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ABSTRACT

Three metal-free organic sensitizers consisting of carbazole as an electron donor, carbazole or bithiophene
as the linker and cyanoacrylic acid as the electron acceptor and anchoring groups were designed and
synthesized for use in dye-sensitized solar cells (DSSCs). The sensitizers were characterized by 'H and
13C NMR, MALDI-TOF (or HRMS), UV-Vis, photoluminescence, and electrochemistry. The HOMO and
LUMO electron distributions of the sensitizers were calculated using density functional theory on a B3LYP
level for geometry optimization. The photovoltaic performance of the sensitizers in operational liquid
junction-based DSSCs under AM 1.5 G one-sun excitation (100 mW/cm?) indicate that the sensitizers
are promising candidates for use in DSSCs. Sensitizers 1 and 2 produce a power conversion efficiency of
2.70% with a maximum IPCE of 75% at 450 nm, while sensitizer 3 has a power conversion efficiency of
2.23% with a maximum IPCE of 66% at 440 nm. The sensitizers thus exhibit excellent photon-to-current
conversion efficiencies in the blue region of the spectrum and serve as candidates for further strategic
optimization in tandem cells.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Dye-sensitized solar cells (DSSCs) have been attracting a great
deal of interest due to the potential of high energy conversion effi-
ciency at low cost [1,2]. Since the original breakthrough in DSSCs
[1,3], ruthenium polypyridyl complexes have been widely used as
sensitizers in DSSCs, and the highest reported NREL-certified power
conversion efficiency of 11.18% has been obtained for the N719
sensitizer, a derivative of cis-Ru(dcbpyH;)(NCS), (the N3 sensi-
tizer) [4]. In addition to ruthenium polypyridine sensitizers, other
organometallic sensitizers such as osmium(Il) polypyridine sen-
sitizers [5-7], platinum(Il) sensitizers [8], and zinc(Il) sensitizers
[9,10], amongst others, have also been investigated by researchers.
Although the metal-complexed sensitizers exhibit high efficiency
and stability, they are expensive and difficult to purify compared
to the metal-free organic sensitizers. Metal-free organic sensitizers
also show promise due to advantages such as low cost, high molar
extinction coefficient, and facile molecular design. Recently, an
unprecedented power conversion efficiency of 10.3% was reported
for an organic sensitizer [11], thus indicating that with further
strategic optimization, metal-free organic sensitizers may overtake
their organometallic counterparts in photovoltaic performance.

* Corresponding author. Tel.: +1 419 372 7513; fax: +1 419 372 9809.
E-mail addresses: castell@bgsu.edu, castell@bgnet.bgsu.edu (F.N. Castellano).

1010-6030/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2011.08.001

Novel organic sensitizers such as coumarin [12-14], tetrahy-
droquinoline [15,16], merocyanine [17,18], cyanine [19,20],
phenothiazine [21], indoline [22,23], and hemicyanine [24,25] have
been used in DSSCs with good results. Still, a more strategic molec-
ular design of organic sensitizers is required to achieve higher
efficiency (1) values. The requirements [17,24,26] of efficient sen-
sitizers for use in DSSCs include (a) wide absorption range and
high absorption coefficient that give high light harvesting effi-
ciency, (b) excited-state redox potential should match the energy
of the conduction band, (c) light excitation associated with vecto-
rial electron flow from the light-harvesting moiety of the sensitizer
towards the surface of the semiconductor, (d) conjugation across
the donor and the anchoring group, (e) good anchoring group
and, (f) electronic coupling between the lowest unoccupied molec-
ular orbital (LUMO) of the sensitizer and the TiO, conduction
band. The major factors that result in low conversion efficiency
of many organic sensitizers in the DSSCs are (a) the aggregation
of sensitizer on the semiconductor surface and (b) recombina-
tion of conduction-band electrons with the iodide/triiodide redox
mediator [27]. Many metal-free organic sensitizers usually exhibit
excellent incident photon-to-current efficiency in the blue region
of the spectrum with little or no photoaction in the lower energy
regions [28,29]. A tendency to m-stack exists in m-conjugated pla-
nar molecules due to strong intermolecular interactions between
m-electrons and may result in a dissipative intermolecular energy
transfer which could have adverse effects on the photovoltaic per-
formance of DSSCs incorporating these types of molecules [30,31].
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Fig. 1. Chemical structures of the sensitizers 1-3.

