
1. Introduction

Growth of conjugated organic polymer materials was

saturated in the last 10 years, but still more attention

is paid to them because of having  potential applica-

tion in optoelectronics such as organic photovoltaic

devices (PSCs) [1], organic light emitting diodes

(OLEDs) [2], organic thin film transistors [3], solid

state lasers and chemical sensors [4] etc. The large

variety of applications of conjugated polymers is due

both to the great diversity of search of photophysical

properties and to the multiplicity of achievable design

as molecular structure. Conjugated polymers are hav-

ing many merits, such as mechanical flexibility, low

cost, facility of forming large areas, efficient and easy

of processability compared with inorganic materials.

Among the various kinds of conjugated polymers,

poly(p-phenylene vinylene)s (PPVs) and its deriva-

tives are widely investigated, because of their process-

ability, stability and optical and electrical character-

istics. By attentively selecting the conjugated polymer

backbone and side chains, we can alter a variety of

photoluminescence and electroluminescence colors.

Till now PPV has been reported with a variety of

substituents such as alkoxy [5], fluorenyl [6], phenyl

[7], alkyl [8], cyano group [9] or halides [10]. Among

these PPV conjugated polymers, alkoxy PPV conju-

gated polymers with poor solubility are detrimental

for device elaboration. Many conjugated polymers

are having poor solubility while performing device

fabrications. Through the incorporation of flexible

238

Conductive and photoactive nature of conjugated polymer

based on thiophene functionalized thiazole or

benzothiadiazole

K. Mahesh1, S. Karpagam1*, F. Goubard 2

1Department of Chemistry, School of Advanced Sciences, VIT University, Vellore-14, Tamil Nadu, India
2LPPI, Université de Cergy-Pontoise, 5 mail Gay Lussac, Neuville Sur Oise, 95031 Cergy-Pontoise Cedex, France

Received 24 August 2017; accepted in revised form 30 October 2017

Abstract. New poly (thiophene vinyl thiazole) (PTVT) and poly (thiophene vinyl benzothiadiazole) (PTVBT) was synthe-

sized by Wittig condensation route. The absorption maximum of PTVT and PTVBT appeared at 376 and 410 nm in a solution

state, and it was red-shifted to 417 and 510 nm in a thin film state. The optical band gaps were 1.7 and 1.5 eV calculated

from thin film absorption edges of the polymer. The photoluminescence spectra of PTVT and PTVBT have an emission

peak at 457 nm with bluish green and 487 nm with greenish-yellow fluorescence in THF solution. Both polymers showed a

short fluorescence decay time (τ1) of 2.31 and 0.73 ns respectively. Furthermore, the aggregation-caused quenching (ACQ)

phenomenon observed in both polymers in decreased fluorescence intensity with different water fractions. The lower elec-

trochemical band gaps were achieved for both polymers (1.4, and 1.3 eV) from cyclic voltammetry. Both polymers have a

granular shaped morphology with good surface roughness was observed using AFM. High thermal stability was observed

with 8% weight loss at 400°C for PTVT and 6% weight loss at 460°C for PTVBT. The highest electrical conductivity was

observed from electrochemical impedance measurement which was 7.68·10–6 Ω–1·cm–1 for PTVBT.

Keywords: thermal properties, poly(p-phenylenevinylene), photoluminescence, band gap, impedance

eXPRESS Polymer Letters Vol.12, No.3 (2018) 238–255
Available online at www.expresspolymlett.com
https://doi.org/10.3144/expresspolymlett.2018.22

*Corresponding author, e-mail: skarpagam80@yahoo.com

© BME-PT



and long side chains on the conjugated polymer back-

bone, we could achieve solubility, thermal stability

and good film-forming property of aromatic conju-

gated polymers [11, 12]. These flexible and bulkier

side chains create steric hindrance among the conju-

gated polymer backbones. This steric effect can be

controlled by the conjugation length of the polymer

results in the change of the fluorescence colour [13].

Our main objective is to obtain low band gap conju-

gated polymer with thiophene (as donor) and thia-

zole (as acceptor) moieties. We proposed to combine

these compounds with alkoxy phenylene vinylenes

in order to both increase photoluminescence and

lower the electrochemical band gap. The assertive ap-

proach is incorporating thiophene with thiazole to

create the donor-acceptor system to lower the band

gap and stimulate the intrachain charge transfer of

the polymer [14]. Thiophene is having an excellent

hole transporting ability, good light-harvesting prop-

erties and great thermal and environmental stability

[15, 16]. Thiazole and 2,1,3-benzothiadiazole are good

fluorescent chromophores and strong electron with-

drawing units due to the imine group (–C=N–) and

are used to lower the bandgap [17, 18].

However, numerous organic polymers in dilute so-

lution display different photophysical properties com-

pared with the concentrated solution. For instance,

it is a general phenomenon that luminescence is usu-

ally weakened or quenched at elevated concentra-

tions. This concentration quenching is mostly origi-

nated from the formation of aggregates, which has

commonly alluded as ‘ACQ’ [19]. It has been per-

ceived that most of the aromatic luminophores have

experienced the ACQ effect, which has been indicat-

ed in the outline of Photophysics of aromatic mole-

cules in 1970 [19]. Furthermore, the ACQ effect might

be more demand in the field of OLEDs [20].

The present article deals with the synthesis, charac-

terization and luminescence properties of new low

band gap bluish green and greenish yellow emitting

conjugated polymers (PTVT and PTVBT). Both

polymers exhibited ACQ effect at higher concentrat-

ed water fraction solutions (fw). PTVT consisted of

repeating units of thiophene bonded hexyloxy

phenylene vinylene and thiazole and PTVBT con-

sisted of repeating units of thiophene bonded dode-

cyloxy phenylene vinylene and benzothiadiazole. In

the reported polymers, monomers are connected

with ethylene linkages. The linkages have given the

planarity, flexibility and eliminated the torsional strain

between donor and acceptor on the entire conjugated

system [21]. Furthermore, we examined the optical,

electrochemical, surface morphology, conductivity

and thermal properties of the synthesized polymer.

