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Abstract Two new donor–acceptor (D–A) conjugated

polymers P1 and P2 containing 3,4-didodecyloxythiophene

and 1,3,4-oxadiazole units are synthesized via Wittig reac-

tion methodology. Cyclic voltammetry studies reveal that

the polymers are both p and n dopable, and possess low-lying

LUMO energy levels (-3.34 eV for P1 and -3.46 eV for

P2) and high-lying HOMO energy levels (-5.34 eV for P1

and -5.27 eV for P2). The optical band gap of the polymers

is in the range of 2.25–2.29 eV, calculated from the onset

absorption edge. The polymers emit orange to yellow light in

the film state when irradiated with a UV light. The synthe-

sized polymers are used to prepare polymer nanocomposites

with different wt% of silver nanoparticles. The polymer

nanocomposites are characterized by UV–Vis absorption

spectroscopy, field emission scanning electron microscopy,

and thermogravimetric analysis. Both polymers and poly-

mer/Ag nanocomposites show good thermal stability with

onset decomposition temperature around 300 �C under

nitrogen atmosphere. The nonlinear optical properties of

polymers and polymer/Ag nanocomposites are measured by

Z-scan technique. Both polymers and polymer nanocom-

posites show a good optical limiting behavior. Nearly five

times enhancement in the nonlinear optical properties is

observed for polymer/Ag nanocomposites. The value of

effective two-photon absorption coefficient (b) is in the order

of 10-10–10-11 m/W. These results indicate that the syn-

thesized polymers (P1 and P2) and their Ag nanocomposites

are expected to be good candidates for application in pho-

tonic devices.

Introduction

Great effort has been made over the last three decades to

study and synthesize conjugated polymers [1] because of

their promising applications in variety of areas such as

polymer light-emitting diodes (PLEDs) [2], chemical sen-

sors [3], rechargeable batteries [4], organic thin film tran-

sistors [5], photovoltaic cells [6], and nonlinear optics [7].

In this direction, various polythiophene based conjugated

polymers have been investigated extensively because of

their interesting semiconducting, electronic, and optical

properties; chemical stability; and their readiness of func-

tionalization. From the application point of view, the

donor–acceptor (D–A) conjugated polymers are promising

because intermolecular charge transfer interaction between

the electron donor (D) and electron acceptor (A) units

within the polymer chain can facilitate ready manipulation

of their electronic structures (HOMO/LUMO levels) and

thus electronic and optoelectronic properties [8, 9]. Further,

a conjugated polymer with an alternating sequence of the

appropriate donor and acceptor units in the main chain

shows a decreased band gap. The presence of strong elec-

tron donor and electron acceptor units in the polymer chain

increases the effective p electron delocalization. Moreover,

the strong delocalization of p-electrons in the polymeric

backbone determines a very high molecular polarizability

and thus remarkable third-order optical nonlinearities [10,

11]. Thus, D–A type polymers are being considered as

promising class of third-order nonlinear optical (NLO)
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materials. In this regard, several such D–A polymers are

synthesized and their third-order NLO properties were

investigated [12–14]. In addition, metal and semiconductor

nanoparticles are also emerging as a promising class of

NLO materials for nanophotonic applications [15, 16]. For

instance, a large NLO response with a third-order NLO

susceptibility (v(3)) value as high as 2 9 10-5 esu has been

observed for nanoporous layers of TiO2 [15]. It is advan-

tageous to embed metal/semiconductor nanoparticles in thin

polymer films for application purposes because the polymer

matrix serves as a medium to assemble the nanoparticles

and stabilize them against aggregation [17]. Furthermore,

the nanocomposite structures are known to substantially

enhance the optical nonlinearities [18]. Therefore, the third-

order NLO properties of several metal/semiconductor-

polymer nanocomposites have been investigated. Recently,

conjugated polymers are being used as host matrix for

dispersing metal/semiconductor nanoparticles [19, 20].

Such a polymer/nanoparticle composite is shown to possess

a large third-order nonlinear susceptibility of the order of

10-7 esu with an ultrafast response time of 1.2 ps [21]. The

nanocomposites made of Ag nanoparticles dispersed in

poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinyl-

ene] matrix have exhibited a large third-order nonlinear

susceptibility of the order of 10-6 esu [22]. Higher v(3)

value has been observed for polydiacetylene–Ag nano-

composite film when compared with the pure polydiacety-

lene film [23].

In light of these previous works, herein we report the

synthesis and characterization of two new donor–acceptor

conjugated polymers (P1 and P2) containing 3,4-didode-

cyloxythiophene moiety as electron donor and 1,3,4-oxa-

diazole moiety as electron acceptor unit along with

thienylvinylene linkages. In these polymers, two alkoxy

substituted thiophene rings are separated by a spacer unit,

2-(ethenylphenyl)-1,3-4-oxadiazole moiety, which serve

not only to planarize the polymer backbone by overcom-

ing torsional interactions between the rings thus extending

effective conjugation length, but also to increase the

p-electron delocalization along the polymer backbone.

Hence these polymers are expected to show narrow band

gap and also to show enhanced NLO properties. The

chemical structure of the repeating unit in P1 and P2 is

almost similar, except that one of the 3,4-dialkoxythi-

ophene rings in P1 is replaced by an unsubstituted thio-

phene ring in P2. Such a simple structural modification in

the polymer chain allows studying the effect of alkoxy

pendant groups on optical and electrochemical properties

of the conjugated polymers. The polymers are used to

prepare polymer/Ag nanocomposites with different wt%

silver nanoparticles. The NLO properties of the polymers

and polymer/Ag nanocomposites are investigated by

Z-scan technique.

