
Facile and Selective Synthesis of Oligothiophene-Based Sensitizer
Isomers: An Approach toward Efficient Dye-Sensitized Solar Cells
Quanyou Feng, Qian Zhang, Xuefeng Lu, Hong Wang, Gang Zhou,* and Zhong-Sheng Wang*

Laboratory of Advanced Materials & Department of Chemistry, Fudan University, 2005 Songhu Road, Shanghai 200438, P. R. China

*S Supporting Information

ABSTRACT: Two sets of isomeric organic dyes with n-hexyl
(DH and AH) or 2-ethylhexyl (DEH and AEH) groups
substituted at the spacer part have been designed and
straightforwardly synthesized via a facile and selective synthetic
route. The structure difference between the isomers stands at
the position of the incorporated alkyl chains which are
introduced into the terthiophene spacer close to the donor
(D) or anchor (A) side. The relationship between the isomeric
structures and the optoelectronic properties are systematically
investigated. It is found that, in the D series dyes, the alkyl group
is much closer to the aromatic donor moiety, which brings about
strong steric hindrance and therefore causes a remarkable twist
in the molecular skeleton. In contrast, a more planar chemical
structure and more effective π-conjugation are realized in the A series dye isomers. Consequently, the A series isomeric dyes
demonstrate bathochromically shifted absorption bands, resulting in the improved light-harvesting capability and enhanced
photo-generated current. However, the D series isomeric dyes with more twisted molecular skeleton have suppressed the
intermolecular interactions and retarded the charge recombination more efficiently, which induces higher open-circuit
photovoltage. Combining the two effects on the performance of the fabricated dye-sensitized solar cells (DSSC), the influence
from the short-circuit photocurrent plays a more significant role on the power conversion efficiency (η). As a result, isomer AEH-
based DSSC with quasi-solid-state electrolyte displays the highest η of 7.10% which remained at 98% of the initial value after
continuous light soaking for 1000 h. Promisingly, a η of 8.66% has been achieved for AEH-based DSSC with liquid electrolyte
containing Co(II)/(III) redox couple. This work presents the crucial issue of molecular engineering and paves a way to design
organic sensitizers for highly efficient and stable DSSCs.
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■ INTRODUCTION

Dye-sensitized nanocrystalline TiO2 solar cells (DSSCs) have
been extensively studied since the pioneering work by O’Regan
and Graẗzel in 1991.1 The heart of such a device is a
photoanode, which is based on a nanocrystalline TiO2 film
covered by a monolayer of photosensitizing dye.2,3 Upon
optical excitation, the chemically adsorbed dye molecules on
the surface inject electrons into the conduction band (CB) of
the mesoporous TiO2. Then, the electrons are brought back to
the oxidized dye through an external circuit, a platinum counter
electrode, and a redox system.2 Up to date, such cells
employing mostly ruthenium polypyridyl complexes as
sensitizers have achieved power conversion efficiency (η)
over 10% under standard global air mass of 1.5.4−9 Recently,
DSSC devices showing a new η record of 12.3% have been
achieved with zinc-porphyrin dye YD2-o-C8 cosensitized with
an organic dye Y123 using cobalt-based electrolyte.10 Mean-
while, metal-free organic dyes, commonly constructed with
donor-π bridge-acceptor (D-π-A) configuration, have also
attracted considerable attention for practical applications
owing to their lower cost of production and better flexibility

in terms of molecular tailoring with respect to classical
ruthenium polypyridine complexes.11

In the past decade, many kinds of organic dyes with such
configuration have been explored for DSSCs, including
sensitizers based on thiophene,12−26 furan,27,28 selenophene,29

and pyrrole30 derivatives, and impressive efficiency over 8% has
been achieved in liquid electrolyte systems.16,19,31−40 Although
great efforts have been devoted to the modification and
optimization of the sensitizer structures, most of the efficient
metal-free organic dyes consist of thiophene or its derivative.
However, it is well known that the molecules containing
thiophene or oligothiophene are quite easy to form
intermolecular aggregation due to their planar structures.20,41

