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ABSTRACT. Poly[3-(2’,5’-diheptyloxyphenyl)thiophene], PDHOPT, has been prepared electrochemically from 

its monomer for solar cell application. PDHOPT exhibits a band gap of 2.1 eV. The redox properties of PDHOPT 

were characterized using cyclic voltammetry. The estimated energy levels of the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are -5.3 eV and -3.2 eV, respectively. 

PDHOPT sensitizes nanocrystalline titanium dioxide (nc-TiO2) in liquid-state photoelectrochemical cells. Devices 

where the photoactive electrode consists of nc-TiO2/PDHOPT composite film show improved performance over 

those that consist of only PDHOPT. Devices made of TiO2/PDHOPT composite film produced an open-circuit 

voltage of 0.52 V, a short-circuit current of 29 µA/cm2, and a fill factor of 0.54 when illuminated with white light 

intensity of 80 mW/cm 222 ... 

 

KEY WORDS: Liquid-state photoelectrochemical cell, Nanocrystalline titanium dioxide, PDHOPT, I3
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INTRODUCTION 

 

Dye-sensitized photoelectrochemical cells (DSSC) are considered low cost alternatives to the 

inorganic photovoltaic cells [1]. The cells are composed of nanocrystalline TiO2 film deposited 

on a transparent conductive electrode (anode), a dye, chemically anchored on TiO2 

nanoparticles, an electrolyte bearing the I3
-
/I

-
 redox couple and a platinized transparent 

conductive electrode (cathode). Following light absorption by the dye, electrons are excited 

from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular 

orbital (LUMO) followed by relaxation through electron loss to the semiconductor. The dye 

cation is neutralized by the chemical reaction with the redox couple in the electrolyte solution 

which in turn gains an electron from a counter electrode, making the process regenerative for the 

conversion of incident light to electric current. For effective electron transfer to the TiO2, the 

energy level of the LUMO of the dye (electron donor) should be higher than the conduction 

band (CB) edge of the semiconductor (electron acceptor) and the HOMO should lie above the 

valence band (VB) of the semiconductor but below the electrochemical potential of the redox 

couple. The power conversion efficiency of such cells has reached 10.4 % [2]. Despite their 

high power conversion efficiencies, their commercial applications are limited due to problems 

like leakage of the electrolyte and the degradation of both the electrolyte [3] and the dye [4]. 

Various studies with different approaches have been carried out to alleviate the problems 

associated with liquid-state DSSCs. These include replacement of the liquid electrolyte by a 

polymer electrolyte [5], introduction of gelifiers [6] and nanocomposite organic-inorganic gel 

[7] into the electrolyte and replacement of the dye by a semiconducting polymer [8-10].  

The donor-acceptor system of organic solar cells has been studied in solid-state organic 

photovoltaic cells based on conjugated polymers. Heterojunctions based on blends of 

conjugated polymers (electron donors following photoexcitation) with fullerene and its 

derivative (electron acceptors) are the best-studied devices and they have yielded the highest 

power conversion efficiencies reaching around 5 % [11-13]. In such photovoltaic cells, the 
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semiconducting polymer takes care of the absorption of the sunlight, charge injection into the 

fullerene or its derivative and the transport of holes after charge separation. Besides these fully 

organic photovoltaic devices, semiconducting polymers can also be used in combination with 

inorganic semiconductors such as TiO2, ZnO and CuInSe2 [14-19]. In these hybrid 

organic/inorganic devices, the good electron accepting and conducting properties of the 

inorganic semiconductors can, in principle, be combined with cheap, solution processing of the 

semiconducting polymers. The disadvantages of many of these systems are the low hole-

mobility in semiconducting conjugated polymers compared with the electron-mobility in 

inorganic semiconductors [20] and the incomplete filling of the nanopores of the inorganic 

semiconductor by the polymers [19]. 

The sensitization of inorganic semiconductors by conjugated polymers [8, 10] has been 

investigated in liquid-state PECs where the hole-mobility is facilitated by the redox couple. 