2. Materials and methods

2.1. Reagents and solvents

Hydroquinone, bromine, 1-bromo hexane, 1-bro-

mododecane, tri-butylvinyltin, Pd(PPh3)4, 5-bromo-

2-thiophene carboxaldehyde, Pd(OAc)2, 4,5-di-

methylthiazole, 4,5-dimethyl-1,2-phenylenediamine,

thionyl chloride, triethylamine, N-bromosuccinimide,

benzoyl peroxide, triphenylphosphine, sodium hy-

dride were purchased from Sigma-Aldrich, Banga-

lore, India. Solvents such as tetrahydrofuran, hexane,

ethyl acetate, carbon tetrachloride, acetonitrile,

dichloromethane, and N,N-dimethyl formamide were

purchased from Sd-fine chemicals, India. All sol-

vents were purified by distillation before the synthe-

sis as per standard procedures.

2.2. Characterization methods

FT-IR analysis was studied through Thermo Nicolet

330 FT-IR spectrometer, Madison, WI USA. The
1H NMR and 13C NMR spectra were recorded on

Bruker Advance III 400 MHz spectrometer using

tetramethylsilane as an internal standard. The UV-vis-

ible absorption spectra were characterized on JASCO-

V-670 FT-IR spectrometer, Japan. The fluorescence

emission of the polymers was performed on Perkin

Elmer LS45 fluorescence spectrometer, Singapore.

The lifetime measurements were carried out with

Jobin Yvon FLUOROLOG-FL3-111 spectrofluorom-

eter. The aggregation changes were observed in

ZEISS (EVO18) scanning electron microscope, USA.

Polymer thin films are spin-coated on a silica glass

substrate by using apex spin NXG-P1 instrument,

Kolkata, India. The surface morphological images

were taken using on Nanosurf Easyscan 2 AFM in-

strument, Switzerland. Cyclic voltammogram peaks

were recorded on CH-I 660C instrument, Austin,

USA. These electrochemical studies carried out using

anhydrous acetonitrile solvent with the three-electrode

system. Ag/AgCl as a reference electrode, platinum

wire as a counter electrode, polymer coated ITO glass

as a working electrode and tetrabutylammonium

hexafluorophosphate (Bu4NPF6) (0.1 M) as the elec-

trolyte. TGA analysis carried out using SDT Q600

V20.9 build 20 instrument under nitrogen flow rate

100 mL/min, USA. The electrochemical impedance
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conductivity was carried out using CH-I 760C in-

strument with a conventional three-electrode system

using Ag/AgCl as a reference electrode, platinum wire

as a counter electrode, polymer coated glassy carbon

electrode (GCE, area 0.0707 cm2) as a working elec-

trode. The molecular weights of the intermediates

were obtained from Perkin Elmer Clarus 680GC-MS

spectrometer, Singapore. The polymer molecular

weights were observed by gel permeation chro-

matography using a Waters-RID 2414 instrument.

2.3. Synthetic procedure

2.3.1. Synthesis of 2,5-dibromo hydroquinone (2)

To a stirred solution of hydroquinone (5 g, 45.4 mmol)

in acetic acid (50 mL) were added to a mixture of

bromine (5.8 mL, 113.52 mmol) in acetic acid (6 mL)

under cold condition via syringe. After completion of

addition, the reaction mixture was stirred at room tem-

perature for 20 h. After the reaction mixture was dilut-

ed with water, resulting precipitation was filtered and

washed with cold water for the removal of acetic acid

traces. Then the resulting precipitate was dried and

kept under vacuum oven to get a brown color solid.

Yield: 72%, m.p: 182–185°C. 1H NMR (400 MHz,

CDCl3, δ ppm): 7.0 (s, 2H, aromatic 1H), 3.4 (s, 2H,

–OH). 13C NMR (100 MHz, CDCl3, δ ppm): 147.2,

119.4, 108.2 (aromatic C). Molecular weight calculat-

ed for C6H4Br2O2 (m/z) = 267.90, found, 267.98.

2.3.2. Synthesis of 1,4-dibromo-2,5-bis-

hexyloxybenzene (3a)

A flask was charged with a mixture of 2,5-dibromo

hydroquinone (2) (0.5 g, 1.86 mmol) and 25 mL of

DMF. To this stirred solution K2CO3 (0.9 g,

6.53 mmol) was added pinch wise. Then, 1-bromo-

hexane (0.67 mL, 4.85 mmol) was slowly added to

the reaction mixture. The resulting mixture was

stirred at 90 °C under nitrogen condition for 12 h.

The dark brown color solution was diluted with ice

cold water and extracted with ethyl acetate and dried

over Na2SO4. After evaporation of ethyl acetate, the

crude product was purified by column chromatogra-

phy using hexane as eluent to get a white color solid.

Yield: 61%, m.p: 50–53 °C. 1H NMR (400 MHz,

CDCl3, δ ppm): 7.0 (s, 2H, aromatic 1H), 3.8 (t, 4H,

–OCH2–), 1.7–0.8 (m, 22H, –CH2 and –CH3).
13C NMR (100 MHz, CDCl3, δ ppm): 150.1, 118.5,

111.1 (aromatic C), 70.3, 30.9, 29.0, 25.6, 22.5, 14.0

(hexyl chain C). Molecular weight calculated for

C18H28Br2O2 (m/z) = 436.22, found, 436.3.

2.3.3. Synthesis of 1,4-bis-hexyloxy-2,5-

divinylbenzene (4a)

Compound (3a) (1.2 g, 2.75 mmol) was dissolved in

150 mL of toluene. To this stirred solution tri-butyl

vinyl tin (1.85 mL, 6.32 mmol), Pd(PPh3)4 (0.15 g,

0.137 mmol) were added under N2 condition. The

resulting mixture was stirred at 120°C under the N2

condition for 40 h. After the reaction mixture was

cooled to room temperature, the crude product was

diluted with water and extracted with diethyl ether.

The organic phase was washed twice with brine so-

lution and dried over Na2SO4. After evaporation of

organic layer, the crude product was purified by col-

umn chromatography by using of hexane as eluent.

