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a b s t r a c t

A new donor–acceptor type poly{2,2′-(3,4-didodecyloxythiophene-2,5-diyl)bis[5-(2-thienyl)-1,3,4-
oxadiazole]} (P) was synthesized starting from thiodiglycolic acid and diethyl oxalate through multistep
reactions. The polymerization was carried out using chemical polymerization technique. The optical and
charge-transporting property of the copolymer was investigated by UV–vis, fluorescence emission spec-
eywords:
onor–acceptor copolymer
,4-Dialkoxythiophene
LO properties

troscopic and cyclic voltammetric studies. The copolymer shows UV absorption maxima at 375 nm and
displays bluish-green fluorescence in DMF solution. Its electrochemical band gap was determined to be
2.07 eV. The nonlinear optical (NLO) properties of the copolymer was investigated at 532 nm using single
beam Z-scan and degenerate four-wave mixing (DFWM) techniques with nanosecond laser pulses. The
copolymer exhibits strong optical limiting behavior due to effective three-photon absorption (3PA). Val-

oeffic (3)
ffective 3PA
FWM

ues of the effective 3PA c
have been calculated.

. Introduction

Materials exhibiting high nonlinear optical (NLO) properties
ave received considerable attention due to their potential appli-
ations in optical switching, optical communications, optical data
torage, and eye and sensor protection [1–3]. In the past several
aterials have been investigated for their NLO properties, and

rganic materials are attractive in this regard due to their large
ariety, high nonlinearity and ease of synthesis. Over the years, con-
ugated polymeric systems have emerged as a promising class of
LO materials, due to the large third-order susceptibility observed
long the directions of polymer chain. These macromolecules are
ighly flexible at both the molecular and bulk levels, so that struc-
ural modifications are possible to optimize them for specific device
pplications. Since the nonlinear response of these systems is pri-
arily determined by their chemical structure, one can design

nique molecular structures and synthesize compounds with

nhanced nonlinear response by introducing suitable substituent
roups. In general, the presence of strong �-electron delocalization
n the molecular structure is found to enhance the NLO prop-
rties. According to Cassano et al. [4], incorporation of alternate
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ient (�), third-order nonlinear susceptibility (� ) and figure of merit (F)

© 2009 Elsevier B.V. All rights reserved.

electron–acceptor and electron–donor units in the polymer back-
bone in conjugated polymers would enhance the NLO properties
arising from higher order hyperpolarizabilities. Conjugated poly-
mers find applications in devices such as Light Emitting Diodes
(LEDs), Field Effect Transistors, Electrochemical Cells and Organic
Photovoltaic Cells as well. Among the newly developed polymers,
poly(1,4-phenylenevinylene) (PPV) [5], poly(p-phenylene) (PPs) [6],
polyfluorenes (PFs) [7] and polythiophenes (PTs) [8] were in the
focus of recent investigations.

Because of easy processability, chemical stability and readi-
ness of functionalities, thiophene based polymers are currently
under active investigation for third-order NLO properties [9–11].
The good film forming characteristics, solubility, and adequate
mechanical strength have made them more attractive for device
fabrication in comparison to their inorganic counterparts. In poly-
thiophenes, nonlinear optical properties can be synthetically tuned
by introducing electron releasing and electron accepting segments
in the polymer chain, which would result in increased delocal-
ization in the molecule. In similar lines, Adhikari and coworkers
have recently synthesized a few donor–acceptor type polythio-
phenes and studied the relationship between their structure and
NLO properties [12–14]. These studies showed that the incorpo-
ration of electron releasing and electron accepting groups along

the polymer backbone would be a promising molecular design for
enhancing the third-order NLO properties. Therefore now we have
incorporated two additional unsubstituted thiophene moieties in
between the 3,4-dialkoxy substituted thiophenyl oxadiazole sys-
tems in our new synthetic design, in order to enhance the electron