As a result, the excited electrons in the photoanode will
recombine with another oxidized dye molecule. Such interfacial
charge carrier recombination may cause an open-circuit voltage
(Voc) reduction, hence decreasing the photoelectric conversion
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efficiency. Therefore, the suppression of dye aggregation is of
vital importance for achieving improvements in device
performance.
Introduction of alkyl chains to the dye skeleton based on

thiophene or its derivative has proved to be an effective method
to improve the DSSC performance since they can not only
prevent dye aggregation but also diminish the charge
recombination between electrons and electron acceptors in
the electrolyte.12,20,22,42−45 The success of MK220 related
sensitizers with linear hexyl groups is a good example.
According to our recent research,46 when branched alkyl
chains are introduced into organic sensitizers instead of linear
alkyl groups, the DSSCs demonstrate significantly improved
photovoltaic performance due to the reduced intermolecular
interactions and retarded charge recombination rate. Therefore,
herein, two series of isomeric sensitizers (Chart 1) with linear

n-hexyl and branched 2-ethylhexyl chains have been designed
and synthesized. The sensitizers are referred according to their
different chemical structures. In the D (donar) series
sensitizers, alkyl chains are introduced into the terthiophene
spacer closer to the donor moiety, while for the A (anchor)
series dyes, the incorporated alkyl chains are closer to the
anchor group. “H” and “EH” represent the substituted n-hexyl
and 2-ethylhexyl on the terthiophene spacer, respectively. The
optoelectronic property difference between the isomers is
characterized by UV−vis absorption spectroscopy, cyclic
voltammetry (CV), and photovoltaic measurements. The
results illustrate the subtlety of the structure/function relation-
ship in DSSCs based on those isomers. In the case of A series
dyes, a remarkable bathochromic shift in absorption maximum
and a higher molar extinction coefficient in chloroform
solutions were observed in comparison with D series dyes;
hence, a broader IPCE curve and a higher short-circuit current
were obtained. D series isomers with more twisted structures
exhibit a longer electron lifetime and lower charge recombina-
tion rate by a more effective blocking effect, which in
combination with titania CB movement is responsible for the
mild enhancement in Voc. When the the two effects were
combined, a significant enhancement in conversion efficiency
was achieved through switching the 2-ethylhexyl chains from
the “left” side to the “right” side and an efficiency of up to

7.10% and 8.66% was obtained for isomer AEH sensitized solar
cell with quasi-solid-state and liquid electrolyte, respectively.

■ EXPERIMENTAL SECTION
Materials and Reagents. All of the chemicals and reagents were

purchased from J&K Chemical Ltd, China and used as received.
Tetrahydronfuran (THF) was distilled from sodium benzophenone
ketyl. Chloroform and dichloromethane (CH2Cl2) were distilled from
CaH2. All reactions and manipulations were carried out under N2 with
the use of standard inert atmosphere and Schlenk techniques. 3,4′,4″-
Tris(n-hexyl)-[2,2′,5′,2″]terthiophene 1a and 3,4′,4″-tris(2-ethylhex-
yl)-[2,2′,5′,2″]terthiophene 1b were synthesized according to the
literature.47

Characterization. The UV−vis absorption spectra of the dye
solutions and the dye-loaded transparent films were recorded on a UV-
2550PC spectrophotometer (Shimadzu). The PL spectra of the dye
solutions were recorded on a RF-5301PC spectrofluorophotometer
(Shimadzu). Electrochemical redox potentials were obtained by cyclic
voltammetry (CV) measurements, which were performed on a CH
electrochemical workstation (CHI604D) using a typical three-
electrode electrochemical cell in a solution of tetrabutylammonium
hexafluorophosphate (0.1 M) in anhydrous acetonitrile at a scan rate
of 50 mV s−1 at room temperature under nitrogen. Dye-adsorbed TiO2
film (5 μm thickness, 0.25 cm2) on conductive glass was used as the
working electrode, a Pt wire as the counter electrode, and an Ag/Ag+

electrode as the reference in anhydrous acetonitrile. The potential of
the reference electrode was calibrated with ferrocene, and all potentials
mentioned in this work are against the normal hydrogen electrode
(NHE).

Synthesis of Sensitizers. The synthetic details and the character-
ization of the sensitizers are described in the Supporting Information.