Yield: 40%, m.p: 45°C. 1H NMR (400 MHz, CDCl3,

δ ppm): 7.0 (dd, 2H, germinal vinyl–H), 6.91 (s, 2H,

Ar–H), 5.67 (d, 2H, cis-vinyl–H), 5.18 (d, 2H, trans-

vinyl H), 3.95 (t, 4H, –OCH2–), 1.7–0.8 (m, 22H,

–CH2– and –CH3). 13C NMR (100 MHz, CDCl3,

δ ppm): 150.6, 131.5, 127.2 (aromatic C), 114.0,

110.6 (vinyl C), 69.37, 31.61, 29.7, 25.8, 22.6, 14.04

(hexyl chain C). Molecular weight calculated for

C22H34O2 (m/z) = 330.50, found, 330.57.

2.3.4. Synthesis of monomer 1 (M1)

A flask was charged with mixture of compound (4a)

(1 g, 1.99 mmol), 5-bromo-2-thiophene carboxalde-

hyde (0.76 g, 3.98 mmol), Pd(OAc)2 (0.009 g,

0.039 mmol), triphenyl phosphine (0.2 g, 0.79 mmol)

and K2CO3 (0.55 g, 3.98 mmol) in DMF. After the

flask was degassed and purged with nitrogen for

15 min. The reaction mixture was heated at 140°C

for 40 h. Then it was cooled and diluted with water,

and then extracted with ethyl acetate. After evapo-

ration of ethyl acetate, the crude product was puri-

fied by column chromatography by using of 1:9 ratio

of ethyl acetate: hexane as eluent to get a yellow color

solid. Yield: 72%. m.p: 40 °C. 1H NMR (400 MHz,

CDCl3, δ ppm): 9.79 (s, 2H, –CHO), 7.60 (d, 2H,

Thiophene H), 7.29 (d, 2H, thiophene H), 7.18 (d,

2H, olefinic H), 7.00 (d, 2H, olefinic H), 6.97 (s, 2H,

phenylene H), 3.90 (m, 4H, –OCH2–), 1.70–0.8 (m,

22H, –CH2 and –CH3). 
13C NMR (100 MHz, CDCl3,

ppm): 182.5 (–CHO), 147.2, 141.7, 137.3, 136.0,

128.3, 127.1, 126.1, 124.2 (aromatic C), 31.5, 29.7,

29.5, 29.3, 22.7, 14.1 (hexyl C). Compounds 3b, 4b

and monomer-2 (M2) were synthesized by using

preparation methods of 3a, 4a and M1. The hexy-

loxy chain was replaced with the dodecyloxy chain

in M2.
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2.3.5. Preparation of

4,5-(triphenylphosphoniummethyl)thiazole

dibromide (Monomer 3 (M3))

Monomer-3 (M3) was synthesized according to our

previous literature [27]. FTIR (ν/cm–1): 3020.4 (aro-

matic C–H stretch), 1736.8 (C=C bending), 1586

(–C=N– stretch), 1432 (aromatic C–C stretch), 745.4

(C–P), 685.2 (C–Br), 550.5 (P–Br). 1H NMR

(400 MHz, DMSO-d6, δ ppm): 8.95 (s, 1H, thiazole

H), 7.96–7.66 (m, 30H, Phenyl H), 5.43 (s, 2H, 

–CH2–), 5.42 (s, 2H, –CH2–). 13C NMR (100 MHz,

CDCl3, δ ppm): 154.21, 154.17, 153.90, 153.81,

135.41, 135.39, 133.92, 133.82, 130.32, 130.20,

117.63, 116.78, 116.54, 116.44 (phenyl-C), 21.07,

14.17 (–CH2–).

2.3.6. Preparation of 5,6-dimethyl-[2,1,3]

benzothiadiazole (8)

Compound 7 (5 g, 36.71 mmol) and triethylamine

(18.57 g, 183.55) were dissolved in DCM (150 mL)

and cooled to 0 °C. Thionyl chloride (8.73 g,

73.42 mmol) was slowly dropped to the stirred so-

lution. After that reaction mixture was refluxed for

6 h, the reaction mixture was diluted with 300 mL

of water and the dichloromethane phase was separat-

ed, washed with brine solution, and dried over anhy-

drous Na2SO4. The crude product was purified by

using column chromatography on silica gel (1:9

ethyl acetate/hexane) to give compound 8 as color-

less solid. Yield: 4 g, 70%. mp: 72 °C. 1H NMR

(400 MHz, CDCl3, δ ppm): 7.71 (s, 2H, Ar H1),

2.42 (s, 6H, –CH3–). 13C NMR (100 MHz, CDCl3,

δ ppm): 154.27, 140.53, 119.77 (Ar C), 20.79 

(–CH3–).

2.3.7. Preparation of 5,6-bis(bromomethyl)[2,1,3]

benzothiadiazole (9)

Compound 8 (4 g, 24.35 mmol), N-bromosuccin-

imide (NBS) (8.66 g, 48.71 mmol), and benzoyl per-

oxide (0.23 g, 0.97 mmol) were dissolved in CCl4

(100 mL) was refluxed for 6 h. After the reaction

mixture was cooled and succinimide salt was re-

moved by filtration, and the filtrate was evaporated

to give the compound 9 as the brown color solid.

Yield: 6.5 g, 83%. mp: 80°C. 1H NMR (400 MHz,

CDCl3, δ ppm): 8.06 (s, 2H, Ar H1), 4.84 (s, 4H,

–CH2–). 13C NMR (400 MHz, CDCl3, δ ppm):

154.52, 138.24, 123.55 (Ar C), 30.08 (–CH2–).