Experimental

Materials and instruments

3,4-Didodecyloxythiophene-2,5-carbonyldihydrazide (1) and

diethyl 3,4-didodecyloxythiophene-2,5-dicarboxylate (5)

were prepared according to the previously reported proce-

dure [24]. Thiophene-2,5-dialdehyde was purchased from

Sigma Aldrich company. Tetrabutylammonium perchlorate

(TBAPC) was purchased from Lancaster (UK). All solvents

and other reagents were purchased commercially and used

without further purification. 1H NMR spectra were recorded

with a BRUKER 400 MHz NMR spectrometer using TMS

as internal reference. Elemental analyses were performed on

a Flash EA 1112 CHNS analyzer (Thermo Electron Cor-

poration). 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. Fluorescence emission spectra were

recorded using a JASCO FP6200 spectrofluorometer. The

electrochemical studies of the polymers were carried out

using an AUTOLAB PGSTAT 30 electrochemical analyzer.

Cyclic voltammograms were recorded using a three-elec-

trode cell system, with a glass carbon disk as working

electrode, a Pt wire as counter electrode, and an Ag/AgCl

electrode as the reference electrode. Gel permeation chro-

matography (GPC) was employed to obtain the molecular

weight of the polymers using a Waters make GPC instru-

ment with reference to polystyrene standards with THF as

eluent. SEM images are obtained with a CARL ZEISS

SUPRA 40 VP (NTS GmbH Germany) field emission

scanning electron microscopy (FESEM) which was oper-

ated at 10 kV. Thermogravimetric analysis (TGA) was

carried out using an EXSTAR TG/DTA 7000 (SII Nano-

technology Inc.) thermal analyzer. The X-ray diffraction

pattern (XRD) was recorded on a JEOL X-ray diffractom-

eter using Cu-Ka radiation operated at 30 kV and 20 mA.

Synthesis of monomers and polymers

The synthetic route for the synthesis of monomers and

polymers is shown in Scheme 1. The detailed synthetic

procedure is as follows.

Synthesis of 3,4-bis(dodecyloxy)-N02,N05-bis

(4-methylbenzoyl)thiophene-2,5-dicarbohydrazide (2)

To a mixture of dihydrazide 1 (1 g, 1.75 mmol) and pyri-

dine (0.1 mL) in NMP (10 mL), 4-methyl benzoyl chloride

(0.596 g, 3.86 mmol) was added slowly at room tempera-

ture. The reaction mixture was stirred at room temperature

for 12 h. After completion of the reaction (progress of the
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reaction was monitored by TLC), it was poured into excess

of ice cold water to get a precipitate. The obtained pre-

cipitate was collected by filtration, washed with water, and

dried in oven. The crude product was recrystallized from

ethanol/chloroform mixture to get the pure product as

white solid in 80 % yield. M.P: 98–100 �C.
1H NMR (400 MHz, CDCl3) d: 10.23 (s, 2H, [NH),

9.19 (s, 2H,[NH), 7.75 (d, 4H, Ar), 7.27 (d, 4H, Ar), 4.30

(t, 4H, –OCH2), 2.42 (s, 6H, Ar–CH3), 1.99–1.24 (m, 40H,

–(CH2)10–), 0.87 (t, 6H). FTIR H (cm-1): 3380 and 3279

([N–H), 2924 and 2853 (–C–H), 1597 ([C=O), 1449,

1368, 1282, 1070, 734. Element. Anal. Calcd. For

C46H68N4O6S: Calcd. C 68.62, H 8.52, N 6.96, S 3.97;

Found C 68.58, H 8.50, N 6.94, S 4.01.

Synthesis of 5,50-(3,4-bis(dodecyloxy)thiophene-2,

5-diyl)bis(2-p-tolyl-1,3,4-oxadiazole) (3)

A mixture of compound 2 (1 g) was refluxed with phos-

phorus oxychloride (10 mL) under nitrogen atmosphere for

6 h. The reaction mixture was then cooled to room temper-

ature and poured into excess of ice cold water. The resulting

precipitate was collected by filtration, washed with water,

and dried in oven. The crude product was further purified by

recrystallization from ethanol/chloroform mixture to get the

pure product as white solid in 85 % yield. M.P: 100 �C.
1H NMR (400 MHz, CDCl3) d: 8.01 (d, 4H, Ar), 7.34

(d, 4H, Ar), 4.31 (t, 4H, –OCH2), 2.45 (s, 6H, Ar–CH3),

1.91–1.25 (m, 40H, –(CH2)10–), 0.87 (t, 6H). FTIR

H (cm-1): 2914 and 2848 (–C–H), 1556 (C=N), 1481,

1464, 1350, 1051, 958. Element. Anal. Calcd. For

C46H64N4O4S: Calcd. C 71.83, H 8.39, N 7.29, S 4.16;

Found C 71.85, H 8.36, N 7.30, S 4.18.

Synthesis of 5,50-(3,4-bis(dodecyloxy)thiophene-2,

5-diyl)bis(2-(4-(bromomethyl) phenyl)-1,3,4-oxadiazole) (4)

A mixture of compound 3 (0.5 g, 0.65 mmol), N-bro-

mosuccimide (0.25 g, 1.43 mmol), and 5 mg of benzoyl

peroxide in benzene (5 mL) was refluxed for 6 h. After

Scheme 1 Synthetic route of

monomers and the polymers
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completion of reaction (progress of the reaction was

monitored by TLC), solvent was evaporated, 20 mL of

water was added, and stirred for 2 h. The resulting solid

was filtered off. The crude product was recrystallized from

ethyl acetate/chloroform mixture to get the pure product as

yellowish solid in 60 % yield. M.P: 124–126 �C.
1H NMR (400 MHz, CDCl3) d: 8.12 (d, 4H, Ar), 7.57

(d, 4H, Ar), 4.54 (s, 4H, Ar–CH2Br), 4.32 (t, 4H, –OCH2),

1.90–1.25 (m, 40H, –(CH2)10–), 0.87 (t, 6H). FTIR

H (cm-1): 2918 and 2850 (–C–H), 1583, 1550 (C=N),

1461, 1360, 1271, 1221, 1048, 956, 813, 725. Element.