Fabrication of Dye-Sensitized Solar Cells. Fluorine-doped
SnO2 glass (15 Ω/sq, Nippon Sheet Glass) substrates were cleaned in
a detergent solution by an ultrasonic bath, washed with acetone and
water, and then dried using N2 current. Nanocrystalline TiO2 films 12
μm, consisting of a 6 μm transparent layer (∼20 nm nanoparticles)
and a 6 μm scattering layer (∼100 nm particles), in thickness, were
prepared using a screen printing technique,48 followed by sintering at
450 °C under an air flow. After cooling, the TiO2 films were
impregnated in a 0.05 M aqueous TiCl4 solution for 30 min at 70 °C
and then rinsed with deionized water. The TiCl4-treated TiO2 films
were annealed at 450 °C for 30 min and then cooled to 100 °C before
being immersed into the dye solution for 16 h to allow the dye to
adsorb to the TiO2 surface. After the adsorption of the dyes, the
electrodes were rinsed with chloroform and acetonitrile. The resulting
photoelectrode and Pt-counter electrodes were assembled into a sealed
sandwich solar cell with a thermoplastic frame (Surly 30 μm thick).
The cobalt (II/III)-based redox electrolyte consisted of a solution of
0.22 M [Co2+(bpy)3](PF6)2, 0.05 M [Co3+(bpy)3](PF6)3, 0.1 M
LiClO4, and 0.3 M tert-butylpyridine (TBP) in acetonitrile.49 The
quasi-solid-state gel electrolyte was prepared by mixing 5 wt %
poly(vinylidenefluoride-co-hexafluoropropylene) with a redox solution
containing a 0.1 M LiI, 0.05 M I2, 0.5 M TBP, and 0.6 M 1,2-dimethyl-
3-propylimidazolium iodide (DMPImI) in 3-methoxypropionitrile
(MPN) under heating at 100 °C until all solids were dissolved.
After introducing the cobalt(II)/(III)-based liquid electrolyte or the
hot gel solution into the internal space of the cell from the two holes
predrilled on the back of the counter electrode, the holes were sealed
with a Surlyn film covered with a thin glass slide under heat.

Photovoltaic Measurements. The current density−voltage (J−
V) characteristics of the DSSCs were measured by recording J−V
curves using a Keithley 2400 source meter under the illumination of
AM1.5G simulated solar light coming from a solar simulator (Oriel-
91193 equipped with a 1000 W Xe lamp and an AM1.5 filter). The
DSSCs were fully covered with a black mask with an aperture area of
0.2304 cm2 during measurements. The incident light intensity was
calibrated with a standard silicon solar cell (Newport 91150). The
electron lifetimes were measured with intensity modulated photo-
voltage spectroscopy (IMVS),50−53 whereas charge densities at open-

Chart 1. Molecular Structures of Dye Isomers
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circuit were measured using charge extraction technique.54 IMVS
analysis and charge extraction were carried out on an electrochemical
workstation (Zahner XPOT, Germany), which includes a white light
emitting diode and corresponding control system. The intensity-
modulated spectra were measured at room temperature with light
intensity ranging from 20 to 120 W m−2, in modulation frequency
ranging from 0.1 Hz to 10 kHz, and with modulation amplitude less
than 5% of the light intensity. Three identical devices were tested in
each case with standard deviation less than 5%. Action spectra of the
incident monochromatic photon-to-electron conversion efficiency
(IPCE) for the solar cells were obtained with an Oriel-74125 system
(Oriel Instruments). The intensity of monochromatic light was
measured with a Si detector (Oriel-71640).

■ RESULTS AND DISCUSSION

Synthesis and Characterization. The straightforward
synthetic routes to the dye isomers are depicted in Scheme 1.
The synthetic procedure for both D and A dye isomers started
from “head-to-tail” alkylated terthiophene.47 For the D series
isomers, lithiation of starting materials 1a and 1b with a
stoichiometric amount of n-butyllithium at −78 °C followed by
quenching with N,N-dimethylformamide and subsequent acidic
hydrolysis produced the corresponding monoaldehyde-sub-
stituted derivatives 2a and 2b, respectively. The successful
incorporation of aldehyde group on the “right” side was
validated by the disappearance of two doublet peaks in the 1H
NMR spectrum for the starting material and the appearance of
a new singlet peak at δ = 7.58 or 7.54 ppm in the 1H NMR
spectrum for the product. Electron donor, N-ethylcarbazole,
was attached via a recently developed C−H bond activation,55

which shortened the synthetic procedure by two steps.
Otherwise, oligothiophene bromide and boronic acid reagents
have to be prepared before a Pd-catalyzed cross coupling
reaction. In the last step, the obtained precursors were
converted to dyes DH and DEH by Knoevenagel condensa-
tion56 with cyanoacetic acid in refluxing acetonitrile in the
presence of piperidine. While for the A series isomers, the
aldehyde group was introduced by refluxing starting compound
1 with a Vilsmeier reagent. Thus, the alkyl groups were located
on the “right” side of the oligothiophene spacer. The
introduction of aldehyde group on the other side was proved
by the disappearance of one singlet peak at δ = 6.89 or 6.86
ppm in the 1H NMR spectrum for the starting material. Similar
to the D series dye isomers, electron donor, i.e., N-
ethylcarbazole, and anchor group, i.e., cyanoacetic acid, were
attached via C−H bond activation and Knoevenagel con-
densation, respectively, which eventually produced the A series
dye isomers. The target isomeric compounds were charac-