Minimization of the extent of aggregation of organic sensitizers
and charge recombination through appropriate structural modifi-
cation becomes necessary in order to achieve optimal performance.
On the basis of these strategies, we have designed and synthe-
sized organic dyes for use as sensitizers of DSSCs. The very few
organic compounds incorporating carbazole [32-34] which have
been used as sensitizers in DSSCs exhibit exciting results. Also, a
few reports on sensitizers incorporating thiophene-based spacers
and exhibiting good device efficiencies have appeared [35]. To date,
there are no reports related to sensitizers bearing the carbazole
moiety, in which it functions as both the donor and the linker.
Therefore, we are developing and evaluating the potential of com-
pounds bearing carbazole donor and carbazole or thiophene linker
as sensitizers in organic solar cells. Carbazole-based sensitizers
have been shown to exhibit excellent photovoltaic characteristics
in the blue region of the spectrum [33,34]. These sensitizers may
eventually be mixed with other sensitizers that exhibit excellent
photovoltaic responses in the red in a tandem cell. This sort of
tandem arrangement becomes necessary since extending the spec-
tral response of individual sensitizers to low energy regions of the
spectrum will ultimately result in ground and excited states that
are not thermodynamically well aligned for sensitizer regeneration
and electron injection. Also, we are interested in an excellent hole-
transporting material such as carbazole moiety, and solid-state
DSSCs [29,36].

In this article we report the design and synthesis of
(2-cyano-3-[4-((3,6'-di-tert-butyl-9-[4-(trifluoromethyl)phenyl]-
9H-2,9’-bicarbazol-7yl)ethynyl)phenyl]acrylic
acid) (1) and (2-cyano-3-(4-(2-(5-(2-(4-(3,6-
di-tert-butyl-9H-carbazolyl)phenyl)ethynyl)-2,2’-
bithiophene)ethynyl)phenyl)acrylic acid) (3) that exhibit
maximum photovoltaic performance in the blue region of the
spectrum. The design and synthesis of sensitizer 2 is reported
in our previous paper [37]. DSSCs using these carbazole-based
sensitizers (1-3) are discussed herein. The chemical structures
of these sensitizers are shown in Fig. 1. All the sensitizers have
the same acceptor cyanoacrylic acid, which incorporates the
carboxylic acid anchoring group, and identical carbazole donor but
differ in the linker. Sensitizers 1 and 2 have 2-, 7-, 9-substituted
carbazole linker and the sensitizer 3 has bithiophene group as
a linker. Cyanoacrylic acid has evolved as the acceptor group of
choice in metal-free organic sensitizers since it functions both

as an electron acceptor and as an anchoring group and has been
shown to outperform the carboxylic acid group in these roles
[38].

2. Experimental
2.1. General

Triphenylphosphine, 5,5'-dibromo-2,2’-bithiophene, Cul, N,N-
diisopropylethylamine, Na,;SO4, NaHCO3, CS,CO3, PdCl,(PPhs),,
cyanoacetic acid, and ammonium acetate were purchased from
Sigma Aldrich. Lithium iodide, 4-tert-butylpyridine (4-tBupy),
iodine and 1-n-propyl-3-methylimidazolium iodide (PMII) were
available from our previous study [7]. 3,6-Di-tert-butylcarbazole,
and 3,6-di-tert-butyl-9-(4-ethynylphenyl)-9H-carbazole were syn-
thesized following the reported literature procedure [39]. The
synthesis of sensitizers 1, 3 and their precursors 7, 9 and 10 is
described here. The synthesis of sensitizer 2, and the precursors
4-6 is described elsewhere [37,40]. Relevant structural character-
ization spectra ('H and '3C NMR) for compounds 1, 3, 7,9 and 10
are given in Supporting information.

2.2. Characterization, physical measurements and
instrumentation

TH and '3C NMR spectra were measured on a Bruker
500 MHz spectrometer internally referenced to TMS. UV-Vis
absorption spectra were measured on a Shimadzu UV-2401 spec-
trophotometer and photoluminescence spectra were recorded
on Jobin-Yvon-Fluorolog-3 spectrometer. Electrochemical data
were obtained using a BAS Epsilon electrochemistry worksta-
tion with a conventional three-electrode arrangement. Cyclic
voltammetry measurements were carried out in either anhy-
drous acetonitrile or dichloromethane solution containing 0.1 M
tetrabutylammonium hexafluorophosphate as the supporting elec-
trolyte, a gold microdisk (1.6mm diameter) working electrode
(BAS model MF-2014), a platinum wire auxiliary electrode (BAS
model MW-4130) and a Ag/AgCl (3M NaCl) reference elec-
trode (BAS model MF-2079), respectively. Measurements were
conducted in ca. 1mM electroactive substrate in an argon gas
atmosphere with a scan rate of 300mV/s and ferrocene was
used as internal standard. For all measurements, potentials were
recorded vs the ferrocenium/ferrocene (Fc*/Fc®) internal stan-
dard, and finally converted to E;j; vs the normal hydrogen
electrode (NHE) using E1/2(Fc+/Fc°)= +0.69V vs NHE [41]. Incident
photon-to-current conversion efficiency (IPCE) measurements
were carried out using an instrument from PV Measurements,
Inc., equipped with a xenon arc lamp and calibrated with a sil-
icon reference photodiode. Current-voltage characteristics were
measured on an [-V data acquisition system (PV Measure-
ments, Inc.) equipped with a small area solar simulator (AM
1.5 Global) and an NREL-certified silicon reference solar cell
(PVM 274, PV Measurements, Inc.) for calibrating the intensity
of the simulated sunlight to 100 mW/cm?2, with the measured
photocurrent being within 2% of its calibration value. Photocur-
rent density (Jsc) values directly measured using I-V curves
were typically comparable to those estimated from the inte-
grated EQE (IPCE) spectra. Estimation of Jsc was performed by
the [-V software (PV Measurements Inc.) according to the ASTM
standard E1021. The sandwiched solar cells were illuminated
directly through the transparent conductive glass support con-
taining the TiO, photoanode. The photovoltaic characteristics
reported herein are overall yields that were not corrected for losses
due to light absorption and reflection by the conductive glass
substrate.
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2.3. Synthesis and characterization