Anal. Calcd. For C46H62Br2N4O4S: Calcd. C 59.59, H 6.75,

N 6.05, S 3.45; Found C 59.56, H 6.74, N 6.10, S 3.42.

Synthesis of 2,20-(3,4-(bisdodecyloxy)thiophene-2,

5-diyl)bis[5-((4-triphenylphosphonionmethyl) phenyl)-

1,3,4-oxadiazole]dibromide (M1)

A mixture of compound 4 (0.5 g, 0.53 mmol) and tri-

phenylphosphine (0.31 g, 1.18 mmol) in DMF (5 mL) was

refluxed for 12 h. The reaction mixture was cooled to room

temperature and poured into 25 mL of ethyl acetate. The

resulting precipitate was filtered off, washed with ethyl

acetate, and dried to get the product as buff solid in 90 %

yield.
1H NMR (400 MHz, CDCl3) d: 7.89–7.24 (m, 38H, Ar),

6.12–6.08 (d, 4H, Ar–CH2–), 4.30 (t, 4H, –OCH2), 1.89-

1.25 (m, 40H, –(CH2)10–), 0.86 (t, 6H). FTIR H (cm-1):

2918 and 2850 (–C–H), 1581, 1489, 1431,1371, 1106,

1048, 848, 717. Element. Anal. Calcd. For C82H92Br2-

N4O4P2S: Calcd. C 67.84, H 6.39, N 3.86, S 2.20; Found C

67.80, H 6.40, N 3.84, S 2.22.

Synthesis of (3,4-bis(dodecyloxy)thiophene-2,5-

diyl)dimethanol (6)

To a solution of diethyl 3,4-didodecyloxythiophene-2,5-

dicarboxylate 5 (1 g, 1.67 mmol) in diethyl ether (10 mL),

lithium aluminum hydride (LiAlH4) (0.15 g, 4.18 mmol)

was added at 0 �C. The reaction mixture was stirred at

room temperature for 1 h. After completion of reaction

(monitored by TLC), the resulting mixture was quenched

with saturated NH4Cl solution. The residue obtained was

filtered through Celite, which was washed with dichloro-

methane. Then, the filtrate was washed with water, dried

with MgSO4, and concentrated to get the product as white

solid in 80 % yield. M.P: 46–48 �C.
1H NMR (400 MHz, CDCl3) d: 7.11 (br, 2H, –OH), 4.72

(s, 4H, –CH2OH), 4.02 (t, 4H, –OCH2), 1.80–1.26 (m, 40H,

–(CH2)10–), 0.88 (t, 6H). FTIR H (cm-1): 3311 (–OH),

2915 and 2848 (–C–H), 1500, 1462, 1427, 1364, 1240,

1086, 992. Element. Anal. Calcd. For C30H56O4S: Calcd. C

70.26, H 11.01, S 6.24; Found C 70.24, H 11.0, S 6.22.

Synthesis of 3,4-bis(dodecyloxy)thiophene-2,5-

dicarbaldehyde (7)

To a solution of compound 6 (0.5 g, 0.97 mmol) in diethyl

ether (5 mL), 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ)

(0.66 g, 2.29 mmol) was added portionwise at room temper-

ature. The reaction mixture was stirred at room temperature

for 72 h. After completion of reaction (monitored by TLC),

the solvent was evaporated. The solid residue obtained was

redissolved in 50 mL of n-hexane and filtered off. The organic

layer was washed with water several times, dried with MgSO4,

and concentrated. The obtained crude solid product was re-

crystallized with ethanol to get the pure product as white

crystals in 60 % yield. M.P: 38 �C.
1H NMR (400 MHz, CDCl3) d: 10.09 (s, 2H, –CHO),

4.26 (t, 4H, –OCH2), 1.83–1.26 (m, 40H, –(CH2)10–), 0.88

(t, 6H). FTIR H (cm-1): 2914 and 2848 (–C–H), 1656

(–C=O), 1480, 1430, 1366, 1263, 1186, 1037, 798. Ele-

ment. Anal. Calcd. For C30H52O4S: Calcd. C 70.82, H

10.31, S 6.29; Found C 70.84, H 10.30, S 6.28.

Synthesis of polymer, P1

A solution of sodium (23 mg, 1.032 mmol) in 3 mL of

anhydrous ethanol was added dropwise at ambient tem-

perature under argon atmosphere to a mixture of compound

7 (107 mg, 0.210 mmol) and M1 (0.3 g, 0.206 mmol) in

chloroform (6 mL). The mixture was stirred at room tem-

perature for 12 h. The reaction mixture was slowly poured

into 100 mL of methanol. The precipitated polymer was

filtered off. The crude polymer was redissolved in chloro-

form and precipitated in methanol several times. After

filtration and drying under vacuum, the polymer P1 was

collected as yellow powder. Yield: 65 %.
1H NMR (400 MHz, CDCl3) d: 8.13–6.71 (m, 12H, Ar

and –CH=CH–), 4.33 (t, 8H, –OCH2–), 1.90–1.27 (m, 80H,

–(CH2)10–), 0.88 (t, 12H). FTIR H (cm-1): 2918, 2851,

1547, 1460, 1388, 1270, 1041, 951, 726. Element. Anal.