2.3.8. Preparation of 5,6-bis(triphenylphospho-

niummethyl)[2,1,3] benzothiadiazole 

dibromide (Monomer-4 (M4))

Compound 9 (2 g, 6.25 mmol), and triphenylphos-

phine (3.44 g, 13.13 mmol) were dissolved in CH3CN

(100 mL) and CH2Cl2 (10 mL). The resulting sus-

pension was stirred at room temperature for

overnight. The formations of white color precipitates

were observed and solid was filtered, washed twice

with diethyl ether. The white color solid was ob-

tained. Yield: 4.24 g, 80%. FT-IR (KBr, ν/cm–1):

3053.3 (Ar C–H stretch), 1739.7 (C=C bending),

1435.0 (Ar C–C stretch), 1585.4 (C=N stretch), 686.6

(C–Br). 1H NMR (400 MHz, DMSO-d6, δ ppm):

7.94–7.57 (m, 32H, Phenyl 1H), 4.75 (S, 4H, –CH2–).
13C NMR (100 MHz, DMSO-d6, δppm): 152.64,

135.39, 134.07, 133.97, 130.32, 130.20, 129.36, 125.1,

117.53, 116.6 (Ar C), 30.6 (–CH2–).

2.3.9. Synthesis of polymer PTVT

M1 (0.5 g, 0.9 mmol) was dissolved in dry THF. To

this solution 60% NaH (4.53 mmol) was added as

portion wise, then white color suspension was turned

to purple color. After M2 (0.45 mmol) was added,

the solution was stirred at 65 °C for 24 h. After cool-

ing, the reaction mixture was diluted with water and

the organic phase was extracted with ethyl acetate

(80 mL×2). After solvent evaporation, the crude

product was recrystallized from isopropanol to give

polymer PTVT as a yellow color solid. FT-IR (KBr,

ν/cm–1): 2922 (aromatic C–H stretch), 2853 (–CH3

stretch), 1712.8 (–C=N stretch), 1618.5 (C=C alkene

stretch), 1455.1 (aromatic C=C), 1215 (C–N

stretch), 933.5 (trans-vinylene). 1H NMR (CDCl3,

400 MHz,  δppm): 8.55 (s, thiazole H), 7.21–7.18

(m, vinylene H nearer to thiazole), 7.08–6.95 (m,

thiophene H), 6.94–6.87 (m, vinylene H), 6.86–6.78

(m, phenyl H), 4.1 (m, –OCH2–), 1.79–0.79 (m,

hexyl H).

2.4. Synthesis of polymer PTVBT

Polymer PTVBT was synthesized from M2 and M4

by using the above procedure.

FT-IR (KBr, ν/cm–1): 3022 (aromatic C–H stretch),

2953.9 (–CH3 stretch), 1724.5 (–C=N stretch), 1623.9

(C=C alkene stretch), 1476 (aromatic C=C), 1212.3

(C–N stretch), 932.7 (trans-vinylene). 1H NMR

(CDCl3, 400 MHz, δ ppm): 7.24–7.22 (m, benzoth-

Mahesh et al. – eXPRESS Polymer Letters Vol.12, No.3 (2018) 238–255

241



iadiazole H), 7.20–7.18 (m, vinylene H nearer to

benzothiadiazole), 7.08–7.00 (m, thiophene H),

6.99–6.92 (m, vinylene H), 6.90-6.79 (m, phenyl H),

4.1 (m, –OCH2–), 1.79–0.79 (m, dodecyl H).
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3. Results and discussion

3.1. Synthesis and structural characterization

of monomers 

Figure 1 outlines the general synthetic procedure of

monomers and polymers PTVT and PTVBT. The

structures of intermediates, monomers, and polymers

were confirmed by FT-IR and 1H NMR. Intermedi-

ates 4a and 4b were synthesized from hydroquinone

by three-step reaction based on the previous litera-

ture [22, 23]. The M1 and M2 were synthesized with

a yield of 72% by Heck coupling of 5-bromothio-

phene-2-carbaldehyde and compound 4a, 4b with

Pd(OAc)2 as the catalyst. The aldehyde absorption

band of the M1 and M2 appeared at 1641.2 cm–1 in

FT-IR, 9.79 and 182.5 ppm in 1H and 13C NMR

spectrum. The newly formed ethylene linkage signal

was observed at 7.18 ppm in 1H NMR spectrum.

As shown in  Figure 1, M3 was synthesized from di-

methyl thiazole from previous literature [27]. The

structure of the M3 was confirmed by sharp absorp-

tion band formed at 745.4 (C–P band), 685.2 (C–Br

stretching) in FT-IR spectra and phenyl protons of

phosphonium salt were observed at 7.96–7.66 ppm

in NMR spectroscopy.

In the case of the M4 moiety, it was synthesized from

4,5-dimethyl-1,2-phenylenediamine as a starting ma-

terial by three-step reactions. The structure of M4

was confirmed by sharp absorption bands at 1585.4

(C=N stretch), 686.6 (C–Br) in FT-IR spectra and

30 phenyl protons of phosphonium salt was ob-

served at 7.94–7.57 ppm in 1H NMR analysis.

3.2. Structural characterization of polymers

The synthetic procedure of both polymers has been

illustrated in Figure 1. Final polymers were synthe-

sized using of Wittig condensation. The PTVT poly-

mer was prepared from the M1 and M3 and PTVBT

polymer was prepared from M2 and M4 using of NaH

as a base under THF solvent. The dialdehydes (M1

and M2) undergo (2+2) cycloaddition with ylides

(M3 and M4) in the presence of NaH base and forms

a zwitterionic intermediate called as betaine and it

converts into four-membered cyclic oxaphosphetane

intermediate. Later it was transformed to (Z)-alkene

and phosphine oxide due to its stability. Here phos-

phine oxide stability acts as a driving force for the

alkene (conjugated polymer) synthesis. The FT-IR

(Figure 2) demonstrated that both polymers (PTVT

and PTVBT) showed absorption bands at 933.5,

932.7 cm–1 which indicate the trans-vinylene is a

major product among newly formed vinylene bonds.

The 1H NMR spectra of both polymers are shown in

Figure 3 and Figure 4. The polymer PTVT exposed

downfield peak at 8.55 ppm, which represents thia-

zole proton. The trans-vinylene protons of both poly-

mers peaks observed at 7.21–6.87 ppm which con-

firmed the successful polymerization of monomers.

In PTVBT benzothiadiazole protons are observed at

7.24–7.22 ppm. In addition, remaining peaks showed

good conformity with the resulting polymers. The

synthesized polymers showed solubility in common

organic solvents, such as toluene, chloroform, THF,

diethyl ether at room temperature because of long

alkoxy chains.

