.83 (m,  40H, –(CH2)10–), 0.80 (t, 6H, Ar–CH3,
J = 7.0 Hz). IR (KBr, cm−1): 2915, 2849, 1587 (–C N–), 1557, 1482,
1465′, 1279, 1054, 822, 726. Element. Anal. Calcd. for C46H64N4O4S:
C, 71.84; H, 8.39; N, 7.28; S, 4.17. Found: C, 71.72; H, 8.42; N, 7.31;
S, 4.2.

2.3.7. Synthesis of 2,20-(3,4-dialkoxythiophene-2,5-diyl)bis[5-(4-
bromomethylphenyl)-1,3,4-oxadiazole]
[12b]

A mixture of compound 11b (3 g, 3.9 mmol), N-
bromosuccinimide (1.38 g, 7.8 mmol) and 5 mg  of benzoyl
peroxide in 30 mL  of benzene was refluxed for 5 h. After the
solvent was removed, 20 mL  of water was added with stirring for
1 h. The resulting crude product was recrystallized from methyl
acetate/chloroform mixture. 2,2′-(3,4-Ditetradecyloxythiophene-
2,5-diyl)bis[5-(4-bromomethylphenyl)-1,3,4-oxadiazole]. 12b:
Yield: 65%. 1H NMR  (400 MHz, CDCl3) ı (ppm): 7.92 (d, 4H, Ar,

J = 8.4 Hz), 7.27 (d, 4H, Ar, J = 8.0 Hz), 4.5 (s, 4H, Ar–CH2–Br), 4.24
(t, 4H, –O–CH2–, J = 6.6 Hz), 1.13–1.83 (m,  40H, –(CH2)10–), 0.80 (t,
6H, Ar–CH3, J = 7.0 Hz). IR (KBr, cm−1): 2915, 2849, 1557 (–C N–),
1482, 1465, 1279, 1054, 952, 822, 726. Element. Anal. Calcd. for
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46H62Br2N4O4S: C, 59.61; H, 6.74; N, 6.04; S, 3.46. Found C, 59.68;
, 6.75; N, 6.1; S, 3.52.

.3.8. Synthesis of 2,20-(3,4-ditetradecyloxythiophene-2,5-
iyl)bis[5-((4-triphenylphosphonionmethyl)phenyl)-1,3,4-
xadiazole]dibromide
13b]

A solution of dibromide compound 12b (1 g, 1.07 mmol) and
riphenyl phosphine (0.565 g, 2.157 mmol) in 5 mL  of DMF  was
efluxed with stirring for 10 h. The reaction mixture was cooled
o room temperature and poured into 50 mL  of ethyl acetate. The
esulting precipitate was filtered off, washed with excess of ethyl
cetate and dried at 40 ◦C for 10 h. 13b: Yield: 72%, m.p.: above
00 ◦C. 1H NMR  (400 MHz, CDCl3), ı (ppm): 7.20–7.90 (m,  38H,
r–H), 5.95 (s, 4H, Ar–CH2–P–), 4.25 (t, 4H, –OCH2–, J = 6.9 Hz),
.13–1.83 (m,  40H, –(CH2)10–), 0.79 (t, 6H, ACH3, J = 7.0 Hz). IR (KBr,
m−1): 2922, 2854, 1583, 1460, 1350, 1046, 956, 725. Element. Anal.
alcd. for C82H92Br2N4O4P2S: C, 67.85; H, 6.39; N, 3.86; S, 2.21.
ound C, 67.92; H, 6.46; N, 3.92; S, 2.23.

.3.9. Synthesis of polymer [P]
To a clear solution of compound 13b (0.5 g, 0.34 mmol) and com-

ound 9a (0.319 g, 0.34 mmol) in a mixture of 15 mL  of ethanol
nd 5 mL  of chloroform was added sodium ethoxide (0.075 g,
.39 mmol) solution, in 10 mL  of ethanol at room temperature
nder nitrogen atmosphere. Reaction mixture turned in to orange
ed color. It was stirred for 12 h. The solvent was distilled off and
0 mL  of water was added and stirred for 1 h. The obtained polymer
as redissolved in chloroform and poured into 50 mL  of methanol.

he precipitate was filtered off and dried at 40 ◦C under vacuum for
4 h to give fluorescent deep orange colored powder.