Calcd. For (C76H112N4O6S2)n: Calcd. C 73.50, H 9.10, N

4.51, S 5.15; Found C 73.56, H 9.08, N 4.45, S 5.24.

Synthesis of polymer, P2

A solution of sodium (14 mg, 0.618 mmol) in 2 mL of

anhydrous ethanol was added dropwise at ambient tem-

perature under argon atmosphere to a mixture of thiophene-

2,5-dialdehyde 8 (28 mg, 0.206 mmol) and M1 (0.3 g,

0.206 mmol) in 6 mL of chloroform. The reaction was

carried out according to the procedure similar to that fol-

lowed for the synthesis of polymer P1. The polymer P2 was

obtained as yellow powder. Yield: 60 %.
1H NMR (400 MHz, CDCl3) d: 8.14–6.52 (m, 14H, Ar

and –CH=CH–), 4.34 (t, 4H, –OCH2–), 1.90–1.35 (m, 40H,
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–(CH2)10–), 0.88 (t, 6H). FTIR H (cm-1): 2918, 2849,

1551, 1485, 1453, 1376, 1222, 1044, 950. Element. Anal.

Calcd. For (C52H66N4O4S2)n: Calcd. C 71.36, H 7.61, N

6.41, S 7.31; Found 71.28, H 7.55, N 6.48, S 7.37.

Synthesis of silver nanoparticles and polymer

nanocomposites

To a stirred solution of 30 mg AgNO3 in 150 mL of dis-

tilled water, 90 mg trisodium citrate was added. After

stirring for 30 min, the resulting solution was exposed to

UV irradiation for photoreduction of silver ions. After

centrifuging, water washing, and three cycles of ultrason-

ication, yellow Ag colloidal nanoparticles of about 50 nm

are obtained. To prepare polymer (P1 and P2)/Ag nano-

composites, 0.5, 1, and 2 wt% silver nanoparticles were

dispersed in the polymer solution. The solution was soni-

cated for 1 h to allow uniform distribution of nanoparticles

and to prevent the dispersed nanoparticles from

aggregation.

Z-scan measurements

The Z-scan technique, developed by Sheik-Bahae et al.

[25] was used to measure the nonlinear absorption coeffi-

cient and nonlinear refractive index of materials. The

‘‘open aperture’’ Z-scan gives information about the non-

linear absorption coefficient. In the experiment, a 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

toward either side of it, for the positive and negative values

of z. In our study, the sample is placed in the beam at

different positions with respect to the focus (i.e., at dif-

ferent values of z), and the corresponding optical trans-

mission values are measured. Then a graph is plotted

between z and the measured sample transmission (nor-

malized 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 nonlin-

ear absorption coefficient also can be numerically calcu-

lated from the Z-scan curve. We used a stepper-motor

controlled linear translation stage in our Z-scan setup, to

move the sample through the beam in precise steps. The

polymer and polymer/Ag nanocomposite samples were

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.). The experiment

was automated, controlled by a data acquisition program

written in C??.

Results and discussion

Synthesis and characterizations of monomers,

polymers, and polymer nanocomposites

The synthetic route for the synthesis of monomers and the

polymers are depicted in Scheme 1. The chemical structures

of all the intermediate compounds and the polymers were

confirmed by NMR spectroscopy, FTIR spectroscopy, and

elemental analyses. Overall yield for all the intermediate

compounds were between 60 and 85 %. The well-known

Wittig reaction was performed in the presence of sodium

ethoxide between the monomer M1 and the corresponding

thiophene-2,5-dialdehyde in ethanol under argon atmo-

sphere to yield the polymers, P1 and P2. To prepare mono-

mer M1, the dihydrazide (1) was condensed with 4-methyl

benzoyl chloride in N-methylpyrrolidinone (NMP) in the

presence of pyridine to get 3,4-bis(dodecyloxy)-N02,

N05-bis(4-thylbenzoyl)thiophene-2,5-dicarbohydrazide (2).

Conversion of dihydrazide (1) to dicarbohydrazide (2) was

confirmed by 1H NMR and FTIR spectral studies. 1H NMR

spectrum of (2) showed two [NH protons as singlets at d
10.23 and 9.19 ppm, aromatic protons as two doublets at

d 7.75 and 7.27 ppm, and tolyl methyl protons as singlet at d
2.42 ppm. The FTIR spectrum of (2) showed sharp peaks at

3380 and 1597 cm-1 due to [NH and [C=O groups,

respectively. Cyclization of compound (2) to bisoxadiazole

(3) was achieved using POCl3 as the dehydrating agent. In

the 1H NMR spectrum of compound (3), the disappearance

of two singlet peaks due to[NH protons confirms comple-

tion of the cyclization reaction. Further, the FTIR spectrum

of (3) did not show any absorption peaks corresponding to

[NH and[C=O groups. Whereas a new peak appeared at

1556 cm-1 due to –C=N– stretching, indicating the forma-

tion of the oxadiazole ring. Bromination of bisoxadiazole (3)