The number average molecular weight (Mn), the

weight average molecular weight (Mw) and polydis-

persity index (PDI) were measured by gel perme-

ation chromatography (GPC) against polystyrene

standards using THF as eluent. GPC showed mod-

erate molecular weights of PTVT has been found the

Mn was 3942 Da with PDI of 1.07 and for PTVBT

has been found the Mn was 6201 Da with PDI of

1.10. The lower polydispersity leads to the increase

the efficiency of Polymer light-emitting diodes

(PLEDs) [24]. Both polymers exhibited lower PDI

than the recent literature of thienylene-biphenylene

vinylene polymers [25].

3.3. Optical characterization

3.3.1. Absorption studies

Figure 5 shows the optical absorption properties of

polymers in dilute THF solution (5·10–5 M) and thin

film state. In absorption spectra, both polymers ex-

hibited two different types of absorption peaks. The

first absorption peak appeared in the UV domain,

which has shown the absorption maxima value at
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Figure 4. 1H NMR spectra of the PTVBT



285 nm for both polymers due to π–π* electronic

transition. In absorption spectra, absorption maxima

value observed at 376 and 410 nm for respectively

PTVT and PTVBT. This was attributed to the inter-

nal charge transfer (n–π*) between donor (thiophene

bonded PPV) and acceptor (thiazole or benzothiadi-

azole). Shoulder peak was also observed at 393 and

437 nm for PTVBT and this was 36 nm red shifted

whilst compared with PTVT because of strong charge

transfer nature of benzothiadiazole.

In solid state film, absorption peaks are both broader

and 41 nm red shifted with maxima which observed

at 410 and 517 nm for respectively PTVT and PTVBT.

The extensive red-shifted absorption peaks of both

polymers in the thin film demonstrated the effect of

π-stacking on the electronic structure of the polymer

backbone, helped the planarity of the polymer chain

and expanded the conjugation length in the thin film

state. The optical band gap values   determined from

the absorption edge of the thin film spectra accord-

ing to Equation (1) [17]:

(1)

For both polymers Eg
opt values calculated as 1.7 and

1.5 eV. It was a lower band gap than previously re-

ported phenyl substituted poly(p-phenylene viny-

lene) polymer derivatives [26] and our previously re-

ported thiophene and thiazole-based donor-acceptor

conjugated polymer [27].

3.3.2. Photoluminescence studies

Figure 6 shows the fluorescence emission spectra of

both polymers in dilute THF solution and thin film

state. In solution state, PTVT showed strong bluish

green fluorescent color with emission maxima at

457 nm without any shoulder. The other polymer

PTVBT exhibited greenish yellow color fluorescent

emission maxima at 487 nm with a shoulder at

464 nm. The 30 nm red shift in emission spectra for

polymer PTVBT, compared to PTVT, is accredited

to the more expanded conjugation of alternative

PPV-thiophene and benzothiadiazole segments and

the stable donor-acceptor intermolecular interaction.

It was red-shifted when compared with previously

reported hexaphenylene end-capped tri(p-phenylene

vinylene) derivatives [28].

Solid state emission of the polymers was observed

through the thin films state. In a thin film, both the

spectra of polymers were broader and red-shifted as

compared to the THF solution. Thin film emission

maxima were recorded at 496 and 510 nm for PTVT

and PTVBT. This value was 39 and 23 nm red-shift-

ed while compared with solution spectra. This red

shift is correlated with interchain interactions of the

polymeric backbone and π–π stacking in the solid

state. Moreover, the onset of polymers emission was

almost similar in solution and thin film state, demon-

strating that a conjugation hindrance exists, which is

probably attributed to the non-coplanar system

amongst phenylene vinylene and thiophene groups,

that is the phenylene vinylene trans geometry along

the chain averts coplanarity in the conjugated back-

bone owing to repulsion between the vinylene hy-

drogen and thiophene hydrogen and phenylene rings

inducing to lower coplanarity.

Stokes shift was observed to find out the position of

absorption and emission maxima. The lower Stokes

shift was observed because of self-absorbing the

emitted light. This may decrease the luminescence

absorption onset equationE
1240

g
opt =

Mahesh et al. – eXPRESS Polymer Letters Vol.12, No.3 (2018) 238–255

245

Figure 5. Absorption spectra of both polymers in THF solu-

tion and thin film state

Figure 6. Fluorescence spectra of both polymers in THF so-

lution and thin film state



of the polymers. The Stokes shift was calculated ac-

cording to the Equation (2):

(2)

In our study, Stokes shift of PTVT and PTVBT were

calculated as 81 and 77 nm. This value is higher than

previously published diketopyrrolopyrrole contain-

ing poly(phenylene) substituent [29]. In both poly-

mers, PTVBT has strong benzothiadiazole acceptor

because it contains more imine (good chromophore)

groups than thiazole and also having more conjuga-

tion than thiazole. So it has been exhibited good lu-

minescence characters.

3.3.3. Fluorescence lifetime measurement

Fluorescence lifetime was quantified to find the time

of the present polymer spends time in the excited state

before coming to the ground state. Figure 7 shows

typical fluorescence lifetime (decay time) spectrum

for the polymers PTVT and PTVBT with the emis-

sion wavelengths of 457 and 487 nm. For both poly-

mers, nanosecond time profiles were measured utiliz-

ing a time-correlated single photon counting method

[30]. Investigation of the decay curve demonstrated

that it could be fitted effectively with that two expo-

nential decay function of the Equation (3):

(3)

where A is the amplitude of fluorescence intensity at

time zero and τ is fluorescence decay time. The cal-

culated parameters from the biexponential curves for

PTVT and PTVBT were displayed in Table 1. The

first lifetime (τ1) of PTVT is 2.31 ns and a second

lifetime (τ2) = 8.92 ns have the lowest χ2 fit (1.32).

The reduced τ1 for PTVBT is 0.73 ns and τ2 = 3.2 ns

have the 1.08 χ2 fit. The nature of the fit was as-

sessed by the examination of the residuals, and the

value of the decreased χ2 ratio [30].