terized by 1H NMR spectroscopy, 13C NMR spectroscopy, and
mass spectroscopy and were found to be consistent with the
proposed structures. It should be noted that, compared with the
developed synthetic route for sensitizer MK1, which was
stepwise constructed by around 10 steps,20,57 our synthetic
procedure for each sensitizer contains only three steps starting
from the oligothiophene spacer. Therefore, when several series
of organic sensitizers have to be synthesized for comparison of
photovoltaic properties or a highly efficient organic sensitizer
has to be produced in a large scale, our straightforward
synthetic steps will dramatically shorten the synthesis steps and
facilitate the synthetic work.

Optical Properties. The obtained dye isomers are brown in
the solid state and can freely dissolve in chloroform, THF, and
toluene to produce orange or red solutions. The electronic
absorption spectra of the four isomers in chloroform solutions
are shown in Figure 1, and the characteristic data are collected

in Table 1. All of the dyes exhibit their major electronic
absorption bands in the visible region (400−600 nm) due to
the intramolecular charge transfer (ICT) from the donor to the
acceptor. Additionally, another much weaker absorption band
can be observed for all dyes in the ultraviolet region (300−400
nm), which is assigned to the π−π* electron transition of the
conjugated backbone. As shown in Figure 1, the chloroform
solution (ca. 5 × 10‑6 M) of dye DH displays the maximum
absorption band at 453 nm (ε = 2.86 × 104 M−1 cm−1). Upon
replacing the subsituted n-hexyl with 2-ethylhexyl groups on the
terthiophene spacer, dye DEH exhibits a similar absorption
spectrum with the maximum absorption wavelength at 451 nm

Scheme 1. Synthetic Routes for D and A Series Dye Isomersa

aReagents and conditions: (a) i. n-BuLi, THF, −78 °C, 2 h; ii. DMF, to rt, 8 h; iii. 1 M HCl; (b) K2CO3, Pd(OAc)2, PCy3·HBF4, pivalic acid,
toluene, 110 °C, 16 h; (c) cyanoacetic acid, piperidine, acetonitrile, reflux, 6 h; (d) POCl3, DMF, chloroform, reflux, 20 h.

Figure 1. Normalized UV−vis absorption and PL spectra of the dye
isomers in chloroform solutions.
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(ε = 2.51 × 104 M−1 cm−1) in chloroform solution. The similar
absorption maxima are not difficult to be understood as DH
and DEH have almost identical chemical structures except for
the additional ethyl groups attached on the hexyl substituents.
This phenomenon is close to our recently published results.44,58

Under the same condition, the chloroform solutions of AH and
AEH demonstrate the absorption maximum at 471 nm (ε =
3.19 × 104 M−1 cm−1) and 470 nm (ε = 2.85 × 104 M−1 cm−1),
respectively. However, when the alkyl groups shift from the
“left” side of isomer DH to the “right” side of isomer AH, a
significant bathochromic shift of 18 nm along with increased
absorption intensity of the maximum absorption band can be
clearly observed. Similarly, for isomers DEH and AEH, a
bathochromic shift (19 nm) and increased absorption intensity
are also observed. Such bathochromically shifted maximum
absorption wavelength and the increased molar extinction
coefficient value are attributed to the extended effective
conjugation length. In the D series sensitizers, a steric
hindrance exists between the alkyl chains and the carbazole
unit, resulting in a backbone twist between the carbazole donor
and the oligothiophene spacer, which therefore weakens the π-
conjugated system in comparison to the A series dyes.
Moreover, it should be noted that the twisted molecular
structures in D series sensitizers have suppressed the
intermolecular interactions more effectively in comparison to
A series sensitizers. To study the intermolecular interactions of
the resulted dye isomers, the absorption spectra for the
sensitizers with different concentrations were recorded and
displayed in Figure S1, Supporting Information. With the
concentration increasing from 5 × 10−6 to 5 × 10−4 M, no
obvious shift for the maximum wavelength can be observed for
sensitizer DEH, while the maximum absorption wavelength for
sensitizer AEH bathochromically shifts from 470 to 497 nm
due to the intermolecular aggregation. This indicates that
stronger intermolecular interactions exist in the A series
isomeric dyes in comparison to the D series dye isomers.
The photoluminescence (PL) spectra of the isomeric dyes in