Devising DSSCs with conducting polymers requires preparation of suitable polymers with 

appropriate band gaps, band positions (with respect to the inorganic semiconductor) and method 

of deposition. To this end, we present a photoelectrochemical cell where the dye is replaced by 

the polymer, poly[3-(2’,5’-diheptyloxyphenyl)thiophene], PDHOPT, and the Pt counter 

electrode is replaced by electropolymerized poly[3,4-ethylenedioxythiophene], PEDOT, that is 

less costly [21]. PDHOPT, electrochemically grown on nc-TiO2 coated ITO-glass improves the 

filling of the nanopores of TiO2 by the polymer. 

 

EXPERIMENTAL 
 

Monomer synthesis 
 

1,4-Diheptyloxybenzene (3) 
 

The synthesis of the monomer used in electropolymerization was recently published but without 

details [22]. We present in the following the full set of synthetic details. To a mixture of 

hydroquinone (1) (5 g, 45.4 mmol), K2CO3 (20 g) and DMF (60 mL) at 100 
0
C was added drop-

wise 1-bromoheptane (2) (18 g, 100.6 mmol) and was heated overnight. The mixture was 

filtered while still hot and the filtrate was cooled to room temperature. The resulting precipitate 

was collected and was washed with 1 M NaOH, and water, and recrystallized from MeOH to 

afford compound 3 (9.09 g, 65 %) as shining white crystals. Mp 57.4-57.8 
0
C. HRMS: calcd. for 

C20H34O2  306.2559 found 306.2505. EIMS m/z (rel. int.): 306 (26), 208 (13), 110 (100), 57 

(18).  
1
H NMR (CDCl3, 400 MHz): δ 6.82 (4H, s, 4 x Ar-H), 3.89 (4H, t, 2 x OCH2), 1.75 (4H, 

m, 2 x CH2), 1.26-1.48 (16H, 8 x CH2), 0.89 (12H, 2 x CH3). 
 

1-Bromo-2,5-diheptyloxybenzene (4) 
 

To a solution of compound 3 (8.4 g, 27.4 mmol) in DMF (100 mL) and CHCl3 (50 mL) was 

added a solution of NBS (4.89 g, 27.5 mmol) in DMF (40 mL). After the addition was complete, 

the mixture was stirred overnight. It was then acidified with 2 M HCl, and extracted with 

CHCl3. The CHCl3 extract was washed with water, dried over Na2SO4 and the solvent was 

removed to afford a brownish oil. The oil was chromatographed over silica gel using pentane: 

CH2Cl2 as eluent to afford compound 4 (7.5 g, 71 %) as a colorless oil. HRMS: calcd. for 

C20H33O2Br 384.1664, found 384.1666. EIMS m/z (rel. int.): 386 M
+
+2 (17), 384 M

+
 (17), 288 

(21), 286 (22), 190 (97), 188 (100), 110 (9), 57 (49). 
1
H NMR (CDCl3, 400 MHz): δ 7.11 (1H, 

d, J = 2.8 Hz, H-6), 6.82 (1H, d, J = 8.8 Hz, H-3), 6.78 (1H, dd, J = 8.8, 2.8 Hz, H-4), 3.95 (2H, 

t, J = 6.4 Hz, OCH2), 3.88 (2H, t, J = 6.4 Hz, OCH2), 1.77 (4H, m, 2 x CH2), 1.27-1.54 (16H, m, 

8 x CH2), 0.89 (6H, t, 2 x CH3). 
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3-(2’, 5’-Diheptyloxyphenyl)thiophene  (6) 

 

A mixture of compound 4 (7.3 g, 18.96 mmol) and Pd(PPh3)4 (0.6 g) in dimethoxy ethane (150 

mL) was stirred at room temperature for 10 min and to it was added 3-thiophene boronic acid 

(5) (4.8 g, 37.5 mmol) followed by 1 M NaHCO3 (100 mL). It was then heated under reflux for 