3.3.4. Measurement of quantum yield

The importance and fundamental properties of pho-

toluminescent materials were represented by quan-

tum yield. The difference between the number of

emitted photons and number of absorbed photons of

the fluorophore is defined as quantum yield. Differ-

ent approaches have been investigated to estimate

this quantity, contingent on whether the fluorophore

is in solid or in solution phase. The efficiency of or-

ganic devices was mainly dependent on the emission

quantum yield, decay, and emission range. This is

applicable for organic optoelectronic devices such

as OLEDs [31].

In this study, the quantum yield can be measured by

using quinine sulfate with 0.1 M H2SO4 solution as

standard reference. The standard reference having

absorption maxima and quantum yield was 350 and

0.54 nm, which was used to calculate the relative

. .max maxStokes emission absorptionm m mD = -

t 1

t
1x

-

eF A=Q V
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Figure 7. Fluorescence Lifetime spectrum of (a) PTVT and (b) PTVBT

Table. 1 Fluorescence lifetime analysis data

Polymer Analysis

Lifetime

[ns]
Amplitude

χ2

τ1 τ2 A1 A2

PTVT Two exponential 2.31 8.92 33.63 12.34 1.32

PTVBT Two exponential 0.73 3.20 83.68 16.32 1.08



quantum yield of our polymers. The relative quan-

tum yields of polymers were calculated on the basis

of Equation (4) [32]:

(4)

where Ф quantum yield, I integrated intensity of the

emission spectra, OD absorbance at the excitation

wavelength, n refractive index, R reference fluo-

rophore with a known quantum yield [33].

The quantum yield values of PTVT and PTVBT

were found to be 0.35 and 0.39, respectively in THF

solution. The quantum efficiency of PTVBT is

slightly higher than that of PTVT due to the lower

energy of the emitting states, which may, in turn,

promote nonradiative pathways [34]. According to

electron transfer mechanism, the moderate quantum

yield was noticed, owing to the photoinduced in-

tramolecular charge transfer mechanism to take

place between thiophene and thiazoles. This is a fa-

miliar aspect observed in donor-acceptor based con-

jugated polymers [35].

3.3.5. Aggregation studies

In aggregate stage, both polymeric luminophores ex-

hibit reduced emission, this phenomenon is called

ACQ. To exploit the possible ACQ characteristics of

PTVT and PTVBT, we carried out their absorption

(UV) and fluorescence (PL) nature under variation

fractions of in THF/water. In both UV and PL stud-

ies, water fraction (fw) was increased from 0 to 90%.

Figure 8a demonstrated that PTVT showed the π–π*

electronic transition (λmax) at 285 nm and n–π* elec-

tronic transition at 376 nm in pure THF solvent. As

water fraction increased from 0 to 60%, the intensity

of π–π* absorption peak was decreased gradually and

red shifted up to 15 nm when fw was allowed to in-

crease from 60 to 90%, the intensity of absorption

peak was increased and blue shifted up to 2 nm. On

increasing the fw from 0–60%, the n–π* peak also ob-

served drastic changes and blue shifted up to 10 nm

with lesser intensity. Then fw increased from 60 to

90%, the same peak has begun to show a blue shift

(2 nm) with increasing intensity (Figure 8a). Totally

12 nm blue shift of PTVT could exhibit H-aggrega-

tion with increasing fw from 0 to 90% [36].

PTVBT and PTVT are also exhibiting similar proper-

ties which as shown in Figure 8b. The π–π* electronic

transition of PTVBT (λmax) was noted at 285 nm and

n–π* electronic transition was assigned at 410 nm

under THF solvent. While the fw was increased from

0 to 60%, π–π* absorption peak has shown gradual de-

creases of intensity with 35 nm redshift. Then fw in-

creased from 60 to 90%, same absorption peak has

shown 20 nm blue shift with higher intensity. But in

the case of n–π* electronic transition peak, it has

shown a lowering of intensity without any shift. Then

fw increased from 60 to 90%, the intensity of absorp-

tion peak increased with 23 nm blue shift shown in the

Figure 8b. The total 23 nm blue shift of PTVBT also

could indicate H-aggregation with increasing of fw
from 60 to 90% [36]. The enormous amount of

achievement is paid on tuning the H-aggregation

stacking mode of both polymers by incorporating of

hetero atoms with phenylene alkoxy side chains, cre-

ating the steric effect and outside strain [36, 37]. Ex-

cellent charge mobility could be achieved in this stack-

ing pattern as proved by previous literature [38].

The PL spectra of dilute THF solution of PTVT

(10 µM) was transparent and displayed bluish green

I
I

OD
OD

n
n

R
R

R

R

2

U U=
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Figure 8. UV-Vis spectra of (a) PTVT and (b) PTVBT in THF-water mixtures (10 µM) with various water fractions (fw)



emission when excited at 457 nm at room tempera-

ture. When fw was increased to 0 to 90%, which

means PTVT starts the formation of aggregation

from fw = 10 to 90%, the PL curves of PTVT began

to show gradual decrease of fluorescence emission

without altering the wavelength. This is clearly de-

picted in the Figure 9a. The reduced color emission

picture was shown in the Figure 10a. The THF di-

luted PTVBT (10 µM) solution display greenish yel-

low emission and excited at 487 nm. In Figure 9b, it

can be seen that the emission peak remains almost

the same up to 50% fw, which means the PTVBT

resists the formation of aggregation. When fw was

increased beyond 50% (fw = 60–90%), the intensity

of fluorescence decreased gradually. Weak fluores-

cence was observed at the water fractions of 80 and

90%, which is shown in Figure 10b. This indicates

that both polymers (PTVT, PTVBT) confirmed the

ACQ type of aggregation, which leads to decrease

the fluorescence efficiency.