to corresponding dibromide (4) was confirmed by its 1H

NMR spectrum, which showed a singlet peak at d 4.54 ppm

due to bromomethyl protons. Finally, the dibromide (4) was

converted to its Wittig salt (M1) using triphenylphosphine in

DMF solvent. The 1H NMR spectrum of M1 displayed

complex multiple peaks at d 7.89–7.29 ppm corresponding

to the protons of triphenylphosphine and phenyl groups. The

reduction of diester (5) to (3,4-bis(dodecyloxy)thiophene-

2,5-diyl)dimethanol (6) was carried out using lithium alu-

minum hydride (LiAlH4). 1H NMR spectrum of (6) showed a

broad peak at 7.11 ppm due to –OH proton and singlet peak

at d 4.72 ppm due to –CH2OH protons, whereas the FTIR

spectrum displayed sharp peak at 3311 cm-1 indicating the

presence of –OH groups. Conversion of bisalcohol (6) to

dicarbaldehyde (7) was achieved using DDQ as the oxidiz-

ing agent. The 1H NMR spectrum of (7) showed two alde-

hydic (–CHO) protons as a singlet at d 10.09 ppm whereas

its FTIR spectrum exhibited a sharp peak at 1656 cm-1 due

8026 J Mater Sci (2012) 47:8022–8034
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to [C=O groups. The 1H NMR spectrum of P1 displayed

complex multiple peaks at d 8.13–6.71 ppm corresponding

to the aromatic and vinylic protons. A triplet peak at d
4.33 ppm is due to the –OCH2– protons of the alkoxy chains

of the thiophene ring, and the multiple peaks in the range

1.90–0.88 ppm are due to the –(CH2)10–CH3 protons of the

alkoxy chains. The 1H NMR spectrum of P2 displayed a

similar spectral pattern. The average molecular weights of

the polymers were measured by GPC with reference to

polystyrene standards. The number averaged molecular

weight (Mn) of P1 and P2 are found to be 16,100 and 8,200,

respectively, with molecular weight distribution (PD) 2.0 for

P1 and 1.4 for P2. The polymers showed good solubility in

common organic solvents such as CHCl3, THF, and chloro

benzene, resulting from the alkoxy chains at 3 and 4 posi-

tions of the thiophene ring. The yellow colloidal silver

nanoparticles were prepared by photoreduction method

under UV irradiation using trisodium citrate as a stabilizing

agent [26]. The FESEM image of the colloidal silver nano-

particles is displayed in Fig. 1a, which shows that the

average size of the nanoparticles is in the range 25–50 nm.

The structure of the prepared colloidal silver nanoparticles

was investigated by X-ray powder diffraction (XRD) anal-

ysis. Typical XRD pattern of the silver nanoparticles is as

shown in Fig. 2 which is well in agreement with the pattern

of silver nanoparticles reported in the literature [27]. The

prominent peaks at 2h values of 38�, 44.4�, 64.6�, 77.6�, and

81.5� represents the (111), (200), (220), (311), and (222)

Bragg’s reflections of fcc structure of silver particles. The

average size of the particles is estimated to be 50 nm by

Scherrer’s equations. Figure 1b shows the FESEM image of

the P1/Ag nanocomposite with 1 wt % silver nanoparticles.

A uniform distribution of silver nanoparticles was observed

with particles sizes ranging from 20 to 50 nm.

Linear optical properties

The UV–Vis absorption spectra could provide a good deal of

information on the electronic structure of conjugated poly-

mers. Figure 3a, b shows the absorption spectra of the poly-

mers in dilute chloroform solution, polymer thin films, yellow

silver nanoparticles, and polymer/Ag nanocomposites with

different concentration of silver nanoparticles. Polymer P1 in

chloroform solution displayed an optical absorption maxi-

mum at 395 nm, which is attributed to thep–p* transition. The

absorption spectrum of the polymer retained similar profiles

regardless of the medium. This shows that P1 has no additional

p-stacking while going from solution to film state. This could

be due to the larger interchain distance imposed by the dodecyl

chains attached to two thiophene rings which leads to a

decrease in p-stacking interactions in the solid state. The

optical band gap determined by the onset absorption of P1 in

film state is 2.29 eV. The absorption spectrum of polymer P2

Fig. 1 FESEM image of a colloidal silver nanoparticles and b P1/

1 wt% Ag nanocomposite film (inset: magnified image, mag. = 100

KX)

Fig. 2 XRD spectrum of colloidal silver nanoparticles

J Mater Sci (2012) 47:8022–8034 8027

123



in chloroform solution displayed an optical absorption maxi-

mum at 395 nm while in the solid state the p–p* transitions

showed a red shift of 21 nm with a shoulder in the shorter

wavelength region at 368 nm. Obviously, the red shift in the

absorption maximum of P2 in the film state is due to the

p-stacking effect. Unlike in P1, the repeating unit in P2 con-

tains pendant alkoxy groups only on one of the thiophene ring

which results in lesser interchain distance in P2 as compared to

that in P1. Hence p-stacking interactions could be operative in

P2 in the solid state. The optical band gap of P2 determined in

film state is 2.25 eV. Yellow silver colloidal nanoparticles

showed an absorption peak located at about 417 nm, which

results from the surface plasmon resonant oscillation of the

free electrons in Ag nanoparticles. Further, the broadening in

the absorption spectra was observed for nanocomposites of

both the polymers (P1 and P2) with different concentration of

silver nanoparticles. This occurs because the surface plasmon

resonance band (SPR) in silver overlaps with the absorption

region of the polymers, i.e., around 400 nm. In addition, the

intensity of the absorption band increased with the increasing

amount of silver nanoparticles in the nanocomposites. The

absorption maximum of P1/Ag nanocomposites is slightly

blue shifted in comparison with that of polymer P1 and Ag

nanoparticles. The observed shift in the absorption maximum

could be attributed to the agglomeration of the silver nano-

particles and/or change of the dielectric properties of the

surrounding environment in the polymer matrix. These optical

results give an evidence of some interaction existing between

silver nanoparticles and the conjugated polymer chains.