3 h, cooled and filtered. The filtrate was extracted with pentane and the pentane extract was 

washed with water, dried over anh. Na2SO4 and the solvent was removed to afford a dark 

colored residue. This was taken-up in pentane, filtered and the solvent was removed. The 

resulting oil was crystallized from MeOH:ether to afford compound 6 (6.54 g, 89 %) as a white 

solid. Mp 35.8-36.1 
0
C. HRMS: calcd for C24H36O2S 388.2436, found 388.2438. EIMS m/z (rel. 

int.): 388 (61), 290 (25), 192 (100), 163 (6). 
1
H NMR (CDCl3, 400 MHz): δ 7.65 (1H, dd, J = 

3.2, 1.2 Hz, H-2), 7.45 (1H, dd, J = 4.8, 1.2 Hz, H-5), 7.32 (1H, dd, J = 4.8, 3.2 Hz, H-4), 7.07 

(1H, d, J = 2.8 Hz, H-6’), 6.88 (1H, d, J = 8.8 Hz, H-3’), 6.78 (1H, dd, J = 8.8, 2.8 Hz, H-4’), 

3.93 (4H, dd, J = 12, 6.4, 2 x OCH2), 1.77 (4H, m, 2 x CH2), 1.26-1.48 (16H, 8 x CH2), 0.89 

(3H, t, J = 6.4, CH3), 0.88 (3H, t, J = 6.4, CH3).
 13

C NMR (CDCl3, 125.7 MHz): δ 53.3, 150.4, 

138.5, 128.7, 126.2, 124.4, 123.4, 116.4, 114.1, 113.6, 69.5, 68.8, 32.0, 31.9, 29.6, 29.6, 29.3, 

29.2, 26.3, 26.2, 22.8, 22.8, 14.3, 14.3. 

 

Electrochemical synthesis of PDHOPT 

 

The electrochemical synthesis of PDHOPT was carried out from its monomer, 3-(2’,5’-

diheptyloxyphenyl)thiophene (6), DHOPT, using cyclic voltammetry on different substrates 

(ITO-glass, nc-TiO2 coated ITO-glass and glassy carbon) in a three-electrode cell. The chemical 

polymerization of DHOPT (6) using FeCl3 as oxidant was reported earlier [22]. The glassy 

carbon disc electrode (3 mm in diameter) was cleaned with Al2O3 powder (0.05 micron) prior to 

polymerization. The electrolyte solution contained 1 mM of the monomer in 0.1 M 

LiClO4/CH3CN solution. Ag/AgCl and Pt wire were used as quasi-reference electrode and 

counter electrode respectively. The solution was purged with argon for 15 min and remained 

under argon through out the polymerization process. The cyclic voltammogram of the polymer 

was recorded in 0.1 M tetraethyl ammoniumtetrafluroborate (Aldrich)/acetonitrile solution under 

argon. 

Poly[3,4-ethylenedioxythiophene], PEDOT, was polymerized on ITO-glass from a solution 

of 0.1 M 3,4-ethylenedioxythiophene, EDOT (Bayer), in acetonitrile that contained 0.1 M 

LiClO4/CH3CN solution. The polymerization was carried out potentiostatically at 1.8 V (vs. 

Ag/AgCl quasi-reference electrode) for 2 seconds. The film formed was semi-transparent. The 

quasi-reference electrode was prepared by applying a voltage of 4.6 V from a dc source to an Ag 

wire dipped along with the counter platinum wire in a saturated aqueous solution of KCl.  

 

Device preparation and characterizations 

 

ITO-glass sheets, each of dimensions 1.5 cm x 2.5 cm were cleaned successively with deionized 

water, acetone and isopropyl alcohol and dried in air. Nanocrystalline TiO2 films were formed 

by the hydrolysis of titanium isopropoxide according to the literature [20, 23]. Thus, 0.5 mL of 

titanium isopropoxide (Aldrich, 99 %) was slowly added with vigorous stirring to a mixture of 