1H NMR  (400 MHz, CDCl3) ı (ppm): 8.1 (d, 2H, Ar–H, J = 8 Hz),
.0 (d 2H, Ar–H, J = 8 Hz), 6.9–7.6 (m,  6H, aromatic and vinylic), 4.35
m,  4H, –OCH2–), 2.0–1.31 (m,  48H, –(CH2)10–), 0.92 (t, 12H, –CH3,

 = 6.8 Hz). IR (KBr, cm−1): 2918, 2850, 1585, 1457, 1055, 949, 723.
lement. Anal. Calcd. for C, 69.93; H, 8.80; N, 6.12; S, 7.00. Found:
, 70.15; H, 9.24; N, 6.42; S, 7.25.

. Results and discussion

.1. Synthetic plan

Scheme 1 shows the synthetic route for the preparation of
ew conjugated monomers and their polymerization to the target
olymer. The diesters of 3,4-dialkoxy thiophenes  was  readily con-
erted to 3,4-dialkoxythiophene-2,5-carboxydihydrazides (6a,b),
y the action of hydrazine hydrate in alcoholic medium. Further,
his dihydrazide was tolylated to yield 3,4-bis(dodecyloxy)-
′2,N′5-bis(4-methylbenzoyl)thiophene-2,5-dicarbohydrazide

10b), which on treatment with phosphorus oxychloride
ave corresponding 5,5′-(3,4-bis(dodecyloxy)thiophene-2,5-
iyl)bis(2-p-tolyl-1,3,4-oxadiazole) (11b) [25] in good yield. This
isoxadiazole compound (11b) was then Wohl–Ziegler brominated
sing N-bromosuccinimide (NBS) in carbontertachloride (CCl4) and
he resulting 5,5′-(3,4-bis(dodecyloxy)thiophene-2,5-diyl)bis(2-
4-(bromomethyl)phenyl)-1,3,4-oxadiazole) (12b) was  further
onverted to corresponding 5,5′-(3,4-bis(dodecyloxy)thiophene-
,5-diyl)bis(2-(4-triphenylphosphonionmethyl)phenyl)-1,3,4
xadiazole (13b) on treatment with triphenylphosphine in the
resence of DMF.

On the other hand co-monomer dialdehyde (9a) was
repared by series of reactions as given in Scheme 1. 3-

Thiophen-2-yl)acryloyl chloride was made to react with 3,4-bis
tetradecyloxy)thiophene-2,5-dicarbohydrazide (6a) in the
resence of pyridine to get 3,4-bis(tetradecyloxy)-N′2,N′5-bis((Z)-
-(thiophen-2-yl)acryloyl)thiophene-2,5-dicarbohydrazide (7a)
Metals 161 (2011) 1699– 1706

which was then cyclized using phosphorus oxychloride to
yield 5,5′-(3,4-bis(tetradecyloxy)thiophene-2,5-diyl)bis(2-(-2-
(thiophen-2-yl)vinyl)-1,3,4-oxadiazole) (8a). In the penultimate
step, this compound was  converted to the required monomer,
viz. (5,5′-(3,4-bis(tetradecyloxy)thiophene-2,5-diyl)bis(1,3,4-
oxadiazole-5,2-diyl))bis(ethene-2,1-diyl)dithiophene-2-
carbaldehyde (9a) by Vilsmeier–Haack reaction using phosphorus
oxychloride and DMF. Finally, the target polymer P was obtained
by Wittig condensation of monomers 9a and 13b in the presence
of chloroform–ethanol under nitrogen atmosphere [26].