Similar trend in the absorption maximum was observed in the

literature for polymer/Ag nanocomposites [19].

Fluorescence emission spectra of the polymers in dilute

chloroform solution and thin film state are as shown in

Fig. 4. The emission maxima for P1 and P2 in solution are

observed at 547 and 554 nm, respectively. The emission

maxima of the polymers P1 and P2 in the film state showed

bathochromic shifts of 18 and 15 nm, respectively, in

comparison with those observed for their solution state.

This can be attributed to the interchain or/and intrachain

mobility of the excitons and excimers generated in the

polymer in the solid state. The fluorescence quantum yields

(/fl) of the polymers in chloroform solution were estimated

by comparing with the standard of quinine sulfate (ca.

1 9 10-5 M solution in 0.1 M H2SO4 having a fluores-

cence quantum yield of 55 %) [28]. The quantum yield of

the polymers is in the range of 40–42 %. The optical

properties of P1 and P2 are summarized in Table 1.

Thermal properties

TGA of the polymers and their nanocomposites with dif-

ferent concentration of silver nanoparticles were carried

out under nitrogen atmosphere at a heating rate of

10 �C/min. As shown in Fig. 5a, polymer P1 is thermally

stable up to a temperature of *300 �C. As the temperature

is increased above 300 �C, a sharp weight loss was

observed, indicating the loss of alkoxy or alkyl chains and

decomposition of the polymer backbone. The P1/Ag

nanocomposites with 0.5 and 1 wt% silver nanoparticles

did not show significant enhancement in the thermal sta-

bility. However, the polymer nanocomposite with 2 wt%

silver nanoparticles showed a slight enhancement in the

thermal stability as compared to the pure polymer. The

polymer P2 and its nanocomposites showed a similar

thermal behavior (Fig. 5b). Overall, it was observed that

polymer/Ag nanocomposites start decomposing at higher

temperatures than the polymer alone. A similar trend in the

Fig. 3 UV–Vis absorption spectra of a P1 in chloroform solution and

in thin film, yellow silver nanoparticles, and P1/Ag nanocomposites

with 0.5, 1, and 2 wt% silver nanoparticles and b P2 in chloroform

solution and in thin film, yellow silver nanoparticles, and P2/Ag

nanocomposites with 0.5, 1, and 2 wt% silver nanoparticles
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thermal behavior was observed for PVA/silver nanocom-

posites [27] reported in the literature. The improved thermal

stability in polymer/Ag nanocomposites could be explained

through the reduced mobility of the polymer chains in the

nanocomposite due to the interaction between Ag nanopar-

ticles with heteroatoms (S, N, and O) of the polymers.

Consequently, the degradation process will be slowed in

polymer/Ag nanocomposite. Further, in the nanocomposite,

the percentage weight loss at higher temperature (say beyond

500 �C) is less for nanocomposite in comparison with that of

the polymer because of the presence of thermally stable

silver nanoparticles in the nanocomposites.

Electrochemical properties

Electrochemical behaviors of the polymers were investi-

gated by cyclic voltammetry (CV). CV is widely used to

estimate the highest occupied molecular orbital (HOMO)

and the lowest unoccupied molecular orbital (LUMO)

energy levels of the conjugated polymers because the onset

oxidation and reduction potentials obtained from the cyclic

voltammograms correspond to the HOMO and LUMO

energy levels, respectively. Figure 6 shows the cyclic

voltammograms of P1 and P2 thin films coated on glassy

carbon (GC) disk electrode with 0.1 M TBAPC as the

electrolyte at a scan rate of 50 mV/s at room temperature.

A platinum wire was used as a counter electrode, and Ag/

AgCl electrode was employed as the reference. All mea-

surements were calibrated with ferrocene/ferrocenium (Fc/

Fc?) standard (EFOC = 0.53 vs. Ag/AgCl). The polymers

(P1 and P2) undergo both n-doping and p-doping pro-

cesses. For P1, on sweeping cathodically, the onset of the

n-doping process occured at a potential of -0.93 V with a

reduction peak at -1.3 V. In the anodic scan, the p-doping

onset occured at 1.07 V with an oxidation peak at 1.2 V.

The oxidation and reduction potentials of P2 are listed in

Table 2. The onset potentials of n-doping and p-doping

processes were used to estimate the HOMO and LUMO

energy levels of the polymers according to the equations

[29]; EHOMO = -[E(onset)
ox ? 4.8 eV - EFOC] and ELUMO =

-[E(onset)
red ? 4.8 eV - EFOC], respectively, where E(onset)

ox and

Fig. 4 Fluorescence emission spectra of P1 and P2 in chloroform

solution and in thin film state

Table 1 Linear optical properties of P1 and P2

Absorption spectra

kmax (nm)

Fluorescence emission spectra

kemm (nm)

Solutiona Filmb Eg
opt (eV) Solutiona Filmb /fl

a (%)

P1 395 395 2.29 547 565 40

P2 395 416 2.25 554 569 42

Eg
opt band gap estimated from the onset wavelength of the optical

absorption
a Measured in chloroform solution
b Cast from chloroform solution

Fig. 5 TGA graphs of a P1 and P1/Ag nanocomposites and b P2 and

P2/Ag nanocomposites with a heating rate of 10 �C min-1
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E(onset)
red are the onset potentials for the oxidation and

reduction processes of the polymer. Accordingly, the

HOMO and LUMO energy levels of P1 are estimated to be

-5.34 and -3.34 eV, respectively, and hence the electro-

chemical band gap is 2 eV. Similarly, the HOMO and

LUMO energy levels of P2 are estimated to be -5.27 and

-3.46 eV, respectively, and the electrochemical band gap

is determined as 1.81 eV. The electrochemical band gap of

the polymers is lower than that of the optical band gap.