2.5 mL of glacial acetic acid (Sigma Aldrich), 7.5 mL of isopropanol (Sigma Aldrich) and 2.5 

mL of deionized water under argon atmosphere. The solution was stirred for three days to obtain 

a viscous solution. The TiO2 colloidal solution was applied on the surface of the ITO-glass and 

distributed with a glass rod sliding over an adhesive tape that covered the glass edges. The 

adhesive tape controlled the thickness of the TiO2 film, which is in the range of few 

micrometers. A non-coated area (0.5 cm x 1.5 cm) was left for electrical contact. After drying in 
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air, the TiO2 was sintered at 450 
0
C for 30 min in a furnace (Carbolite, ELF 11/14B model, 

England) and then cooled slowly. 

The photoelectrochemical cells consisted of the I3
-
/I

-
 redox couple (Iodolyte, Solaronix) 

sandwiched between the photoactive electrode and a PEDOT coated on ITO-glass counter 

electrode. The two electrodes were separated by a Teflon spacer to prevent shorting. The 

photoactive electrode consisted of electropolymerized PDHOPT on either ITO-glass or on TiO2 

coated ITO-glass. PDHOPT is dedoped to its neutral state at 0.4 V vs. Ag/AgCl quasi-reference 

electrode in a monomer free electrolyte solution and then rinsed with acetonitrile and dried in 

air. The device was sealed with TG-50 sealant (Solaronix). The PEC was then mounted in a 

sample holder inside a metal box having a 1 cm x 1 cm light entrance window, which 

determined the illumination area. The schematic layout of the photoelectrochemical cells used 

and the structures of PEDOT and PDHOPT are depicted in Figure 1.  

 

 

 

 

  

 

 

 

 

 

 

 

 

 (a)                                                                           (b)  

 

Figure 1. Schematic layout of (a) the photoelectrochemical cell used and (b) the structures of 

PDHOPT and PEDOT.  

 

A 250 W tungsten-halogen lamp regulated by an Oriel power supply (Model 66182) was 

used to illuminate the PEC. For spectral studies, a grating monochromator (Model 77250) was 

used to select a wavelength manually between 300 nm and 800 nm at an interval of 10 nm. The 

steady-state current was recorded after illuminating the device for 60 seconds at each selected 

wavelength. All spectra were corrected for the spectral response of the lamp and the 

monochromator by normalization to the response of a calibrated silicon photodiode 

(Hamamatsu, model S-1336-8BK). The white light intensity was measured in the position of the 

sample cell with a Conrad electronic luxmeter (Model LX-101). For intensity dependence 

measurements a series of neutral density filters were placed between the light source and the 

sample holder to vary the light intensity incident on the sample. The electrochemical and the 

photoelectrochemical properties were studied using CHI600A Electrochemical Analyzer. 

Optical absorption measurements were carried out using a Perkin-Elmer Lambda 19 

UV/VIS/NIR spectrometer. 

 

RESULTS AND DISCUSSION 

 

Synthesis of 3-(2’,5’-diheptyloxyphenyl)thiophene (6) 

 

Schemes 1 shows the reaction pathway that led to compound 6. Thus, treatment of 

hydroquinone (1) with heptyl bromide (2) in the presence of K2CO3 in DMF gave 1,4-
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diheptyloxybenzene (3). Bromination of compound 3 with NBS and DMF gave 1-bromo-2,5-

diheptyloxy benzene (4), which was subsequently coupled with 3-thiopheneboronic acid (5) 

through a Pd(0)-catalyzed Suzuki [24] reaction to lead to 3-(2’,5’-diheptyloxyphenyl)thiophene  

(6). 

 

OH

OH

+ Br K2CO3

DMF

O

O

NBS,

DMF

O

O

Br

S

B OH

HO

1 M NaHCO3, DME, 
Pd(PPh3)4

S

O
O

1

2

3 4
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Scheme 1. Synthesis of 3-(2’, 5’-diheptyloxyphenyl)thiophene (6). 