2.3.1. 4-((3,6'-Di-tert-butyl-9-[4-(trifluoromethyl)phenyl]-
9H-2,9'-bicarbazol-7-yl)ethynyl)benzaldehyde (7)

To a solution of compound 6 (200 mg, 0.38 mmol) in dry toluene
(30 ml) was added 3,6-di-tert-butylcarbazole (160 mg, 0.42 mmol).
The Pd(OAc), (3%), P(t-Bu); 7% and Cs,CO3; (495 mg, 1.5 mmol)
were also added and stirred under argon at 110°C for about 24 h.
The reaction mixture was then cooled to room temperature and
toluene was removed completely under vacuum. The solid mix-
ture was dissolved in tetrahydrofuran and unreacted Cs,CO3 was
removed under gravity filtration. The organic residue was then
purified by column chromatography (silica gel, 8% ethyl acetate
in petroleum ether) to give the product (180 mg, 66%). '"H NMR
(500 MHz, CDCl3): § 1.50 (s, 18H), 7.36 (d, 2H), 7.48 (dd, 2H), 7.55
(dd, 1H), 7.61 (dd, 2H), 7.68 (s, 1H), 7.30 (d, 2H), 7.78 (d, 2H), 7.90
(d, 2H), 7.91 (d, 2H), 8.18 (d, 2H), 8.22 (d, 1H), 8.34 (d, 1H) and
10.05 (s, 1H). 13C NMR (500 MHz, DMSO): § 32.0, 34.8, 88.9, 94.4,
108.3,109.0, 113.2, 116.4, 120.1, 120.3, 120.6, 121.9, 122.2, 123.4,
123.7,124.8,127.1, 127.2, 127.5, 127.6, 129.5, 129.6, 129.7, 132.0,
135.4,139.5,140.8,142.0, 143.0, and 191.4. HRMS EI* calculated for
C48H39ON;F3 716.30146, measured 716.30024.

2.3.2. 4-(2-(5-Bromo-2,2'-bithiophene)ethynyl)benzaldehyde (9)

5,5'-Dibromo-2,2’-bithiophene (8) (0.45g, 1.38 mmol),
PdCl;(PPh3); (16mg), Cul (12mg), N,N-diisopropylethylamine
(1 ml) and DMF (9 ml) were mixed together in 100 ml round bottom
flask. Then argon was bubbled for 20 min. Ethylene benzaldehyde
(0.1 g,0.77 mmol) was added and stirred for 12-14 h at 80 °C under
argon atmosphere. Then the reaction mixture was poured into dis-
tilled water and extracted with DCM. The extract was washed with
0.5 M HCl, then it was washed using saturated NaHCOs3 and distilled
water. The solution was dried using anhydrous Na,SOy4, followed
by the addition of pentane (1/3 volume of DCM). The resultant
solution was filtered using a Buckner funnel with a layer of silica
pad. The filtrate was dried under vacuum. The crude product was
purified by flash chromatography (silica gel, 30% DCM in hexane) to
obtain pure compound (0.17 g, 65%). 'H NMR (500 MHz, CDCl3): §
6.96 (d, 1H),6.99 (d, 1H), 7.03 (d, 1H), 7.22 (d, 1H), 7.65 (d, 2H), 7.87
(d, 2H) and 10.03 (s, 1H). 13C (500 MHz, CDCl3): § 86.5, 93.6, 120.1,
121.4,123.0, 123.6, 129.0, 129.6, 130.0, 131.7, 133.7, 135.5, 137.9,
138.8 and 191.3. HRMS EI* calculated for C;7HgOS,Br 371.92783,
measured 371.92912.