chloroform solutions were recorded, and the corresponding
data are summarized in Table 1. As shown in Figure 1, the
maximum PL wavelength is located at 598 nm for DH, while it
bathochromically shifts to 606 nm for DEH. While for the A
series dyes, the maximum PL wavelength bathochromically
shifts from 603 nm for AH to 615 nm for AEH. Large Stokes
shift (4648−5671 cm−1) can be observed for all the sensitizer
isomers, which is attributed to the charge transfer nature of the
excited state.59 However, a more planar conformation of the
excited state may also contribute to the smaller Stokes shift.59

Herein, DH and DEH exhibit more twisted structure
conformation caused by the introduction of alkyl groups closed
to the bulky carbazole moiety. Therefore, DH and DEH display
larger Stokes shifts in comparison to those for AH and AEH,
respectively.

Figure 2 shows the absorption spectra of the organic
sensitizers anchored to a transparent mesoporous TiO2 film.

Adsorption of the organic dyes on the surface of the TiO2 films
broadens their absorption spectra, and a hypsochromic shift of
13−17 nm with respect to those in solutions was observed,
which could be owing to the deprotonation of the carboxylic
acid. Such hypsochromic shift of the absorption spectra for
organic dyes adsorbed on the TiO2 films has also been observed
in other metal-free organic dyes.15,60−63 Similarly, when the
positions of the alkyl chains are varied from the “left” side to
“right” side, an obvious bathochromical shift for the maximum
absorption band can be found. This is consistent with the
absorption spectra in solutions and originates from the different
effective conjugation length. Moreover, the absorption intensity
of A series dye loaded TiO2 film is higher than corresponding
D series dye loaded TiO2 film. This can be explained by the dye
loading amount which was measured by UV−vis absorption
spectroscopy through desorption of sensitizer from the dye-
loaded TiO2 film. As shown in Table 1, A series dyes possessed
a higher dye loading amount than the corresponding D series
counterpart. Furthermore, the organic sensitizers containing 2-
ethylhexyl groups showed a lower dye loading amount than the
ones with n-hexyl groups due to the excessive bulkiness of
branched 2-ethylhexyl substituents. This explains the relatively
higher absorbance of n-hexyl substituted organic dye loaded
film in comparison to that loaded with 2-ethylhexyl subsituted
sensitizers.

Electrochemical Properties. To determine the oxidation
potential of the organic dyes and thermodynamically evaluate
the possibility of sensitizer regeneration, CV was carried out in
a typical three-electrode electrochemical cell with TiO2 films
stained with sensitizer as the working electrode, Pt wire as the
counter electrode, and Ag/Ag+ as the reference electrode
dipped in a solution of tetrabutylammonium hexafluorophos-
phate (0.1 M) in water-free acetonitrile at a scan rate of 50 mV
s−1 at room temperature. As shown in Figure 3, both D and A

Table 1. Photophysical and Electrochemical Properties of the Dye Isomers

dye λmax
Abs, nma ε, M−1 cm−1 λmax

Abs on TiO2, nm Γb, mol cm−2 μm−1 λmax
PL , nm Stokes shift, cm−1 HOMO, Vc E0‑0, eV LUMO, V

DH 453 2.86 × 104 439 1.4 × 10−8 598 5353 1.08 2.15 −1.07
DEH 451 2.51 × 104 438 1.2 × 10−8 606 5671 1.09 2.14 −1.05
AH 471 3.19 × 104 454 1.9 × 10−8 603 4648 1.00 2.08 −1.08
AEH 470 2.85 × 104 454 1.5 × 10−8 615 5016 1.03 2.03 −1.00

aAbsorption peaks (λmax) and molar extinction coefficients (ε) were measured in chloroform solutions (∼5 × 10−6 M). bΓ is the surface
concentration of the dye on the TiO2 film.

cThe potentials (vs. NHE) were calibrated with ferrocene.