http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
mailto:avchem@nitk.ac.in
mailto:avadhikari123@yahoo.co.in
dx.doi.org/10.1016/j.synthmet.2009.01.034
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cceptance nature within the polymer chain, with the intention
f obtaining a copolymer with better NLO properties. Moreover,
t has been predicted that the presence of unsubstituted thio-
hene rings reduces the steric repulsion between the bulky alkyl
roups and increases the planarity of the polymer chain that
ould help to reduce the band gap. In this communication, we
ereby report the synthesis of hitherto unknown copolymer car-
ying 2,2′-(3,4-didodecyloxythiophene-2,5-diyl)bis[5-(2-thienyl)-
,3,4-oxadiazole units and the investigation of their NLO properties
n detail.

. Experimental

.1. Materials

3,4-didodecyloxythiophene-2,5-dicarbohydrazide was syn-
hesized according to the reported literature procedure [15,16].
imethylformamide acetonitrile were dried over CaH2. Thiodigly-
olic acid, diethyl oxalate, tetrabutylammoniumperchlorate
TBAPC) and n-bromoalkanes were purchased from Lanchaster
UK) and were used as received. Thiophene-2-carbonyl chloride
as purchased from Aldrich and directly used. All the solvents

nd reagents were of analytical grade. They were purchased
ommercially and used without further purification. Diethyl
,4-didodecyloxythiophene-2,5-dicarboxylate was synthesized
ccording to the reported literature procedure [17–19].

.2. Instrumentation

Infrared spectrum of all intermediate compounds and the
opolymer was recorded on a Nicolet Avatar 5700 FTIR (Thermo
lectron Corporation). The UV–vis and fluorescence emission spec-
ra of the copolymer were measured in GBC Cintra 101 UV-visible
nd PerkinElmer LS55 spectrophotometers respectively. 1H and
3CNMR spectra were obtained with AMX 400 MHz FT-NMR spec-
rophotometer using TMS/solvent signal as internal reference. Mass
pectra were recorded on a Jeol SX-102 (FAB) Mass Spectrometer.
lemental analysis was performed on a Flash EA1112 CHNS ana-

yzer (Thermo Electron Corporation). The electrochemical study of
he copolymer was carried out using a AUTOLAB PGSTAT30 elec-
rochemical analyzer. Cyclic voltammogram was recorded using a
hree-electrode cell system, with glassy carbon button as working
lectrode, a platinum wire as counter electrode and an Ag/AgCl elec-
rode as the reference electrode. Molecular weight of the polymer
as determined on Waters make Gel Permeation Chromatography

GPC) using polystyrene standards in THF solvent.

.2.1. Z-scan measurement
The Z-scan is a popular technique developed by Sheik-Bahae et

l. [20] for measuring the nonlinear optical refraction and absorp-
ion coefficients of materials. The “open aperture” Z-scan is used for
onlinear absorption coefficient measurements. In this technique a
aussian laser beam is used for molecular excitation, and its prop-
gation direction is taken as the z-axis. The beam is focused using
convex lens, and the focal point is taken as z = 0. The experiment

s done by placing the sample in the beam at different positions
ith respect to the focus (different values of z), and measuring the

orresponding transmission. The beam will have maximum energy
ensity at the focus, which will symmetrically reduce towards
ither side of it, for the positive and negative values of z. Thus
he sample sees different laser intensity at each z position. From

he corresponding transmission values, the nonlinear absorption
oefficient of the sample can be calculated.

The second harmonic output from a Q-switched Nd:YAG
anosecond laser (Quanta Ray, Spectra Physics) was used for the
easurements. The laser had a nominal pulse width of 7 ns and
Fig. 1. Four-wave mixing in the BOXCARS geometry.

laser pulse energy of 15 �J was used for the experiments. The out-
put of the laser had a nearly Gausian Intensity profile. The sample
was taken in a 1 mm cuvette. The transmission of the sample at each
point was measured by means of two pyroelectric energy probes
(Rj7620, Laser Probe Inc.). One energy probe monitors the input
energy, while the other monitors the transmitted energy through
the sample. The pulses were fired in the “single shot” mode, allow-
ing sufficient time between successive pulses to avoid accumulative
thermal effects in the sample.