2.3.3. 4-(2-(5-(2-(4-(3,6-Di-tert-butyl-9H-carbazolyl)phenyl)-
ethynyl)-2,2'-bithiophene )ethynyl)benzaldehyde (10)

To a solution of compound 9 (100mg, 0.269 mmol) in
diisopropylethylamine (0.5 ml) and DMF (7 ml) was added 3,6-di-
tert-butyl-9-(4-ethynylphenyl)-9H-carbazole (344 mg, 0.9 mmol).
After the solution was degassed with argon for 30 min while stir-
ring, PdCl,(PPhs), (6.7 mg), Cul (5.1¢g), and triphenylphosphine
(8 mg) were added. The reaction was then stirred for 14 h at 80°C
under argon. The solvent was evaporated using vacuum and crude
product was obtained. The product obtained was recrystallized
from DCM and hexane to obtain the product (150 mg, 82%). '"H NMR
(500 MHz, CDCl3): § 1.5 (s, 18H), 7.17 (d, 1H), 7.18 (d, 1H), 7.27 (d,
1H), 7.28 (d, 1H), 7.42 (d, 2H), 7.50 (ds, 2H), 7.61 (d, 2H), 7.69 (d,
2H), 7.75 (d, 2H), 7.91 (d, 2H), 8.16 (d, 2H) and 10.08 (s, 1H). 13C
(500 MHz, CDCl3): § 31.0,32.0,76.6,76.8,77.0,77.3,83.1,86.7,93.9,
94.3, 109.2, 116.3, 120.9, 121.6, 122.6, 123.6, 123.8, 124.2, 1244,
126.4,129.0, 129.7, 131.8, 132.6, 133.1, 133.9, 135.5, 138.0, 138.5,
138.8,139.2, 143.3 and 191.4. HRMS EI* calculated for C45H370NS,
671.23167, measured 671.22981.

2.3.4. 2-Cyano-3-[4-((3,6'-di-tert-butyl-9-[4-(trifluoromethyl)-
phenyl]-9H-2,9'-bicarbazol-7-yl)ethynyl)-phenyl]acrylic acid (1)

To a round bottomed flask containing a mixture of compound
7 (100 mg, 0.14 mmol), cyanoacetic acid (11 mg, 0.14 mmol), and
ammonium acetate (1 mg) was added acetic acid (5 ml). The mix-
ture was heated at 120°C for 6h and allowed to cool to room
temperature. The resulting solid was filtered and washed with dis-
tilled water, diethyl ether and methanol to give a bright orange
solid (82%). Mass spectrum (MALDI-TOF) m/z M*=783. 'TH NMR
(500 MHz, DMSO): § 1.40 (s, 18H), 7.38 (d, 2H), 7.47 (dd, 2H), 7.59
(dd, 1H), 7.61 (s, 1H), 7.64 (dd, 1H), 7.10 (s, 1H), 7.90 (d, 2H), 8.40 (s,
4H), 8.10 (d, 2H), 8.30 (d, 2H), 8.38 (s, 1H), 8.47 (d, 1H) and 8.59 (d,
1H). 13C NMR (DMSO): § 32.3, 35.0, 89.7, 94.5, 108.3, 109.6, 113.5,
117.2,119.9, 121.9, 122.1, 123.1, 123.3, 124.0, 124.2, 125.6, 127.2,
128.0, 128.1, 131.3, 132.5, 136.9, 139.3, 140.7, 141.8, 143.0, 153.5
and 163.6.

2.3.5. 2-Cyano-3-(4-(2-(5-(2-(4-(3,6-di-tert-butyl-9H-
carbazolyl)phenyl)ethynyl)-2,2'-bithiophene)-
ethynyl)phenyl)acrylic acid (3)

To a round bottomed flask containing a mixture of compound
10 (150 mg, 0.22 mmol), cyanoacetic acid (9 mg), and ammonium
acetate (1 mg) was added acetic acid (10 ml). The mixture was
heated at 120°C for 8 h and allowed to cool to room temperature.
The resulting solid was filtered and washed with distilled water,
diethyl ether and methanol to give a bright red solid (142 mg, 86%).
Mass spectrum (MALDI-TOF) m/z M*=738. TH NMR (500 MHz,
DMSO0): § 1.43 (s, 18H), 7.40 (d, 2H), 7.47-7.54 (m, 6H), 7.71 (d,
2H), 7.75 (d, 2H), 7.84 (d, 2H), 8.07 (d, 2H), 8.29 (s, 1H) and
8.1 (s, 2H). 13C NMR (500, DMSO): § 31.2, 32.3, 83.4, 86.2, 94.8,
109.7,117.3,120.3, 121.2, 122.0, 123.6, 124.3, 126.1, 126.2, 126.6,
131.2,132.2, 133.5, 134.8, 135.5, 137.7, 138.4, 138.5, 138.6, 143.5
and 163.6.