This difference is due to the creation of free ions in the

electrochemical experiment compared with the one mea-

sured through UV experiments, which refers to a neutral

state [30, 31]. The electron affinity of the polymers are

lower than those of CN-PPV (-3.02 eV) and some

poly(aromatic oxadiazole)s (-2.8 to -2.9 eV) [32]. From

the high electron affinity value it can be expected that the

polymer may show an increased electron injection ability

which could be attributed to the electron withdrawing

property of oxadiazole units in the polymers backbone. The

HOMO energy levels of the polymers are almost similar to

that of PPV (5.4 eV) indicating that the polymers have

similar hole injection ability when they are used in PLEDs

[33]. The polymers P1 and P2 possess high-lying HOMO

and low-lying LUMO levels in comparison with those of

the related D–A polymers [34]. Further, these polymers

possess lower band gap as well. These could be attributed

to the presence of additional electron-rich thiophene units

in P1 and P2. Further, introduction of strong electron donor

and electron acceptor units along the polymer chain

increases the double bond character between the repeating

units which raises the HOMO and lowers the LUMO

energy levels of the polymer. As a result, the polymer will

have high-lying HOMO and low-lying LUMO energy level

and thus shows narrow band gap energy. The CV data of

P1 and P2 are summarized in Table 2.

The NLO properties of the polymers and polymer/Ag

nanocomposites

The NLO properties of the polymers (P1 and P2) and polymer/

Ag nanocomposites were investigated by the Z-scan tech-

nique using 5 ns laser pulses. The experiments were carried

out in the ‘‘single shot’’ mode, allowing sufficient time

between successive pulses to avoid accumulative thermal

effects in the sample. The second harmonic output (532 nm)

of a Q-switched Nd:YAG laser (MiniLite, Continuum) was

used for excitation using 50 lJ pulse energy. The linear

transmittance of all the samples studied was fixed between 50

and 60 %. The ‘‘open aperture’’ Z-scan gives information

about the nonlinear absorption coefficient. All the samples

show a strong optical limiting behavior; i.e., the transmission

of the sample decreases as the input light intensity increases

(intensity is a maximum at z = 0). In polymer systems under

resonant excitation conditions, an optical limiting behavior

can be attributed to effects such as excited state absorption

(excited singlet and/or triplet absorption), two- or three-pho-

ton absorption (2PA or 3PA), and self-focusing/defocusing.

Of these, 2PA, 3PA, and self-focusing/defocusing are elec-

tronic nonlinearities that require high laser intensities usually

available only from pulsed picosecond or femtosecond lasers.

Therefore, the cause of the observed optical limiting turns out

to be excited state absorption. The net effect is then known as

‘‘effective’’ two-photon absorption (TPA) process. The non-

linear transmission behavior of the present samples can be

modeled by defining an effective nonlinear absorption coef-

ficient of the form,

aðIÞ ¼ a0

1þ I
Is

� �þ bI ð1Þ

can be considered, where a0 is the unsaturated linear

absorption coefficient at the wavelength of excitation, I is

Fig. 6 Cyclic voltammograms of a P1 and b P2 films cast on glassy

carbon disk in 0.1 M tetrabutylammonium perchlorate (TBAPC)/

CH3CN solution at 50 mV/s
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the input laser intensity, and Is is the saturation intensity

(intensity at which the linear absorption drops to half its

original value). b is the effective TPA coefficient. For

calculating the transmitted intensity for a given input

intensity, the propagation equation,

dI

dz0
¼ � a0

�
1þ I

Is

� �� �
þ bI

� �
I ð2Þ

was numerically solved. Here, z’ indicates the propagation

distance within the sample. By determining the best-fit

curves for the experimental data, the nonlinear parameters

could be calculated. Figures 7 and 8 show the open aper-

ture Z-scan curves obtained for polymer P1 and P2 and

their nanocomposites with 0.5, 1, and 2 wt% of silver

nanoparticles. Circles are data points, while the solid curve

is a numerical fit according to Eq. 2. The value of effective

TPA coefficient (b) for P1 and P1/Ag nanocomposites with

0.5 and 1 wt % silver nanoparticles were measured to be

4.4 9 10-11, 10.1 9 10-11, and 20.4 9 10-11 m/W,

respectively. While for P2 and P2/Ag nanocomposites with

0.5, 1, and 2 wt% silver nanoparticles, the obtained values

are 3.1 9 10-11, 3.8 9 10-11, 7.1 9 10-11, and 11.8 9

10-11 m/W, respectively. In case of polymer P1/Ag nano-

composite with 2 wt% of silver nanoparticles, scattering of

light was observed during the experiment. Hence, NLO

parameter for this composition was not estimated. An

enhancement of nonlinearity in polymer/Ag nanocomposites

are observed as compared to that of the pure polymer alone.

Nearly five times enhancement in nonlinearity was observed

in P1/Ag nanocomposite with 1 wt% silver nanoparticles.

The observed larger nonlinearity could be a result of local

field enhancement by the SPR of silver nanoparticles in the

nanocomposite structure [23, 26]. This can be explained on

the basis of the local field spatial variation, since the local

electric field induced by the laser beam near and inside the

silver nanoparticle can be much higher than the incident field

through the SPR. This resonance is a direct consequence of

dielectric confinement and can be interpreted in terms of a

collective oscillation of the electrons in metal nanoparticles.