Figure 2. UV−vis absorption spectra of the dye isomers on
transparent titania films.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am402036j | ACS Appl. Mater. Interfaces 2013, 5, 8982−89908985



dyes exhibit one oxidative wave attributed to the oxidation of
the carbazole moiety. The energy levels of the isomeric dye-
sensitized electrodes are summarized in Table 1. The observed
oxidation potential is taken as the highest occupied molecular
orbital (HOMO) level. All the HOMO values are more positive
than I−/I3

− redox couples (∼0.40 V vs. NHE, same below),3

indicating that the reduction of the oxidized dyes with I− ions is
thermodynamically feasible. Interestingly, the oxidation poten-
tials of A dyes slightly shift cathodically in comparison with that
of D dyes. In the D series dyes, the molecular twist causes
worse conjugation and charge delocalization. Therefore, D
series isomers possess less π conjugation and, in turn, more
positive oxidation potential. The lowest unoccupied molecular
orbital (LUMO) energy level was estimated from the equation
LUMO = HOMO − ΔE, where ΔE is the gap between the
HOMO and LUMO levels and is derived from the wavelength
at 10% maximum absorption intensity for the dye-loaded TiO2
film.64 Correspondingly, the LUMO energy levels of all
sensitizers are more negative than the CB edge of TiO2
electrode (−0.5 V),3 thus providing a sufficient thermodynamic
driving force for the electron injection from their excited states
to TiO2 films.
Theoretical Approach. To gain insight into the geo-

metrical and electronic properties of the isomeric sensitizers,
density functional calculations were conducted using the
Gaussian 03 program package at the B3LYP/6-31G(d) level
(Figure S2, Supporting Information).65 It can be clearly found
that, for all sensitizers, the HOMO was distributed along the
conjugated system and the LUMO was delocalized over the
cyanoacrylic acid group through alkylated oligothiophene,
facilitating electron transfer from the excited state to the CB
of TiO2 via the carboxylate anchoring group. Furthermore, the
presence of strong electron density relocation between HOMO
and LUMO supports the occurrence of an intramolecular
charge transfer transition in the UV−vis spectra.66
It is worth noting that the dihedral angle between the

carbazole donor and the neighbored thiophene ring is distinct
for the D and A series isomers. As shown in Figure 4, the
dihedral angles between the carbazole and the neighbored
thiophene ring in AH and AEH are calculated to be 26° and
27°, respectively, which is a generalized observation for dihedral
angle between benzene and thiophene rings. However, the D
series dyes show a more twisted dihedral angle of 47° and 51°
for DH and DEH, respectively, due to the large steric effect
between the alkyl chain and carbazole unit. On the other hand,
no significant difference can be observed for the dihedral angles

between the vinylene and the neighbored thiophene ring.
Consequently, D series isomers possess more twisted
conjugation backbone, which may perturb the effective π-
conjugation of the dye molecules, accounting for the
hypsochromic shift of the maximum absorption band in the
absorption spectra of the D series dyes in comparison to those
for the A series sensitizers.

Solar Cell Performance. Quasi-solid-state DSSCs have
shown greatly improved long-term stability since there is less or
no possibility for leakage of the electrolyte.67,68 Therefore, the
isomeric sensitizer-based quasi-solid-state DSSCs are firstly
constructed using a quasi-solid-state gel electrolyte containing 5
wt % poly(vinylidenefluoride-co-hexafluoropropylene),69 0.1 M
LiI, 0.05 M I2, 0.5 M TBP, and 0.6 M DMPImI in MPN. Figure
5a displays the J−V curves of the DSSCs using such quasi-solid-
state gel electrolyte under simulated AM1.5G irradiation. The
DSSC based on DH produces a η of 5.03% (Jsc = 9.19 mA
cm−2, Voc = 771 mV, FF = 0.71), while DEH-based DSSC
provides a slightly decreased η of 4.63% (Jsc = 8.49 mA cm−2,
Voc = 791 mV, FF = 0.69), which is consistent with our recently
published results.56 Upon replacing the alkyl groups from the
“left” side to the “right” side, the device incorporating A series
dye gives a η of 6.18% for AH (Jsc = 11.54 mA cm−2, Voc = 754
mV, FF = 0.71) and a η of 7.10% for AEH (Jsc = 12.81 mA
cm−2, Voc = 770 mV, FF = 0.72), respectively. For the A series
dye-based DSSCs, the Jsc values significantly increase while the
Voc values slightly decrease as compared with those for the
DSSCs based on the D series dye. Therefore, the contribution
to the η values from the Jsc parameter is much more significant
than the Voc parameter. Consequently, the DSSCs based on A
series dyes showed more prominent power conversion
efficiency than those for D series dye-based DSSCs. However,
unlike the D series dye-based DSSC, AEH-based DSSC
produces a much higher efficiency as compared with AH-
based DSSC. This is probably due to the less twisted structures
for A series dyes in comparison to D series dyes, which results
in much stronger intermolecular interactions in A series dyes.
Therefore, for organic dye with a relatively planar structure, 2-
ethylhexyl groups are superior to n-hexyl groups in inhibiting
the intermolecular interactions and thus improving the DSSC
performance.