2.2.2. DFWM studies
The interaction of four electromagnetic waves in a nonlinear

optical medium via the third-order polarization is termed as four-
wave mixing. When all the waves have the same frequency, it is
called degenerate four-wave mixing (DFWM). There are different
geometries like phase conjugate geometry, BOXCARS geometry etc.,
in which a four-wave mixing experiment can be set up. In the
present experiment, we used the forward folded BOXCARS geome-
try, where a laser beam is split into three and the beams are aligned
such that they form three corners of a square, as given in Fig. 1. The
diametrically opposite beams are the pump beams, and they have
the same intensity. The third beam is the probe, which has an inten-
sity of about 20% of the pump beam. These three beams will interact
nonlinearly when focused on to a sample to generate a fourth
beam (signal beam), which will appear at the fourth corner of the
square.

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. The intensity of the input laser beam was changed using a
rotating polarizer. The sample was taken in a 2 mm glass cuvette
and the input energy was monitored using a pyroelectric energy
probe. The generated signal beam was isolated and measured in
the far field using a calibrated photodiode.

2.3. Synthesis of intermediates and monomers

2.3.1. 3,4-Didodecyloxythiophene-2,5-carboxydihydrazide (a)
Diethyl 3,4-didodecyloxythiophene-2,5-dicarboxylate (0.5 g)

was added into a solution of 10 mL hydrazine monohydrate in
40 mL of methanol. The reaction mixture was refluxed for 2 h.
Upon cooling the solution to room temperature a white precipitate
was obtained. The precipitate was filtered, washed with petroleum
ether, dried under vacuum and finally recrystallized from ethanol
to get white solid. Yield: 85%, IR (KBr, cm−1): 3334, 3284 (>N–H–),
3195, 2966, 2931, 2874, 1610 (>C O). 1H NMR (400 MHz, CDCl3). ı
(ppm): 8.33 (s, 2H, >N–H), 4.90 (s, 4H, –NH2), 4.15 (t, 4H, –OCH2–),
1.27–1.81 (m, 40H, –(CH2)10–), 0.88 (t, 6H, –CH3). Anal. Calcd. for
C30H56N4O4S: C, 63.34; H, 9.92; N, 9.85; S, 5.64. Found: C, 62.60; H,
10.40; N, 9.06; S, 5.12.
2.3.2. N2,N5-Bis-(thiophene-2-ylcarbonyl)-3,4-
didodecyloxythiophene-2,5-dicarbohydrazide (c)

A mixture 0.1 mol of 3,4-didodecyloxythiophene-2,5-
carboxydihydrazide, 0.2 mol of thiophene-2-carbonyl chloride
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n 20 mL of N-methyl pyrrolidone was taken in a round bottom
ask. After adding 2 to 3 drops of pyridine as catalyst, the mix-
ure was refluxed for 10 h. The completion of the reaction was

onitored by TLC. When the reaction was complete, the contents
ere poured into excess of water. The separated solid was filtered,
ashed with pet. ether (boiling range 40–60 ◦C), dried and recrys-

allized from ethanol/chloroform mixture. Yield: 80%. IR (KBr,
m−1): 3235 (–N–H–), 1681 and 1644 (>C O). FABHRMS: m/z, 788.
H NMR spectrum (400 MHz, CDCl3, ppm): 10.12 (s, 2H, –N–H),
.91 (s, 2H, –N–H–), 7.72 (d, 2H, thiophene proton at position 3),
.50 (d, 2H, thiophene proton at position 5), 7.06 (t, 2H, thiophene
roton at position 4), 4.26 (t, 4H, –OCH2–), 1.24–1.96 (m, 40H,
(CH2)10–), 0.89 (t, 6H, –CH3). Anal. Calcd. for C36H52N4O6S3: C,
0.88; H, 7.66; N, 7.10; S, 12.19. Found: C, 59.25; H, 7.34; N, 7.67; S,
3.00.