 

Electrochemical synthesis and characterization of poly[3-(2’,5’-diheptyloxyphenyl)-thiophene] 

 

Figure 2 shows the cyclic voltammogram for the electrochemical polymerization of DHOPT on 

glassy carbon disk electrode. Oxidation of the monomer starts around 0.93 V with peak potential 

at 1.09 V. The oxidation of the monomer increases from cycle to cycle, giving more of its 

polymer film that gives peaks for oxidation (p-doping) and dedoping at 0.86 V. Upon continued 

cycles, the peak potentials shift slightly towards positive and negative directions, respectively, 

indicating a slightly slower kinetics for the electron transfer reactions with the deposition of 

more of the polymer. The polymerization on nc-TiO2 coated ITO-glass takes place on the 

surface of the ITO and the film grows within the pores of the nc-TiO2 film.  The color of the 

polymer film changes between blue in its oxidized state and yellow in its neutral state. The 

polymer adheres strongly on TiO2 coated ITO-glass and on glassy carbon, but slightly less on 

ITO-glass. Figure 3 shows the cyclic voltammogram of PDHOPT in a monomer free electrolyte 

solution that contains 0.1 M tetraethylammoniumtetrafluroborate (TEATFB) in acetonitrile. The 

onset potential for the oxidation of PDHOPT is 0.86 V vs. Ag/AgCl. The HOMO level of the 

polymer is determined using the empirical equation proposed by Bredas et al. [25] by adding a 

value of 4.4 to the onset of oxidation measured against the Ag/AgCl reference electrode which 

is found to be -(0.86 + 4.4) ≈ -5.3 eV. The optical band gap of the neutral polymer as 

determined from the onset of the UV-Vis absorption peak (580 nm) is 2.1 eV (Figure 4). Thus, 

The LUMO level of the polymer is estimated by subtracting the optical band gap from the 

HOMO level and is found to be -3.2 eV. These energy positions can allow the transfer of 

electrons from the excited state of the polymer to the conduction band edge of TiO2 (ECB (TiO2) = 

-4.2 eV [26] and the transfer of holes from the HOMO of the polymer to I3
-
/I

-
 redox mediator 

whose redox potential is around -4.9 eV [2]. 
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Figure 2. Cyclic voltammograms recorded for the electropolymerization of 1 mM DHOPT on 

glassy carbon disk electrode in CH3CN solution containing 0.1 M of LiClO4. The 

potential is scanned repetitively between 0.4 V and 1.2 V at a scan rate of 10 mV/s. 
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Figure 3. Cyclic voltammogram of PDHOPT on glassy carbon disk electrode recorded in a 0.1 

M TEATFB/CH3CN solution at a scan rate of 10 mV/s. 
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Figure 4. UV-Vis absorption spectra of the undoped PDHOPT film on ITO-glass. 

 

The photoresponse behaviors of the photoelectrochemical cells 

 

Figure 5 and Figure 6 show the current voltage curves of the photoelectrochemical devices, both 

in the dark and under white light illumination where the photoactive electrode consists of a film 

of PDHOPT and a composite film of PDHOPT/TiO2, respectively. The photoelectrochemical 

characteristics of the devices are compared in Table 1. The device parameters, the fill factor 

(FF), the power conversion efficiency (η) and the induced photon-to-current conversion 

efficiency (IPCE) were calculated using the following equations [27]:  

VI

VIFF

OCSC

PP=
                                      (1) 

100
)2/(

)()2/(
(%) x

cmWP

VVcmAIFF

in

OCSC
=η (2) 

)
2

/()(

)
2

/(1240
(%)

mWInm

cmAIIPCE SC

λ

µ
=     (3) 

where VOC is the open-circuit voltage, ISC is the short-circuit current, λ is the excitation 

wavelength, I is the monochromatic light intensity, Pin is the intensity of the white light and VP 

and IP are the voltage and the current at the maximum power point of the I-V curve. 
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Figure 5. Current density vs. voltage characteristics of the PDHOPT based liquid-state PEC. a: 

In the dark, b: Under white light illumination from the ITO/PDHOPT side (backside) 

with light intensity of 80 mW/cm
2
.   
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Figure 6. Current density vs. voltage characteristics of the nc-TiO2/PDHOPT based liquid-state 

PEC. a: In the dark, b: Under white light illumination from the ITO/TiO2/PDHOPT 

side (backside) with light intensity of 80 mW/cm
2
. 
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Table 1. The performance of photoelectrochemical devices containing PDHOPT and TiO2/PDHOPT as 

photoactive electrodes when illuminated with light intensity of 80 mW/cm
2
. 