3.2. Characterization

The structures of intermediates were confirmed by ele-
mental analysis and spectroscopic techniques. The structure
of 3,4-dialkoxythiophene-2,5-carboxydihydrazides (6a,b) were
established by its IR and 1H NMR  spectra. Its IR spectrum showed
sharp peaks at 3412 and 1650 cm−1 indicating the presence of
–NH2 and >C O groups, respectively. 1H NMR  spectrum of it dis-
played peaks at ı 8.3 (s, 2H) and ı 4.9 (s, 4H) for –NH– and –NH2
protons, respectively. Conversion of bishydrazide 6b to biscarbo-
hydrazide 10b was confirmed by the IR spectral and elemental
analysis studies. It exhibited sharp peaks at 3245 and 1666 cm−1

which indicate the presence of –NH– and >C O groups, respec-
tively. Further, its 1H NMR  spectrum showed peaks at ı 2.38, ı
10.22 and ı 9.71 indicating the presence of the toulal methyl pro-
tons and amidic protons, respectively. Formation of compound
10b from 11b was established by IR, 1H NMR  and mass spec-
tral analyses. The disappearance of bands in the region 3245 and
1666 cm−1 and appearance of new band at 1587 cm−1 indicate the
formation of oxadiazole ring in the molecule. Further, it was con-
firmed by 1H NMR, it showed disappearance of –NH2– and –NH– in
the spectrum and the aromatic protons were deshielded. Conver-
sion of compound 11b to 12b was confirmed by 1H NMR  studies
and elemental analysis. In its 1H NMR  spectrum the disappear-
ance of tolyl methyl protons and appearance of a new peak at ı
4.5 indicates the bromination of methyl groups attached to aro-
matic rings. Further formation of compound 13b was confirmed
by 1H NMR  studies and mass spectral analysis. It showed a peak
at ı 5.95 indicates the presence of –CH2– groups attached to aro-
matic ring and posphonium group on either side. Formation of
compound 7a was confirmed by IR and 1H NMR  spectroscopic tech-
nique. It showed intense band at 3310 and 1685 cm−1 indicates
the presence of –NH– and >C O groups, respectively. Further 1H
NMR spectrum of this compound showed peaks at ı 9.21 and ı
9.98 indicating the formation of amide. Structure of compound
8a was confirmed by IR, 1H NMR  and mass spectral analysis, it
showed strong absorption band at 1585 cm−1 indicates the forma-
tion of oxadiazole ring. 1H NMR  spectrum of the compound showed
disappearance of amidic protons and it also showed deshielding
of aromatic protons due to the formation of oxadiazole ring and
it also showed two  doublets at ı 7.74 and ı 6.90 corresponding
to vinylic protons with coupling constant J = 16 Hz. Mass spectral
analysis showed the M+1  peak at 862 which corresponds to the
molecular formula C48H68N4O4S3. The formation of compound 9a
was confirmed by IR, 1H NMR  and elemental analysis. It showed
strong absorption band at 1662 cm−1 indicates the presence of
the aldehydic carbonyl group and it was confirmed by 1H NMR
and it showed a peak at ı 9.94 and one of the aromatic protons
on the thiophene ring also disappeared from ı 7.29 which con-
firms the formylation on either side. Elemental analysis showed
percentage of elements corresponding to the molecular formula

C50H68N4O6S3. Finally structure of the polymer was confirmed by
elemental analysis, IR and 1H NMR  spectroscopic techniques. It
showed strong absorption bands at 2918 and 2850 cm−1 due to aro-
matic –C–H stretching and a band at 1585 cm−1 which corresponds
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Scheme 1. Synthesis of inter

o the oxadiazole –C N– stretching. In its 1H NMR  spectrum, dis-
ppearance of peaks due to –CH2–PPh3 of the monomer clearly
ndicates the polymerization.

The number average molecular weight of the polymer was  found
o be 3300 with polydispersity of 2.5. The thermal stability of the
olymer was studied by thermogravimetric analysis (TGA) in a
itrogen atmosphere using a 3 ◦C min−1 temperature ramp from
0 to 800 ◦C. The thermogram showed that the polymer exhibits

 high thermal stability losing less than 2–3% weight at 300 ◦C fol-
owed by a drastic degradation process at about 320 ◦C. The gradual

eight loss beyond 300 ◦C may  be attributed to the degradation of
he attached alkoxy chains on the thiophene rings. Similar behav-
or was observed for some of the reported polythiophenes [27]. The
ewly synthesized polymer is soluble in common organic solvents

ike chloroform, dichloromethane, tetrahydrofuran and dimethyl-

ufoxide and this polymer showed good processebility and film
orming nature. The solubility may  be attributed to the presence
f bulky alkoxy groups on 3- and 4-positions of thiophene ring (see
ig. 1).
te, monomers and polymer.