.3.3. 2,2′-(3,4-Didodecyloxythiophene-2,5-diyl)bis[5-
2-thienyl)-1,3,4-oxadiazole (d)

A mixture of 20 mmol of biscarbohydrazide (c) and 25 mL of
hosphorous oxychloride were heated at 100 ◦C for 6 h. The reac-
ion mixture was then cooled to room temperature and poured
nto excess of crushed ice. The resulting precipitate was collected
y filtration and washed with water followed by acetone. The
rude product was dried in vacuum oven and recrystallized with
thanol/chloroform mixture. Yield: 78 %, IR (KBr, cm−1): 2922, 2855,
763, 1573 (–C N–), 1462, 1060. FABHRMS: m/z, 753. 1H NMR
pectrum (400 MHz, CDCl3, ppm): 7.85 (d, 2H, thiophene proton at
osition 3), 7.60 (d, 2H, thiophene proton at position 5), 7.21 (t, 2H,
hiophene proton at position 4), 4.30 (t, 4H, –OCH2–), 1.26–1.92 (m,
0H, –(CH2)10–), 1.06 (t, 6H, –CH3). Anal. Calcd. for C40H56N4O4S3:
, 63.79; H, 7.50; N, 7.44; S, 12.77. Found: C, 62.88; H, 7.06; N, 7.90;
, 12.11.

.4. Synthesis of copolymer (P)

To a stirred solution of 4 equivalents of anhydrous ferric chloride
n 20 mL of chloroform, the 1 equivalent of monomer (d) in 10 mL
f chloroform was added slowly for 30 min. The reaction mixture
as heated to 65–70 ◦C for 24 h. The completion of the reaction was
onitored by TLC. After the completion of the reaction, the chloro-

orm was removed by rotary evaporator under vacuum. The solid
roduct obtained was washed with excess of methanol to remove
he ferric chloride. The last trace of ferric chloride was removed

y Soxhlet extraction technique using methanol as solvent. The
opolymer (P) was obtained as black powder. Yield: 65%, IR (KBr,
m−1), 2927, 2860, 2634, 1593 (>C N–), 1495, 1234. 1H NMR spec-
rum (400 MHz, DMSO-d6, ppm): 7.80 (d, 2H, thiophene proton at
osition 3), 7.34 (d, 2H, thiophene proton at position 4), 4.32 (t, 4H,

Scheme 1. Designed synthetic route fo
ls 159 (2009) 1099–1105 1101

–OCH2–), 1.32–1.95 (m, 40H, –(CH2)10–), 1.02 (t, 6H, –CH3). Anal.
Calcd. for (C40H54N4O4S3), C, 63.97; H, 7.25; N, 7.46; S,12.81. Found:
C, 63.20; H, 7.79; N, 7.00; S, 12.11. Molecular weight, Mw = 3490,
Mn = 2458. Polydisperesity (PD): 1.42.

3. Results and discussion

3.1. Synthesis and characterization of copolymer

Scheme 1 shows the synthetic route for the prepara-
tion of monomers and the copolymer. The required 3,4-
didodecyloxythiophene-2,5-carboxydihydrazides (a) was syn-
thesized by refluxing diethyl 3,4-didodecyloxythiophene-2,5-
dicarboxylate with hydrazine monohydrate in methanol. These
carboxyhydrazide was condensed with thiophene-2-carbonyl chlo-
ride (b) to get the corresponding dicarbohydrazide (c), which on
treatment with phosphorous oxychloride afforded bis-oxadiazole
(d). The monomer, bis-oxadiazole (d) was polymerized via chemical
polymerization route using anhydrous ferric chloride as polymer-
ization catalyst. The structure of newly synthesized monomers and
the copolymer (P) were confirmed by its FTIR, 1H, 13C NMR, mass
spectral and elemental analyses.