Figure 3. Cyclic voltammograms of the isomeric dye loaded TiO2
films (5 μm thickness, 0.25 cm2).

Figure 4. Optimized ground-state geometries and dihedral angles
between the π-planes of D and A series dye isomers.
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To understand the significant difference among the Jsc values
and further investigate the relationship between the sensitizer
structure and the photovoltaic performance, action spectra of
the incident photon-to-current conversion efficiencies (IPCE)
as a function of incident wavelength for the quasi-solid-state
DSSCs based on the isomeric sensitizers are recorded and
shown in Figure 5b. It can be found that the IPCE spectra for
all quasi-solid-state DSSCs are in good agreement with their
absorption spectra, displaying the highest value of around 85%.
Typically, the IPCE spectra for the DSSCs based on the A
series sensitizers are much broader than those for the D series
isomer-based DSSCs. This is obviously due to the more planar
chemical structures of the A series dyes, which therefore
induces a more effective π-conjugation and is beneficial to the
light-harvesting capability.
Since Voc is related to the CB position of TiO2 and the

charge recombination rate in DSSCs, in order to explain the
difference of another important performance parameter (Voc),
the CB positions of the isomeric dye loaded TiO2 films were
investigated through charge extraction and intensity modulated
photovoltage spectroscopy (IMVS) measurements.50−53 Ac-
cording to the method developed by Frank and co-work-
ers,50,70,71 the movement of CB is contributed to the change in
Voc at constant photoinduced charge density (Q), which was
measured with charge extraction technique54 under illumina-
tion of a white light from LED. A higher Voc at constant Q
indicates an upward (or negative) shift of the CB edge and vice
versa.71 A plot of Voc versus the charge density at open circuit
for the quasi-solid-state DSSCs is shown in Figure 6. It can be
found that the Voc increases linearly with the logarithm of Q for
all DSSCs and the four curves for the corresponding devices

have almost the same slope (114 mV). At a fixed Q, the almost
same Voc for all DSSCs indicates the identical CB position for
each case. Consequently, CB edge of the TiO2 semiconductor
remains unchanged upon the adsorption the dye isomers with
alkyl chains on the “left” side or the “right” side. As the changes
in the chemical structures of the dye isomers do not induce the
movement of the TiO2 CB, the Voc difference among the
resulted quasi-solid-state DSSCs should be attributed to the
repression of charge recombination, which is related to electron
lifetime (τ). Figure S3, Supporting Information, shows the
electron lifetime as a function of charge density at open circuit
for the DSSCs based on the four sensitizers. The electron
lifetime was obtained from the frequency at the top of the
semicircle ( fmin) in IMVS by the relation τ = (2πfmin)

−1. As
illustrated in Figure S3, Supporting Information, the quasi-
solid-state DSSCs based on DH and DEH show 4.5 and 3.4
times longer electron lifetime at a certain charge density in
comparison to those based on AH and AEH, respectively,
which is attributed to the attenuated charge recombination.
This indicates that D series isomers with more twisted
structures can suppresses the charge recombination between
electrons in TiO2 film and electron acceptors in the electrolyte
more efficiently than A series counterparts.
Finally, to investigate the effect of twisted structure formed

between the carbazole donor and π-spacer on charge
recombination rate, charge recombination current (Jr) at
open circuit is plotted against charge density (Figure S4,
Supporting Information). At open circuit and a fixed light
intensity, the recombination current density Jr equals the
charge-injection current density Jinj. However, neither of them
can be directly measured but can be estimated from the
measurement of Jsc. At short-circuit, Jr is taken as Jsc in value
under the same light intensity because of the negligible charge
recombination at short-circuit.72−74 At a given charge density,
the charge recombination current is 2.8 times larger for the
quasi-solid-state DSSC based on AH than that for DH-based
DSSC, while it is 2.9 times larger for the AEH-based quasi-
solid-state DSSC than that for the DEH-based device,
indicating that the recombination rate constant is thus reduced
significantly when the positions of the alkyl chains are varied
from the “right” side to “left” side. The retarded charge
recombination rate constant will reduce electron loss at open
circuit. When more charge is accumulated in TiO2, Fermi level
moves upward and Voc gets larger. According to the Q−Voc
plots, the Voc gain from the AEH-based DSSC to the DH,
DEH, and AH-based DSSCs arising solely from the increased

Figure 5. (a) J−V curves and (b) IPCE spectra for the quasi-solid-state
DSSCs based on the isomeric sensitizers.