3.3. Electrochemical studies

Cyclic voltammetry (CV) was  employed to determine redox
potentials of new polymer and then to estimate the HOMO and
LUMO levels, which is of importance to determine the band gap.
The cyclic voltammogram of the polymer coated on a glassy carbon
electrode was  obtained by AUTOLAB PGSTAT-30 electrochemical
analyzer, using a Pt counter electrode and a Ag/AgCl reference
electrode, immersed in the electrolyte [0.1 M (n-Bu)4 NClO4 in ace-
tonitrile] at a scan rate of 25 mV/S [28] (see Fig. 2).

All the measurements were calibrated using ferrocene as stan-
dard [29]. As shown in figure, the newly synthesized polymer
is electroactive either in the cathodic region or in the anodic
region. On sweeping the polymer cathodically, the onset of the
n-doping process (reduction) is at the potential of −0.656 V. The

cathodic current quickly increases from −0.657 V, and a cathodic
peak appears at −1.12 V. This n-doping potential is comparable to
other oxadiazole-containing light-emitting polymers [30] and it is
even lower than that of 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-
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Fig. 1. Thermo gravimetric trace of the polymer P.
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which was found to be 2.21 eV, which is almost same as the electro-
chemically determined one. The newly synthesized polymer emits
intense orange-red fluorescence at 538 nm in THF solution. The
UV–vis and Fluorescence spectra of the polymer in dilute solution

Table 1
Electrochemical potentials, energy levels of the polymer P.

Polymer Eoxd Ered Eoxd Ered EHOMO ELUMO Eg (eV)
E/V

Fig. 2. Oxidation and reduction cyclic voltammetric trace of the polymer P.

,3,4-oxadiazole PBD [31] the most widely used electron-
ransporting material in PLEDs [32]. Therefore, the new polymer
s easier to be reduced than PBD and other oxadiazole-containing
ight-emitting polymers. For the p-doping (oxidation) process,
he onset potential for the polymer appeared at 1.518 V and an
nodic current peak occurred at 2.14 V. Reversibility of the p-
oping process is poorer than that of its n-doping process. The
nset oxidation and reduction potentials were used to estimate
he highest occupied molecular orbital (HOMO) and lowest unoc-
upied molecular orbital (LUMO) energy levels of the polymer P.
he equations, EHOMO = −[Eoxd

onset + 4.4 eV] and ELUMO = −[Ered
onset −

.4 eV], where Eoxd
onset and Ered

oxd are the onset potentials versus
tandard calomel electrode (SCE) for the oxidation and reduction
f the material referred, were used for the calculation. Electro-
hemical potentials and energy levels of the polymer are tabulated
n Table 1. The HOMO energy level of the polymer was  esti-

ated to be −5.918 eV and the LUMO energy level was  found
o be −3.7 eV. These values are lower than those of cyano-PPV
−3.02) and some aromatic poly (oxadiazole)s (−2.8 to −2.9 eV),

ndicating that this polymer has very good electron injecting
bility [33]. The difference between the p-doping and n-doping
nset potentials was determined to be 2.21 V, this means that
he band gap of the polymer obtained from the electrochemi-
Fig. 3. UV–visible absorption spectra of the polymer P in both solution and film
state.

cal measurement is 2.21 eV. Incorporation of thiophene units into
the D–A type conjugated polymer main chain generally decreases
the band gap of the polymer by altering the HOMO and LOMO
energy levels of the polymer. This is because the introduction
of �-excessive thiophene ring increases the effective conjugation
length and lowers the band gap of the polymer. These results are
comparable with other reported thiophene-oxadiazole containing
light-emitting and charge-transporting polymers, which exhibit
strong electron-transporting ability. Since the new polymer has
good electron-transporting ability comparable to that of PPV, it can
be used as emissive material in PLED [34].