 

Photoactive electrode VOC (mV) ISC (µA/cm
2
) FF η (%) (x 10

-5
) 

PDHOPT 125 0.2 0.27 0.84 

TiO2/PDHOPT 520 29 0.54 1018 

 

 Devices containing TiO2/PDHOPT photoactive electrode exhibit higher VOC, ISc and FF 

when compared with devices containing PDHOPT only. Though the power conversion 

efficiencies of both types of devices are low, devices made from TiO2/PDHOPT show improved 

performance by 3 orders of magnitude. 

 Figure 7 and Figure 8 show the incident photon-to-current conversion efficiencies (IPCE) of 

PDHOPT and TiO2/PDHOPT based devices, respectively. When compared with PDHOPT based 

devices, the TiO2/PDHOPT based devices have higher IPCE values at each wavelength. 

 The normalized photocurrent action spectra of PDHOPT and TiO2 based devices along with 

the normalized absorption spectrum of PDHOPT are depicted in Figure 9. From the figure it can 

be observed that both types of devices follow similar pattern with the absorption spectrum of 

PDHOPT, PDHOPT based devices being closer. 
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Figure 7. Short-circuit photocurrent action spectrum of PDHOPT based liquid-state PEC under 

illumination from the front side. 
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Figure 8. Short-circuit photocurrent action spectrum of nc-TiO2 /PDHOPT based liquid-state 

PEC under illumination from the front side. 
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Figure 9. Normalized optical absorption spectrum of PDHOPT (solid line) and normalized 

photocurrent action spectrum of PDHOPT based (open squares) and TiO2/PDHOPT 

based (closed squares) devices for front side illuminations. 
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The dependence of VOC and ISC on incident light intensity for PDHOPT and TiO2/PDHOPT 

based devices are shown in Figures 10 and 11, respectively. From the figures it can be observed 

that the VOC and the ISC are more dependent on light intensity in devices that contain 

TiO2/PDHOPT photoactive electrode indicating better charge separation in the devices. In 

Figure 11, the photocurrent for PDHOPT based devices increases less rapidly than the first 

power (an ideal value) of the light intensity (slope = 0.86), indicating the presence of exciton 

recombination due to surface states that act as recombination centers. For TiO2/PDHOPT based 

device, the photocurrent increases more rapidly than the first power of the light intensity (slope 

= 1.3), indicating an increase in the lifetime of the free charge carriers with their increasing 

density [28]. 
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Figure 10.  Plot of VOC vs. log Pin of PDHOPT based (open squares) and nc-TiO2/ DHOPT based 

(closed squares) liquid-state PECs. 
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Figure 11.  Plot of log ISC vs. log Pin of PDHOPT based (open squares) and nc-TiO2/ PDHOPT 

based (closed squares) liquid-state PECs.  
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CONCLUSIONS 

 

The polymer, poly[3-(2’,5’-diheptyloxyphenyl)thiophene], PDHOPT, has been prepared for the 

first time electrochemically from its monomer and used for solar cell application. The estimated 

energy levels of the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) of PDHOPT are -5.3 eV and -3.2 eV, respectively. PDHOPT 

sensitizes nanocrystalline titanium dioxide in liquid-state photoelectrochemical cells. Devices 

where the photoactive electrode consists of nc-TiO2/PDHOPT composite film showed improved 

cell performance over those that consist of PDHOPT alone. It has been observed that the VOC 

and the ISC are more dependent on light intensity in devices that contain TiO2/PDHOPT 

photoactive electrode indicating better charge separation in the devices with increasing light 

intensities. 
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