Formation of 3,4-didodecyloxythiophene-2,5-carboxydihydra-
zide (a) from the corresponding diester was evidenced by its IR and
1H NMR spectral data. Its IR spectrum showed sharp peaks at 3284
and 1610 cm−1 indicating the presence of –NH2 and >C O groups
respectively. 1H NMR spectrum of it displayed peaks at ı 8.33 (s,
2H) and ı 4.90 (s, 4H) for >NH and –NH2 protons respectively. Con-
version of bishydrazide (a) to biscarbohydrazide (c) was confirmed
by its IR, 1H NMR and mass spectral studies. Its IR spectrum exhib-
ited sharp peaks at 3235 and 1681 cm−1 for > NH and >C O groups
respectively (Fig. 2). 1H NMR spectrum of it showed two >NH pro-
tons as singlet at ı values 10.12 and 9.91, thiophene protons as two
doublets at ı 7.72 and 7.50 and a triplet at ı 7.06. Its mass spectrum
displayed the molecular ion peak at m/z 788. Cyclization of biscar-
bohydrazide c to form bisoxadiazole d was established by its IR, 1H
NMR and mass spectral data. Its IR spectrum showed no absorp-
tion peaks due to >NH and >C O groups and appearance of sharp
peak at 1573 cm−1 (Fig. 2) indicating the formation of oxadiazole
ring. Further, in its 1H NMR spectrum disappearance of two singlets
corresponding to >NH protons confirmed the cyclization.

Finally, polymerization of monomer (d) to copolymer (P)
was established by its IR, 1H NMR, GPC and elemental analy-

ses. IR spectrum of P showed characteristic absorption peaks at
2927, 2860 cm−1 (C–H stretching aliphatic segments), 1593 cm−1

(1,3,4-oxadiazole), 1234 cm−1 (C–O–C stretching of ether bond),
1495 cm−1 (aromatic). The 1H NMR spectum of the copolymer
(Fig. 3) in CDCl3 displayed two doublets ı 7.80 and 7.34 which

r the preparation of copolymer.
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LUMO of the copolymer. The equations reported by de Leeuw et
al. [23], EHOMO = −[Eoxd

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

where Eoxd
onset and Ered

oxd are the onset potentials versus SCE for the
oxidation and reduction of the copolymer.

Table 1
Electrochemical potential and energy levels of the copolymer.
Fig. 2. IR spectra of biscarboh

re due to two thiophene protons. Disappearance of one dou-
let and conversion of a triplet peak into doublet in the aromatic
egion clearly confirmed the polymerization of the monomer
d). Further, four protons of –OCH2– groups attached to thio-
hene ring resonated at ı 4.32 as triplet. In addition multiplet
eaks were observed in the range ı 1.95–1.32 due to –(CH2)n–
rotons of dodecyloxy group. The number and weight aver-
ge molecular weights of THF soluble part of the copolymer P
ere found to be 2458 and 3490 respectively. Its polydispersity

s 1.42.

.2. Electrochemical properties

Cyclic voltammetry (CV) was employed to determine redox
otentials of new copolymer and then to estimate the HOMO
nd LUMO energy of the copolymer, which is of importance
o determine the band gap. The cyclic voltammogram of the

opolymer coated on a glassy carbon electrode was measured on
UTOLAB PGSTAT 30 electrochemical analyzer, using a Pt counter
lectrode and a Ag/AgCl reference electrode, immersed in the
lectrolyte [0.1 M (n-Bu)4NClO4 in acetonitrile] at a scan rate of

Fig. 3. 1H NMR spectrum of bis-oxadiazole (d).
de (c) and bis-oxadiazole (d).

25 mV/S. Electrochemical data of the copolymer is summarized in
Table 1.