2.4. Preparation of nanocrystalline TiO, electrode and
transparent platinum cathode

The sol-gel synthesis of the colloidal TiO, paste has been
described in detail elsewhere [7,42]. The prepared TiO, paste was
doctor-bladed onto the conductive glass substrate (Hartford Glass,
TEC-15) to give the transparent layer of TiO, film with a typical
thickness of 13 wm. The obtained nanoparticle film was then dried
at 125°C for 6 min and a 5 pm thick scattering layer of mesoscopic
TiO, (Solaronix, Ti-Nanoxide 300) was doctor-bladed on top of it.
The resulting TiO, films were subsequently annealed for 30 min at
500°C under oxygen flow in a tube furnace with ramped heating
control of 5°C per minute. Upon cooling to 100°C, TiO, electrodes
were immersed in 0.5 mM sensitizer solution in acetonitrile/tert-
butanol (50:50, v/v, %) for 48 h at RT. Due to solubility limitations,
sensitization of sensitizer 3 was carried out in THF solution. Trans-
parent platinum-coated FTO cathodes were prepared as described
elsewhere [7].

2.5. Sandwiched solar cell assembly

The active device area of the sensitized TiO, photoanode was
adjusted to 0.25cm?. Stretched Parafilm-M was used as a spacer
between the photoanode and the platinum counter electrode. The
typical thickness of the spacer was 20-30 pm. A few drops of the
redox electrolyte were placed on top of the active electrode area
and a platinized FTO-glass counter electrode was placed on top.
The electrodes were then sealed together using binder clips. For
these studies, the redox electrolyte solution consisted of 0.2 M Lil,
0.05M I, 0.7 M PMII and 0.5 M 4-tBupy in anhydrous acetonitrile
[43].
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Fig. 2. Absorption-emission spectra of sensitizers 1-3 in dichloromethane.

3. Results and discussion
3.1. Synthesis and characterization

The preparation of 2,7-functionalized carbazoles is not straight-
forward, since both the 2- and 7-positions are in the meta position
of the amino group of the carbazole unit and cannot be directly
functionalized by standard electrophilic aromatic substitution.
Successful synthetic strategies usually require functionalized 4,4'-
biphenyl precursors with an additional reactive group at the 2
position used for a subsequent ring closure reaction. In this way
4,4'-biphenyl compound was converted into 2,7-dibromocarbazole
(4) following a literature procedure [40]. N-arylation of 4 was fol-
lowed by the Sonogashira coupling with 4-ethynylbenzaldehyde
to obtain 6 (Scheme 1). Compound 6 reacts with 3,6-di-tert-
butylcarbazole in presence of Pd(OAc),, P(t-Bu); and Cs,CO3 to
obtain 7 which further reacts with cyanoacetic acid, ammonium
acetate and acetic acid to give the sensitizer 1. On the other
hand 5,5’-dibromo-2,2’-bithiophene (8) was converted into com-
pound 9 by the Sonogashira coupling with 4-ethynylbenzaldehyde
which further undergoes Sonogashira coupling with 3,6-di-tert-
butyl-9-(4-ethynylphenyl)-9H-carbazole to obtain compound 10.
Compound 10 reacts with cyanoacetic, ammonium acetate and
acetic acid to give the sensitizer 3.

Reagents and conditions: (a) 1-bromo-4-
trifluoromethylbenzene, K, CO3, DMF, reflux 12 h; (b) Pd(PPh3),Cl,,
Cul, PPh3, N,N-diisopropylethylamine, reflux 10h; (c) Pd(OAc),
P(t-Bu)s, Cs,CO3, toluene, reflux 22 h; (d) cyanoacetic acid, ammo-
nium acetate, CH3COOH, reflux 5h; (e) Pd(PPh3),Cl,, Cul, PPhs,
N,N-diisopropylethylamine/DMF, reflux 14h; (f) Pd(PPhs),Cl,,
Cul, PPh3, N,N-diisopropylethylamine, reflux 10 h; (g) cyanoacetic
acid, ammonium acetate, CH3COOH, reflux 5 h.