Hence, the observed enhancement in NLO properties of

polymer/Ag nanocomposites is due to the SPR of silver

nanoparticles, which induces higher nonlinear absorption, in

comparison with that of the polymer alone. In addition, in the

Table 2 Electrochemical properties of P1 and P2

Polymer E(onset)
ox (V) E(oxd)a (V) E(onset)

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

P1 1.07 1.2 -0.93 -1.3 -5.34 -3.34 2.0

P2 1.0 1.1 -0.81 -1.4 -5.27 -3.46 1.81

a E(oxd) and E(red) are oxidation and reduction potentials of the polymer, respectively

Fig. 7 Open aperture Z-scan curve of a P1, b P1/0.5 wt% Ag

nanocomposite, and c P1/1 wt% Ag nanocomposite
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case of the nanosecond region, the thermal effect [35] cannot

be neglected but is considered to be a contribution to the

nonlinear properties. The b values of all the samples are

listed in Table 3. The values obtained in similar systems

under similar excitation conditions are: 10-11 m/W for

copper complexes containing 1,10-phenanthroline-5,6-

dione and triphenylphosphine ligands [36], 10-10–10-12 m/

W for copper (Cu) nanocomposite glasses [37],

3 9 10-11 m/W for functionalized carbon nanotubes [38],

and 0.53 9 10-10 m/W for bismuth (Bi) nanorods [39].

Thus, the improved optical limiting behavior indicates the

potential of these polymer nanocomposites to be used as

materials for photonic devices. The observed nonlinearity in

P1 and P2 could be attributed to the effective p-electron

delocalization due to the presence of strong electron donor

and electron acceptor units. Further, the presence of thie-

nylvinylene linkages not only planarize the molecule but also

increase the conjugation length of the repeating units, both

contributing to the effective p-electron delocalization in the

polymer chain and thus enhancing the NLO properties of the

polymer. Hence, incorporation of strong electron donor and

electron acceptor units in the polymer chain could be a

promising molecular design to obtain polymeric materials

with high nonlinear response. In addition, the NLO proper-

ties in these systems can be further enhanced by the incor-

poration of metal nanoparticles into the polymer matrix,

forming nanocomposite structures.

Conclusions

Two new donor–acceptor (D–A) conjugated polymers, P1

and P2 containing 3,4-didodecyloxythiophene and 1,3,4-

oxadiazole units were synthesized by Wittig method. The

Table 3 Effective TPA coefficient (b) of polymers (P1 and P2) and

their silver nanocomposites

Sample Illumination Effective TPA

coefficient b
(910-11 m/W)

Polymer P1 Pure polymer 4.4

P1 with 0.5 wt% Ag nanoparticles 10.1

P1 with 1 wt% Ag nanoparticles 20.4

Polymer P2 Pure polymer 3.1

P2 with 0.5 wt% Ag nanoparticles 3.8

P2 with 1 wt% Ag nanoparticles 7.1

P2 with 2 wt% Ag nanoparticles 11.8

Fig. 8 Open aperture Z-scan curve of a P2, b P2/0.5 wt% Ag nanocomposite, c P2/1 wt% Ag nanocomposite, and d P2/2 wt% Ag

nanocomposite
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chemical structures of the polymers were established by 1H

NMR and FTIR spectroscopic methods. The presence of

alkoxy pendants on thiophene rings was found to influence

the optical properties of the polymers. Hence, polymer P1

with two alkoxy substituted thiophene rings showed no signs

of p-stacking interactions in the solid state, which could be

attributed to the larger interchain distance imposed by the

alkoxy groups on two thiophene rings present in the polymer.

Thus, the absorption spectrum of the polymer retained sim-

ilar profiles regardless of the medium. Whereas polymer P2

with an unsubstituted thiophene ring showed a red shift in the

absorption maxima on going from solution to solid state,

indicating the presence of p-stacking interactions in the solid

state. The electrochemical properties revealed that P1 and P2

possess high-lying HOMO and low-lying LUMO energy

levels due to the presence of strong electron donating and

electron accepting units in the polymers chain. The yellow

Ag colloidal nanoparticles of average size ranging from 25 to

50 nm were obtained by the photoreduction of silver ions

under UV irradiation. The polymer/Ag nanocomposites

were prepared with different wt% silver nanoparticles by a

simple dispersion method. The effect of incorporation of

silver nanoparticles on thermal and optical properties of the

polymers was investigated. As compared to the polymer, a

broadening in the absorption spectrum was observed after

the addition of silver nanoparticles into the polymer matrix,

which could be due to the overlap of SPR band of Ag

nanoparticles with the absorption region of the polymers.

The NLO properties of the polymers and polymer/Ag

nanocomposites were studied by open aperture Z-scan

technique. All the samples showed a strong optical limiting

behavior, and the incorporation of Ag nanoparticles signifi-

cantly enhances the nonlinear absorption coefficient value of

the polymer. The highest effective TPA coefficient (b) value

of 2.04 9 10-10 m/W was obtained for P1/Ag nanocom-

posite with 1 wt% silver nanoparticles. The observed larger

nonlinearity is a result of local field enhancement by the SPR

of silver nanoparticles in the nanocomposite structure. Fur-

ther, the results indicate that the NLO properties of polymers

and their nanocomposites can be easily modulated by vary-

ing the concentration of Ag nanoparticles. Hence, the poly-

mers (P1 and P2) and their nanocomposites are expected to

be good candidates for new optical and nonlinear devices.
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