While sweeping cathodically (Fig. 4), the copolymer showed
reduction peak at −1.40 V. This reduction potential is lower than
those of 2-(4-tirt-butyl phenyl)-1, 3,4-oxadiazole (PBD) [21,22], one
of the most widely used electron transporting materials. In the
anodic sweep (Fig. 4), copolymer showed oxidation peak at about
1.53 V, comparable with some donor acceptor type of copolymers
containing oxadiazole moieties [15,16]. The onset potentials of n-
and p-doping processes can be used to estimate the HOMO and
Copolymer P
Eoxd 1.53
Ered −1.40
Eoxd (onset) 1.22
Ered (onset) −0.85
EHOMO (eV) −5.56
ELUMO (eV) −3.49
Eg (eV) 2.07

Fig. 4. Oxidation and reduction cyclic voltammetric waves of the copolymer.
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coefficient at the sample-air interface, ˛ is the absorption coeffi-
cient, and L is the sample length. p0 is given by [2�(1 − R)2I02Leff]1/2

where � is the 3PA coefficient, and I0 is the incident intensity. Leff is
given by [1 − exp(−2˛L)]/2˛. The 3PA coefficients obtained from the
curve fitting are tabulated in Table 2. While doing the calculation

Table 2
Linear and nonlinear optical parameters for the copolymer.

Linear optical properties
Sample P
n0

a 1.431
˛b (m−1) 68.3

Z-scan
� (10−22 m3/W2) 4.8

DFWM
�(3)

(10−20 m2/V2) 1.794
(10−12 esu) 1.28

F
(10−22 m/V2) 2.627
(10−12 esu) 1.874

a Refractive index.
b Absorption coefficient.
Fig. 5. UV–vis absorption spectra of the copolymer in DMF solution.

The HOMO energy level of the copolymer was estimated to
e −5.56 eV. The HOMO energy level is comparable with CN–PPV
nd some reported polyoxadiazoles [15,16]. The LUMO energy level
−3.49 eV) is lower then those of PPV and some other conjugated
-type conjugated polymers indicating the copolymer is having
etter electron transporting property. Further, it has been noticed
hat the LUMO level is lower than some reported polyoxadiazoles
15,16], showing that the copolymer possess much better electron
njection ability. This may be attributable to the introduction of
dditional electron withdrawing thiophene rings within the poly-
er backbone. The very high electron affinity of this copolymer
ay be attributed to the incorporation of electron deficient oxadi-

zole ring in the copolymer backbone. From the onset potentials of
xidation and reduction process, the band gap of the copolymer is
stimated to be 2.07 eV. It is clear from the results that improved
harge carrying property is expected for the new copolymer.

.3. Linear optical properties

The UV-visible absorption and fluorescence emission spectrum
f the copolymer were recorded in dilute DMF solution. As shown
n Fig. 5 the copolymer exhibits absorption maxima at 375 nm. The
uorescence emission spectrum of the copolymer (Fig. 6) shows
missive maxima (excitation wavelength 360 nm) at 435 nm. These
esults indicate that the copolymer emits intense bluish-green light
nder the irradiation of UV light.

.4. Nonlinear optical properties

.4.1. Z-scan
The linear absorption spectrum of the copolymer shows that the

xcitation wavelength of 532 nm is close to one of the absorption
dges. Small absorption tails at 532 nm give the linear absorption
oefficient (˛) for the copolymer, which is given in Table 2. As
hown in Fig. 7 the copolymer shows strong optical limiting behav-
or, where the transmittance decreases when the pump fluence is
ncreased. It is seen that a three-photon absorption (3PA) type pro-
ess gives the best fit to the obtained experimental data. The Z-scan
urves obtained are therefore numerically fitted to the nonlinear

ransmission equation for a 3PA process, given by Eq. (1):

= (1−R)2 exp(−˛L)√
�p0

∫ +∞

−∞
ln[

√
1 + p2

0 exp(−2t2)+p0exp(−t2)]dt

(1)
Fig. 6. Fluorescence emission spectra of copolymer in DMF solution.

where T is the transmission of the sample. R is the Fresnel reflection
Fig. 7. Open aperture Z-scan curve for copolymer with 3PA fitting.
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Fig. 8. DFWM signal versus input for CS2.

he pulse-to-pulse energy fluctuations of the laser also are taken
nto account, and hence the simulated curve is not fully smooth.