3.2. Photophysical properties

These sensitizers (1-3) are soluble in common organic solvents,
such as dichloromethane (DCM), tetrahydrofuran (THF), dimethyl-
formamide (DMF), and dimethylsulfoxide (DMSO). The absorption
spectra of the sensitizers in DCM are shown in Fig. 2. All sensi-
tizers have a strong absorption in the ultraviolet and blue regions
with a maxima at 290 nm and around 350-430 nm, respectively.
The absorption maxima at around 290 (not shown) are due to car-
bazole moiety and assigned to a w—7* transition while the bands
at around 350-430nm are due to intramolecular charge trans-
fer (ICT) between the donor carbazole and the acceptor moiety.
A summary of photophysical properties of sensitizers 1-3 is given

in Table 1. The minimum energy between the ground and excited
states (Eg.g) was estimated as half the sum of the absorption and
emission maxima, and the obtained value was subsequently con-
verted to electron volts (eV). The excited state potential (Eyymo)
was determined as described elsewhere [7].

These sensitizers are composed of three main parts: a carbazole
donor, a carbazole or bithiophene as a linker and cyanoacrylic
acid as an acceptor and anchoring group. The donor groups may
efficiently inhibit I3~ from approaching the surface of the nanocrys-
talline TiO,. The phenylethynyl spacer is a semi-rigid conjugated
linker [44] which should favor the electron injection and the car-
bazole linker in sensitizers 1 and 2 can suppress the aggregation
of dye molecules by the steric hindrance as trifluoromethyl benzyl
group is attached at the 9H position of it.

3.3. Electrochemistry

The cyclic voltammogram of 1 in acetonitrile solution shows a
quasi-reversible oxidation process centered at 1178 mV vs Ag/AgCl
with the Fc*/Fc® wave centered at 443 mV vs Ag/AgCl. The cyclic
voltammogram of 2 in dichloromethane solution shows a quasi-
reversible oxidation process centered at 1191 mV vs Ag/AgCl with
the Fc*/Fc® wave centered at 428 mV vs Ag/AgCl. Due to solubility
limitations, the electrochemical properties of 3 could not be mea-
sured. Although sensitizer 3 has high solubility in tetrahydrofuran
(THF), no oxidation waves were observed in THF solution within
the solvent’s potential window [45]. The oxidation potentials were
further converted to E;; vs NHE using El/z(Fc+/Fc0)=+O.69 'S
NHE [41] yielding E1»(1)=1.43V vs NHE and E;5(2)=1.45V vs
NHE. The sensitizers have oxidation potentials that are more pos-
itive than that of the I=/I3~ redox mediator (0.4V vs NHE) [46]
which provide a thermodynamic driving force of 1.03-1.05V for
regeneration of the oxidized sensitizers by the iodide/triiodide
redox mediator. The excited state oxidation potentials of the
sensitizers (Table 1) are sufficiently more negative than the con-
duction band edge of TiO,, which is —0.5V vs NHE [47], providing
a great amount of thermodynamic driving force for electron
injection.

3.4. Photovoltaic measurements

The photoaction spectra and I-V curves were measured under
identical conditions for all the sensitizers investigated herein. Four
independent DSSCs were assembled and measured in parallel and
the results reported herein are the average of the four cells, rep-
resented as overall yields that were not corrected for any kind of
losses. All devices have an active area of 0.25cm?. The photoac-
tion spectra of dye-sensitized solar cells incorporating sensitizers
1-3, along with that of the N3 sensitizer, are presented in Fig. 3.
The carbazole-based sensitizers convert visible light to photocur-
rent efficiently across the higher energy region over the wavelength
range of 350-550 nm. A maximum photon-to-current conversion
efficiency of about 75.1% at 450 nm was realized for sensitizers 1
and 2, while sensitizer 3 has a maximum IPCE of 66.5 4 0.64% at 440
(Fig. 3 and Table 2). The current-voltage properties of the DSSCs
based on sensitizers 1-3, as well as the N3 sensitizer, measured
under standard one-sun conditions (AM 1.5 G, 100 mW/cm?) are
shown in Fig. 4. Devices based on the carbazole-linked sensitizers
1 and 2 displayed the highest power conversion efficiency of about
2.7%, those based on the thiophene-linked sensitizer 2 displayed
a power conversion efficiency of 2.23 4+ 0.04%. Importantly, DSSCs
based on these metal-free organic sensitizers displayed excellent
fill factors which suggests that there is reduced contribution to the
internal resistance within these devices, especially from the charge
transport at the TiO,/dye/electrolyte interface [48,49]. Compared
with sensitizers 1and 2, sensitizer 3 possesses a higher short-circuit
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Scheme 1. Synthesis of sensitizers 1 and 3.
Table 1
Summary of photophysical properties of sensitizers 1-3.
Sensitizer Aabs (NM) (6 x 1073 M~Tcm™1) Eox (V vs NHE) Estimated Eo.o (eV) Erumo (V vs NHE) Aem (NM)