ACQ may be caused by the aggregation of lu-

minophores. The aromatic rings of polymers having

disc-like shapes, experience strong intermolecular

π–π stacking interactions. The excited states of cor-

responding aggregates often relax back or decay to

the ground state by means of non-radiative channels,

resulting in the emission weakened or quenching of

the luminophores [39]. The aggregation of both poly-

mer particles in THF-water mixture was further con-

firmed by SEM analysis which is shown in Fig-

ure 11. The usual radius of the PTVT aggregates

decreased continuously from 4, 2 to 1.5 µm as the fw
was increased from 30, 60, and 90% respectively.

The PTVBT aggregates also decreased continuously

from 5, 3 to 1 µm as the fw was increased from 30, 60,

and 90% respectively. The size of aggregates dimin-

ishes with raising fw because of the rapid reduction

in solvating (THF) power of solvent blends that is

bolstered by SEM pictures. This perception has been

reported in the literature [40]. ACQ effect is very de-

manding for OLEDs because of the guest molecules

clump together, which diminish the brightness.

When guest molecules are closer than ideal mole-

cules, there is a chance for excited states to relax via

nonradiative pathways. Each of these factors influ-

ences the efficiency and brightness of OLEDs and

light-emitting electrochemical cell applications [20].

3.4. Electrochemical properties

The electrochemical properties of the polymers were

carried out by cyclic voltammetry (CV). CV was per-

formed to calculate the Highest occupied molecular
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Figure 9. Changes in emission spectra (a) PTVT and (b) PTVBT in THF/water mixtures with different water fractions

(fw) 0–90%

Figure 10. Visual changes to fluorescence emission photos

of (a) PTVT and (b) PTVBT in THF/water mix-

tures with different water fractions (fw) 0–90%

under long UV lamp



orbital (HOMO) and Lowest unoccupied molecular

orbital (LUMO) energy values from oxidation and

reduction potential values of the polymer. Figure 12

shows the cyclic voltammograms of both polymers.

Clearly, both polymers have positive (oxidation) and

negative (reduction) peaks which indicate the wide

distribution of donor and acceptor units in the sys-

tem. The HOMO, LUMO and electrochemical band

gap (Egec) value of both polymers were estimated

using the reported empirical Equations (5–7) [41]:

(5)

(6)

(7)

Table 2 shows the electrochemical energy level val-

ues of polymers. Both copolymers showed a tran-

scendent anodic peak because of electron donating

thienylene-PPV units and a strong reduction peak

pertinent to the electron withdrawing thiazole and

benzothiadiazole moieties. The onset oxidation (Eox)

and reduction (Ered) potentials of PTVT were 0.87

and –0.53 V respectively. The HOMO and LUMO

energy levels were –5.24 and –3.84 eV respectively

,E E 4 37HOMO ox=- +R W

,E E 4 37LUMO red=- +R W

E E Eg HOMO LUMO=- -R W
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Figure 11. SEM images of PTVT and PTVBT in THF/water mixtures: (a) PTVT in THF/H2O (70/30, v/v), (b) PTVT in

THF/H2O (40/60, v/v), (c) PTVT in THF/H2O (10/90, v/v), (d) PTVBT in THF/H2O (70/30, v/v), (e) PTVBT in

THF/H2O (40/60, v/v), (f) PTVBT in THF/H2O (10/90, v/v)

Figure 12. Cyclic voltammogram of PTVT & PTVBT thin

film on ITO glass in 0.1 M Bu4NPF6 of CH3CN

solution with a scan rate 50 mV/s

Table 2. Optical and electrochemical properties of PTVT and PTVBT

aElectrical band gaps were calculated from using the equation, Eg = EHOMO–ELUMO.
bOptical band gaps were calculated from absorption edge of the thin film spectra according to Eg = 1240/absorption onset

Polymer
Eonset

ox

[V]

Eonset
red

[V]

HOMO

[eV]

LUMO

[eV]

Eg
ec

[eV]a

Eg
Opt

[eV]b

PTVT 0.87 –0.53 –5.24 –3.84 1.4 1.7

PTVBT 0.80 –0.50 –5.17 –3.87 1.3 1.5



and Eg
ec was 1.4 eV. The onset Eox and Ered potentials

of PTVBT were 0.80 and –0.50 V respectively. The

HOMO and LUMO energy levels are calculated

were –5.17 and –3.87 eV respectively and Eg
ec was

1.3 eV. Both polymers exhibited extremely lower

band gap values, when compared with MDMO-PPV,

MEH-PPV and P3HT polymers, which was repre-

sented in Figure 13. The electrochemical band gap

values are lower in comparison with optical band

gap values; this is a resemblance to previous reports,

where the reported copolymers carrying alkoxy side

groups [42]. The difference between absorption band

gap and electrochemical band gap for PTVT is 0.3 eV,

for PTVBT is 0.2 eV. Still, these different values

were within the range of error (0.2–0.5 eV) [43]. This

can be attributed to the formation of free ions in an

electrochemical experiment which distinguishes with

optical absorption spectra. From these two polymers,

PTVBT showed lower LUMO and band gap values

because of two imine groups created a strong with-

drawing nature towards benzothiadiazole. The band

gap was lower when compared with anthracene and

thiophene containing PPV [42]. Observation of

lower band gap was due to fast charge transfer be-

tween thiophene donor and thiazole acceptor. These

types of lower band gap polymers worked with great

efficiency in the area of photovoltaic applications.

3.5. Surface morphology analysis

AFM is a sort of microscopy with a fine-tapped test

for examining the surface [44]. AFM is vital for the

polymer characterization which gives data on sur-

face topography. The morphology of both polymers

was observed through polymer coated on glass

plates. This coating was done by spin coating sys-

tem. The morphology of the polymer’s surface is

very pertinent to polymer devices, charge transport

and device lifetime. The surface morphology of both

polymers was depicted in Figure 14. PTVT exhibit-

ed granule-shaped particles and that particle length

was measured as 2.2 µm and width was measured

as 0.89 µm. PTVBT also exhibited granule-shaped

particles and the particle size was measured as

3.8 µm.