3.4. Linear optical properties

Optical property of the polymer was studied by UV–vis and
fluorescence spectroscopic studies. The UV–vis absorption and
fluorescence emission spectra were recorded both in dilute THF
solution and in thin film. The absorption maximum of the poly-
mer  in dilute solution is 396 nm,  assignable to the �–�* transition
resulting from the conjugation between the aromatic rings and
nitrogen atoms. The absorption spectrums in thin solid film form
showed red shift (431 nm)  indicating the presence of inter-chain
interactions and inter chain mobility of the excitons and excimers
generated within the molecule in solid state (see Fig. 3).

It has been also observed that the polymer showed higher
absorption maxima when compared to other reported D–A type
conjugated polymers based on oxadiazole-thiophene systems. This
is mainly due to introduction of thienylene vinlylene units along
the polymer backbone which results in increase in conjugation and
reduction in steric hindrance of the bulky alkoxy side chains [34].
The optical band gap (Eg) was calculated from the absorption edge,
(onset) (onset) (eV) (eV)

P 2.14 −1.12 1.51 −0.65 −5.91 −3.7 2.21

Where Eg is electrochemical bandgap.
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Fig. 4. Fluorescence emission spectrum of the polymer P in THF.

re shown in Fig. 4. The fluorescence quantum yield of the polymer
n solution was determined using quinine sulfate as standard and
t was found to be 35%. These results indicate that the new polymer
an be used as fluorescent light emitting material in devices such
s light emitting diodes.

.5. Nonlinear optical properties

.5.1. Z-scan studies
Fig. 5 shows the open aperture Z-scan obtained from sample

 dissolved in THF. The sample has a linear transmission of about
4% at the excitation wavelength when taken in the 1 mm cuvette.
herefore, strong two-step excited state absorption will happen
long with weak genuine two-photon absorption (TPA) in the
resent case. The net effect is then known as an “effective” TPA pro-
ess. In addition, the shape of the Z-scan curve, where two humps
re seen flanking the central valley, is indicative of absorption satu-
ation occurring in the system at input energy densities lower than
hose where excited state absorption becomes prominent. The non-

inear transmission behavior of the present sample can therefore be
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ig. 5. Open aperture Z-scan of sample P in THF. Hollow circles are data points while
he  solid curve is a numerical fit obtained using Eq. (2).
etals 161 (2011) 1699– 1706 1705

modeled by defining an effective nonlinear absorption coefficient
˛(I), given by

˛(I) = ˛0

1 + (I/Is)
+ ˇI (1)

where ˛0 is the unsaturated linear absorption coefficient at the
wavelength of excitation, and Is is the saturation intensity (inten-
sity at which the linear absorption drops to half its original value).

 ̌ is the effective TPA coefficient. For calculating the output laser
intensity for a given input intensity, first we numerically evaluate
the output intensity from the sample for each input intensity by
solving the propagation equation,

dI

dz′ = −
[(

˛0

1 + (I/Is)

)
+ ˇI

]
I (2)

using the fourth order Runge–Kutta method. Input intensities for
the Gaussian laser beam for each sample position in the Z-scan are
calculated from the input energy, laser pulse width and irradiation
area. Here ‘z’ indicates the propagation distance within the sample.
The normalized transmittance is then calculated by dividing the
output intensity with the input intensity and normalizing it with
the linear transmittance. As seen from Fig. 5, there is good agree-
ment between the experimental data and numerical simulation.
The numerically estimated values of  ̌ and Is are 3.0 × 10−11 m/W
and 6.5 × 1012 W/m2, respectively. For comparison, under similar
excitation conditions, NLO materials like Cu nanocomposite glasses
showed effective TPA coefficient values of 10−10–10−12 m/W [35],
Bismuth nanorods gave 5.3 × 10−11 m/W  [36] and CdS quantum
dots exhibited 1.9 × 10−9 m/W  [37]. These values show that the
present sample has an optical nonlinearity comparable to good
optical limiters reported in the literature, so that it can find poten-
tial applications in optical limiting devices.