1 350(35.76), 395 (34.12) 143 2.71 -1.28 524
2 350 (48.43), 385 (54.74) 1.45 2.63 -1.18 545
3 350 (11.09), 420 (16.42) - 258 - 540

current despite having a lower value for the maximum IPCE. This
is probably due to the fact that the sensitizer has a much broader
absorption spectrum whose contributions are expected to enhance
the value of the photogenerated current. Sensitizers 1 and 2 are
structurally similar, except for the inclusion of an extra pheny-
lacetylene group in the motif of sensitizer 2, and as such should
display similar properties which are reflected in the photophysi-
cal, electrochemical and photovoltaic properties of the sensitizers.
The photogenerated short-circuit current and the values of the IPCE
maxima are identical, within experimental error, for both sensitiz-
ers and the observed differences are revealed in the open-circuit
voltage. There is a ~25mV increase in the value of the V¢ of

Table 2

sensitizer 1 relative to sensitizer 2 which can be attributed to the
effects of an extended m-conjugated backbone which enhances
charge separation between the carbazole donor and cyanoacrylic
acceptor moieties, enhances electron injection and occupancy of
the conduction band which raises the Fermi level and ultimately
results in a greater open-circuit voltage.

Due to concerns about the photostability of organic sensitiz-
ers in DSSCs, light-soaking tests were performed over 1h with
sandwich DSSCs based on sensitizer 2 and the results (Fig. 5) indi-
cate a stable photovoltaic performance of the solar cells within the
period under review. We were limited to such a small irradiation
time duration given the fact that we are unable to permanently

Summary of the photovoltaic properties of sensitizers 1-3 with N3 sensitizer included for comparison.

Sensitizer TiO; film thickness? (um) Voc (mV) Jsc (mA/cm?2) FF (%) n (%) IPCEmax (%)
1 13+5 649 + 4.83 5.60 + 0.10 67.4 £+ 2.89 245 + 0.04 74.0 + 039
16 615 £ 11.7 5.77 £ 0.07 68.7 + 0.50 2.44 £+ 0.00 74.4 £ 0.68
16+5 617 + 1.80 6.24 + 030 70.2 + 1.77 2.70 +£ 1.77 753 £ 0.36
2 13+5 664 + 9.03 472 + 0.39 71.5 £ 1.00 2.24 +0.25 75.1 £ 0.18
16 636 + 4.41 5.73 £ 039 67.4 £+ 6.11 244 £+ 0.07 74.0 £ 0.75
16+5 642 + 6.59 5.96 + 0.20 70.5 £ 1.23 2.70 £+ 0.05 75.9 £ 0.57
3 16+5 523 +10.1 7.03 £ 0.28 60.5 + 0.30 2.23 £ 0.04 66.5 + 0.64
N3 16+5 683 + 4.09 159 + 1.01 55.9 + 1.58 6.04 + 0.31 71.5 + 037

@ Thickness of the transparent layer was either 13 or 16 wm while the scattering
The redox electrolyte consisted of 0.2 M Lil, 0.05M I, 0.7 M PMII and 0.5 M tbupy in

layer is 5 wm thick. Four identical solar cells were prepared and evaluated in each case.
acetonitrile solution.
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Fig. 3. Photoaction spectraof sensitizers 1-3 and N3. TiO, films consisted ofa 16 um
transparent layer and a scattering layer is 5 wm thick. The redox electrolyte consisted
of 0.2 M Lil, 0.05M I,, 0.7 M PMII and 0.5 M tbupy in acetonitrile solution.

seal the DSSCs. Apart from an initial (negligible) decrease in all the
photovoltaic parameters in the first ca. 7 min, the performance indi-
cators exhibited stable values and suggest that these sensitizers
may withstand prolonged light-soaking. Prolonged light-soaking
is usually accompanied by temperature increases which result
in a faster rate of redox electrolyte diffusion and a downward
shift in the conduction band edge potential relative to 1=/I3~
[50]. The former results in improvements in fill factor and the
latter in decreases in the open-circuit voltage, while observed
increases in the short-circuit current are generally a combination
of both effects. Similar experiments, performed at 50-55°C over a
1000 h period, have been reported by Wang et al. [13] and it was
shown that the power conversion efficiency and other photovoltaic
properties stabilized over the period of the test, indicating that
metal-free organic sensitizers exhibit adequate long term photo-
stability, similar to the more frequently used coordination complex
dye-sensitizers.