Figure 6. Voc as a function of charge density at open circuit for quasi-
solid-state DSSCs based on the isomeric sensitizers.
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charge density or retarded charge recombination is calculated
to be 6, 17, and −12 mV, respectively, explaining why the Voc
difference between AEH-based DSSS and those based on DH,
DEH, and AH is 1, 21, and −16 mV, respectively.
The quasi-solid-state devices were tested to evaluate the

long-term stability under visible light soaking. Figure 7 displays

the variation in the photovoltaic parameters of quasi-solid-state
DSSC based on isomer AEH under one sun soaking. It can be
found that the overall efficiency remained 98% of its initial
value after 1000 h of visible-light soaking, which indicates that
the quasi-solid-state DSSCs based on AEH demonstrated good
long-term stability during light soaking. Therefore, sensitizer
AEH is a promising candidate for highly efficient and stable
quasi-solid-state DSSC.
Recently, the DSSCs using a Co(II)/(III)-based redox

couple have become a research hotspot in this area due to its
more positive redox potential which is favorable for high Voc
and hence η values.10,75 Therefore, the DSSCs based on the
resulted isomeric sensitizers were also fabricated with a liquid
electrolyte (0.22 M [Co2+(bpy)3](PF6)2, 0.05 M [Co3+(bpy)3]-
(PF6)3, 0.1 M LiClO4, and 0.3 M TBP in acetonitrile).49 The
corresponding current density−voltage (J−V) curves of the
DSSCs were recorded under simulated AM1.5G irradiation
(100 mW cm−2) and shown in Figure S5, Supporting
Information. The DSSCs based on DH and DEH produced a
Jsc of 11.40 and 9.37 mA cm−2, a Voc of 835 and 857 mV, and an
FF of 0.67 and 0.75, corresponding to a η of 6.38% and 6.02%,
respectively. Under the same condition, replacing the
corresponding alkyl chains from the “left” side to the “right”
side, the DSSCs fabricated with AH and AEH produced
increased Jsc values but decreased Voc values (Table 2) in
comparison to those for D series dye-based DSSCs. Notably, a
Jsc of 14.98 mA cm−2, a Voc of 814 mV, and an FF of 0.71,
corresponding to a η of 8.66%, was achieved for AEH-based
DSSC. Obviously, the photovoltaic performance of the DSSCs
using Co(II)/(III)-based liquid electrolyte is consistent with

the trend for the DSSCs based on quasi-solid-state electrolyte
discussed above.

■ CONCLUSIONS
In summary, we have developed a facile and selective synthesis
approach towards organic dye isomers with alkyl groups
substituted at different positions on the terthiophene bridge.
The effects of isomeric structures on photophysical and
electrochemical properties and DSSC performance have been
fully investigated. The D series isomeric dyes with more twisted
molecular skeleton have suppressed the intermolecular
interactions more effectively and retarded the charge
recombination more efficiently. Therefore, the DSSCs based
on the D series dyes exhibit a longer electron lifetime with
lower charge recombination rate, which results in the enhanced
Voc values, while the A series isomers demonstrate more planar
geometry configuration and more effective π-conjugation,
inducing bathochromically shifted absorption maxima and
improved light-harvesting ability in comparison to the D series
isomers. Consequently, the DSSCs based on the A series dyes
illustrate broadened IPCE spectra and enhanced Jsc values.
Overall, the contribution to the η values from the photocurrent
is more remarkable than that from the photovoltage. As a result,
a η of 7.10% and 8.66%, respectively, is achieved for isomer
AEH-based DSSC using quasi-solid-state and liquid electrolyte,
respectively. The η of the former quasi-solid-state DSSC
remained 98% of the initial value after continuous light soaking
for 1000 h.
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H.; Zakeeruddin, S. M.; Graẗzel, M.; Wang, P. J. Phys. Chem. C 2008,
112, 19770−19776.
(22) Kim, S.; Lee, J. K.; Kang, S. O.; Ko, J.; Yum, J. H.; Fantacci, S.;
De Angelis, F.; Di Censo, D.; Nazeeruddin, M. K.; Graẗzel, M. J. Am.
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Miura, H.; Uchida, S.; Graẗzel, M. Adv. Mater. 2006, 18, 1202−1205.
(34) Tsao, H. N.; Yi, C.; Moehl, T.; Yum, J.-H.; Zakeeruddin, S. M.;
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