AFM topography was also used to calculate the root

mean square (RMS), the surface roughness (Sq), av-

erage surface roughness (Sa), peak-peak height (Sy),

maximum peak height (Sp) and maximum peak-val-

ley depth. All these surface measurements of poly-

mers were represented in Table 3. The RMS surface

roughness was noticed to be 36.2 and 48.2 nm for

PTVTandPTVBT. These values were higher than

PPV based dithenyl(thienothiadiazole)copolymer

[45]. The higher surface roughness of the polymers

is to increase the internal series resistance, internal

light scattering, light absorption, and photocurrent

of the device [46, 47]. In AFM, both polymers ex-

hibited good film-forming property due to good sol-

ubility with large domain size particles. The long

alkyl chains (hexyloxy and dodecyloxy) affected the

drying kinetics and self-organization of the polymers

film during spin coating system which increased the

particles domain size. Both polymers, PTVBT ex-

hibited large domain size particles (3.8 µm) due to

the long alkyl chain (dodecyloxy chain) [48].

3.6. Thermal analysis

The thermal behavior of the polymer was measured

by thermogravimetric analysis (TGA) and has shown

in Figure 15. The temperature ramp rate is 10°C·min–1
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Figure 13. Schematic diagram of HOMO/LUMO and band

gap energy levels of PTVT, PTVBT and compar-

ison with MDMO-PPV, MEH-PPV, and P3HT

polymers

Table 3. Surface morphology measurements of PTVT and PTVBT

Polymer

Average surface

roughness (Sa)
[nm]

RMS roughness

(Sq)
[nm]

Peak-peak

height (Sy)
[nm]

Maximum peak

height (Sp)
[nm]

Maximum peak-

valley depth (Sv)
[nm]

Maximum peak-

valley (Sp–Sv)
[nm]

PTVT 30.0 36.2 219.0 134.2 0–84.9 219.1

PTVBT 34.8 48.2 346.4 086.1 –260.3 346.4



under inert condition. Both polymers exhibited two

stages of thermal decomposition. For PTVT the first

decomposition temperature with 8% weight loss at

400°C. The second stage of decomposition began at

640°C and continued up to 800°C with 52% weight

loss. For PTVBT the first decomposition temperature

with 6% weight loss at 460°C. The second stage of

decomposition began at 620°C and continued up to

800°C with 60% weight loss The thermal stability of

the polymers were enhanced by thienylene units func-

tionalized alkoxy phenylene vinylene unit. From these

two polymers, PTVBT has high thermal stability due

to long alkoxy chain (dodecyl chain) and two imines

bearing benzothiadiazole unit. The present polymer

has higher thermal stability than previously reported

anthracene- and thiophene containing MEH-PPE-

PPVs (Td = 379°C) [42]. This kind of thermally sta-

ble polymers will be tolerable for optoelectronic de-

vice applications.
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Figure 14. AFM morphology images of PTVT (a) and PTVBT (b) polymers

Figure 15. TGA thermogram of PTVT and PTVBT at a

heating rate of 10°C·min–1 under nitrogen



3.7. Electrical conductivity

The electrical conductivity of both polymers was

carried out through impedance analysis. Impedance

spectroscopy is an important and the most reliable

technique with which to examine the electrical, di-

electric properties of conjugated conductive poly-

meric materials. It gives a straight correlation among

the response of an idealized system and a real model

circuit composed of various electrical components

[49]. The electronic conductivity of the polymers can

be calculated by using Equation (8):

(8)

where δ is the electronic conductivity, d thickness of

polymer thin film, Rb bulk resistance, taken at the in-

tersection among semi-circle and straight line, S area

of electrode.

Figure 16 shows the Nyquist plots for the PTVT and

PTVBT. In the Nyquist plot, the real part of the im-

pedance is plotted against the imaginary part at var-

ious frequencies. In Figure 16, it is obviously seen

that there is an enlarged and clear semicircle in the

lower frequency side and an inclined straight line in

the higher frequency range. These diagrams resem-

ble an ideal impedance spectrum. The conductivities

of PTVT and PTVBT were found to be 5.98·10–6

and 7.68·10–6 Ω–1·cm–1. The calculated values of

electrical conductivity are specified in Table. 4. The

conductivity value of the PTVBT polymer is higher

than PTVT polymer. This may be due to the increase

of electron mobility from thienylene-PPV to ben-

zothiadiazole acceptor. These results demonstrate

that the PTVBT polymer is advanced as compared

to the other polymer both in electrical conductivity

and optoelectronic properties.

4. Conclusions

We display here the synthesis of two new donor-ac-

ceptor type of thiophene containing phenylene viny-

lene and thiazole (PTVT), benzothiadiazole (PTVBT)

based conjugated polymers through Wittig condensa-

tion. We have accomplished great solubility with the

introduction of hexyloxy and dodecyloxy solubilizing

groups. This solubility is favorable for film forming

strategies. The polymers exhibited bright bluish green

and greenish yellow fluorescence emission. PTVBT

exhibited very short fluorescence decay times (τ) of

0.73 ns with high quantum yield. The ACQ studies

showed that a fully reduced in fluorescence intensity

of the polymer under in 90:10 water/THF mixture as

contrasted to intact THF dissolved polymers and it

was supported by SEM studies. We achieved the

lower electrochemical band gaps 1.4 and 1.3 eV for

both polymers. These low band gap values are adapt-

able for solar cell preparations.  The impedance meas-

urements displayed that PTVBT exhibits the highest

conductivity with a value of 7.68·10–6 Ω–1·cm–1.

PTVBT polymer was having good thermal stability

up to 460°C. From these two polymers, PTVBT

showed admirable optoelectronic properties because

of two imines containing benzothiadiazole acceptor

and longer alkoxy groups. These fascinating proper-

ties of polymers are helpful for the improvement of

optoelectronic devices, such as OLEDs, solar cells,

and organic thin film transistors etc.
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Figure 16. Electronic impedance spectra of the PTVT and

PTVBT polymers

Table 4. Conductivities of both polymers determined by using electrochemical impedance spectroscopy

Polymer
Thickness

[nm]

Resistance

[Ω]

Area

[cm2]

Conductivity

[Ω–1·cm–1]

PTVT 1208.10 286 0.07 5.98·10–6

PTVBT 1408.67 262 0.07 7.68·10–6
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