All photovoltaic performances were obtained with TiO, pho-
toanodes incorporating 16 wm of a transparent layer and a 5 pum
layer of scattering particles to yield the best photovoltaic per-
formance (Table 2). Optimization of the TiO, film thickness is
necessary in order to ascertain the optimum range that would
yield the best photovoltaic performance and in this case involved
the use of transparent layer of TiO; film (13 and 16 pm thick-
ness) with or without a second layer of a 5um scattering layer
on top of it (Table 2). Thicker films are expected to give better light

a 5
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g 27 —— 56 min
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Fig. 4. Current-voltage curves of sensitizers 1-3 and N3. TiO, films consisted of a
16 wm transparent layer and a scattering layer is 5 wm thick. The redox electrolyte
consisted of 0.2 M Lil, 0.05M I,, 0.7 M PMII and 0.5 M tbupy in acetonitrile solution.

absorption from an optical point of view since the films will adsorb
more sensitizer molecules whose combined absorption proper-
ties will increase the light-harvesting property of the sensitized
film. The thickness of a film affects its mechanical strength, adher-
ence onto substrates and the interconnectivity between particles
and these pose a challenge when making thicker films. Inter-
connectivity between particles is essential for efficient electron
transport and influences resistance within the bulk semiconduc-
tor. Inefficient charge transport through the substrates results
in losses through various recombination pathways. The opti-
mal thickness of any given photoelectrode, on the other hand,
depends on the extinction coefficient of the adsorbed sensi-
tizer as well as on the semiconductor particle properties [51],
and these conditions need to be optimized to realize the best
performance for any given combination of semiconductor and
sensitizer.

These sensitizers exhibit excellent photon-to-current conver-
sion efficiencies in the blue region of the spectrum. Further work is
focusing on developing metal-free sensitizers with excellent photo-
conversion efficiencies in the lower energy region and assembling
the blue- and red-response sensitizers in a tandem arrangement
to boost the energy conversion efficiency. The sensitizers reported
herein exhibit unique photovoltaic behaviors and show promises
for further optimization and application in the growing field of
organic dye-sensitized solar cells.
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Fig. 5. Preliminary light-soaking test results for DSSCs based on sensitizer 2 showing (a) current-voltage curves and (b) properties of the current-voltage curves as a function

of irradiation time.
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Fig. 6. HOMO-LUMO structures of the sensitizers 1-3 calculated using density functional theory.

3.5. Quantum chemical calculations

Density functional theory (DFT) calculations were per-
formed on the sensitizers 1-3 to get a deep insight into the
structure-photovoltaic cell performance relationships. The calcu-
lations were done on a B3LYP level for the geometry optimization.
In the ground state, the electron density is localized mainly on the
carbazole donor units, whereas in the excited state they move com-
pletely to the acceptor units near to the anchoring group, which
favor the electron injection from the sensitizer to the conduction
band of TiO,. From the electron distribution structures in Fig. 6, it is
obvious that the acceptor can withdraw almost all the electrons to
the phenyl unit next to the anchoring group in all sensitizers 1-3.
The HOMO electrons are delocalized almost from donor carbazole
to linker carbazole in sensitizer 1 but in sensitizer 2 it is not up to
linker carbazole, whereas in sensitizer 3 the electrons are localized
only in donor carbazole moiety. The absence of electronic com-
munication between the thiophene linker and the donor carbazole
in the HOMO on the one hand, and the linker and the accep-
tor cyanoacrylic acid on the other hand, in sensitizer 3 is closely
related to the relatively higher energy of the linker, compared to
the energies of the donor and acceptor groups. The electronic com-
munication that exists in sensitizers 1 and 2 between the donor
and the linker in the HOMO, and the acceptor and the linker in the
LUMO, is made possible by the relative stabilization of the energy
levels of the linker by the electron-withdrawing trifluoromethyl
group. These theoretical results show that the sensitizers can have
efficient electron injection from the LUMO to the conduction band
of TiO, and improving the cell efficiency.

4. Conclusions

Organic sensitizers with a carbazole as a donor, carbazole or
bithiophene as a m-conjugation linker and a cyanoacrylic acid group
as an acceptor have been synthesized as for DSSCs. Compared with
the sensitizer having bithiophene in the linker, the sensitizers con-
taining carbazole linker showed more efficiency. Sensitizers 1 and
2 produce a power conversion efficiency of 2.70% with a maximum
IPCE of 75% at 450nm, while sensitizer 3 has a power conver-
sion efficiency of 2.23% with a maximum IPCE of 66% at 440 nm.
The sensitizers thus exhibit excellent photon-to-current conver-
sion efficiencies in the blue region of the spectrum and serve as
candidates for further optimization in tandem cells. These sensi-
tizers could be mixed with other sensitizers with optimized red
response in a tandem arrangement to achieve excellent photocon-
version efficiencies in the spectral regions of interest. All the results

indicate that these organic compounds are promising candidates
in the development and further optimization of metal-free organic
sensitizers for application in DSSCs.
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