In conjugated polymeric system, electrons can move in large
molecular orbitals which results from the linear superposition of
the carbon pz atomic orbitals, leading to a very high optical non-
linearity, which increases with the conjugation length [38]. The
polymer studied in the present article consists of highly elec-
tron rich 3,4-dialkoxy thiophene and strong electron acceptor
oxadiazole along with thienyl-vinylene units. Thus, attaching a
strong donor to an electron excessive heteroaromatic, such as
alkoxy substituted thiophene, and a strong electron acceptor to an
electron-deficient heteroaromatic, such as oxadiazole would yield
chromophores with significantly enhanced NLO responses because
of its D–A architecture [39]. The enhanced third order nonlinearity
in the new conjugated polymer is due to the high electron den-
sity along the polymer backbone which is easily polarizable as a
result of the alternating D–A type of arrangements. The introduc-
tion of electron donating alkoxy pendant not only enhanced the
donating nature of the thiophene, but also acts as good solubalizng
agent for the formed polymer. Further, incorporation of thienyl-
vinylene units in between the alkoxy thiophene and oxadiazole
systems has decreased the steric strain of bulky alkoxy groups; also
it has increased the conjugation path length which in turn enhanced
the optical nonlinearity.

3.5.2. DFWM studies
The DFWM signal as a function of pump intensity for sample P

is shown in Fig. 6. CS2 is the reference sample for measurement.
The signal is proportional to the cubic power of the input intensity
as given by the equation,(

ω
)

I(ω)˛
2εOcn2

|�(3)|2l2I3
0(ω) (3)

where I(ω) is the DFWM signal intensity, I0(�) is the pump inten-
sity, l is the length of the sample and n is the refractive index of
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 cubic fit to the data according to Eq. (3).

he medium. The solid curve in the figure is the cubic fit to the
xperimental data. �(3) can be calculated from the equation

(3) = �(3)
R

[
(I/I3

0)

(I/I3
0)

R

]1⁄2[
n

nR

]2 lR
l

(
˛l

(1 − e−˛l)e−˛l/2

)
(4)

here the subscript ‘R’ refers to the standard reference CS2. �(3)
R

s taken to be 4.0 × 10−13 esu [40]. The figure of merit F, given
y �(3)/  ̨ is then calculated. F is a measure of nonlinear response
hat can be achieved for a given absorption loss in the medium.
he F value is useful for comparing the nonlinearity of materials
hen they are resonantly excited (as in the present case). The
(3) value obtained for P is 6.25 × 10−12 esu, and the F value is
.21 × 10−12 esu cm,  respectively. In comparison, the F values are
n order of magnitude better than those reported previously in
hthalocyanine compounds [40,41] which are materials known to
ave a high optical nonlinearity.

. Conclusion

A new D–A type conjugated polymer based on thiophene
as synthesized starting from diethyl 3,4-dialkoxythiophene 2,5-
icarboxylates through multistep reactions. The structure of
olymer was designed to have thienyl-vinylene as �-conjugated
pacer in between a strong electron accepting oxadiazole and
n electron donating dialkoxy thiophene moieties. The polymer
as well defined structure and good thermal stability. It showed
range color fluorescence under the irradiation of UV light. The
ptical and electrochemical band gap was found to be 2.21 eV.
he third-order optical nonlinearity of the new conjugated poly-
er  P was investigated using the nanosecond Z-scan and DFWM

echniques. A large third-order nonlinearity and optical limiting
roperty were observed in the polymer due to the strong delocal-

zation of �-electrons along the polymer chain. Thus, the presence
f a strong conjugating donor, enhanced conjugation path length
nd planarity of the �-conjugated system are the most impor-

ant structural factors in governing the electrochemical, spectral
s well as nonlinear optical properties of the newly synthesized
–A type polymer. The new polymer possesses a good optical lim-

ting property and high third order susceptibility, and therefore

[
[
[
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it can be considered as a potential candidate for optoelectronics
applications.
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