Considering the absorption spectra of the copolymer and recall-
ng that pure 3PA cross-sections are generally very low, it seems
hat the observed nonlinearity arises from sequential 3PA involv-
ng excited states. Two-photon absorption followed by excited state
bsorption is another possibility. Therefore the nonlinearity can
e considered as an “effective” 3PA process. During the 3PA pro-
ess, excitation is proportional to the cube of the incident intensity.
his feature may help to obtain higher contrast and resolution in
maging, since 3PA provides a stronger spatial confinement. With
he availability of ultrafast-pulsed lasers in recent years, significant
rogress in 3PA-based applications has been witnessed including
hree-photon pumped lasing and 3PA-based optical limiting and
tabilization [24].

In �-conjugated polymeric systems, electrons can move in large
olecular orbitals which results from the linear superposition

f the carbon pz atomic orbitals, leading to a very high optical
onlinearity, which increases with the conjugation length [25].
he copolymer studied in the present work consists of thiophene
ing substituted with dodecyloxy pendant at 3,4-position as elec-
ron donating group and 1,3,4-oxadiazole along with unsubstituted
hiophene moieties as electron withdrawing groups. This leads to
ormation of a donor–acceptor type of arrangement in the polymer
ackbone. The enhanced third order nonlinearity in the copoly-
er arises due to the high �-electron density along the polymeric

hain, which are easily polarizable as a result of the alternat-
ng donor–acceptor type of arrangements. The substitution of the
lectron donating alkoxy group not only enhances the delocal-
zation electrons in the copolymer, but also acts as a solubilizing
roup. Such absorptive nonlinearities involving real excited states
ave been reported earlier in C60 (fullerenes), semiconductors,
etal-nanoclusters, phthalocyanines and some fluorine derivatives

26–31].

.4.2. DFWM
Fig. 8 shows the variation of the DFWM signal as a function of

he pump intensity obtained from the reference sample, CS2. The
FWM signal obtained for the copolymer is shown in Fig. 9. The

ignal is proportional to cubic power of the input intensity as given
y the equation:(

ω
)

(3) 2 2 3
(ω)˛
2εocn2

|� | l I0(ω) (2)

here I(ω) is the DFWM signal intensity, I0(ω) is the pump inten-
ity, l is the length of the sample and n is the refractive index of the
edium. The solid curve in the figure is the cubic fit to the exper-
Fig. 9. DFWM signal versus input for the copolymer.

imental data. The third-order susceptibility, �(3) of the sample can
be calculated from the fit using 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

)
(3)

where the subscript R refers to the standard reference, CS2. �(3)
R

is taken to be 9.5 × 10−21 m2/V2 [32]. The figure of merit F, given
by �(3)/˛, is then calculated. F is a measure of nonlinear response
that can be achieved for a given absorption loss in the medium.
The F value is useful for comparing the nonlinearity of different
materials when excited in spectral regions of non-zero absorption.
Table 2 shows that the copolymers have good F values. The �(3) and
F values are given in both cgs and SI units.

4. Conclusions

A novel conjugated copolymer (P) carrying 2,2′-(3,4-didode-
cyloxythiophene-2,5-diyl)bis[5-(2-thienyl)-1,3,4-oxadiazole unit
with donor and acceptor moieties in the molecular architecture has
been successfully synthesized through multistep reactions. The
newly synthesized monomers and the copolymer were character-
ized by spectroscopic techniques. The optical properties revealed
that the copolymer emits bluish-green fluorescence under the
irradiation of light. The electrochemical properties showed that
the copolymer possess high-lying HOMO energy level (−5.56 eV)
and low lying LUMO energy level (−3.49 eV). This is attributed
to the presence of alternate donor–acceptor conjugated units
along the copolymer backbone. The nonlinear optical properties
of the copolymer have been studied using the Z-scan and DFWM
techniques. The copolymer exhibited effective 3PA. Values of the
3PA coefficients (�), third-order nonlinear susceptibilities (�(3))
and figures of merit (F) have been calculated. The absorptive
nonlinearity observed in this copolymer is of optical limiting type,
which can have potential applications.
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