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A series of structurally simple dipolar light-harvesting organic dyes featuring 1,3-cyclohexadiene in the aromatic sz framework for dye-sensitized solar cells
has been synthesized and characterized. The highest conversion efficiency of the DSSCs based on these dyes can reach up to 4.4%.

The effective harvesting solar energy and its conversion to
electrical power has been a contemporary research topic for
searching an energy alternative for the fossil fuel due to the
increasing energy demands worldwide as well as the concerns
of the global warming issue related to CO, emission from
burning fossil fuel.* Dye-sensitized solar cells (DSSCs) based
on organic and coordination complexes have received great
attention among many research groups since the seminal
report by Gratzel and co-workers.? Ru(ll)-based complexes
such as N3, N719, and the black dye have shown the best
photoconversion efficiency up to 11% under AM 1.5
irradiation thus far.® Although the efficiency of DSSCs based
on organic dyes are generally lower than the cells based on
Ru(IT) dyes, the highest photoconversion efficiency of organic
dye-sensitized solar cells has exceeded 9%.* The advantages
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of organic dyes over the Ru(ll)-based metal complexes in
DSSCs include the typically high molar absorption coef-
ficients of organic dyes, a variety of specific functional
groups of organic dyes available for tuning the absorption
spectra coverage, the relative low costs of organic dye
compared with those of ruthenium metal complexes, and
essentially no limitation of resources.

Many kinds of organic dyes, such as coumarin-, cyanine-,®
hemicyanine-,” triarylamine-2 thiophene-,° oligoene-,*° por-
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phyrin-* and perylene-based*? dyes have been exploited as
photosensitizers for DSSCs. The structural composition of
commonly seen organic dyes emploited in the DSSCs typically
consists of an electron donor, such as para-disubstituted aniline,
and an electron acceptor, most notably cyanoacrylic acid, aiming
to facilitate vectorial charge transfer upon light absorption, a
sr-conjugated spacer between the donor and acceptor to tune
the spectral coverage and light harvesting efficiency, and an
anchoring group to the TiO, surface integrated into the acceptor
end.

In this study, we design a new class of organic sensitizers
with a 1,3-cyclohexadiene conjugated unit as part of the
spacer to link the electron donor and electron acceptor. The
structures of these dyes are shown in Figure 1. A model
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Figure 1. Structures of organic dyes.

compound 16 was also synthesized for assessing the role of
1,3-cyclohexadiene played in the photovoltaic efficiency. One
obvious advantage of employing 1,3-cyclohexadiene unit in
the framework of light-harvesting dyes is the essentially
planar conformation in the structural skeleton which yields
more dense packing of the dyes adsorbed on TiO, surface,
not necessarily multilayer aggregation, and, therefore, in-
creases the amounts of dye loading on the surface. The
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integration of extended s-framework such as ethenyl,
thiophene, and bithiophene unit would expect to further
increase the spectrum coverage and better light harvesting
efficiency. We have found that an appreciable photoconver-
sion efficiency up to 4.4% can be achieved even with such
structurally simple dyes.

The synthesis of dyes 4a—c is summarized in Scheme 1,
which followed the similar procedures. Lithiation with
n-butyl lithium to 4-bromo-N,N-dimethylbenzenamine (4-

Scheme 1. Synthesis of Dipolar Dyes 4a—c
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bromo-N,N-diphenylbenzenamine or 4-bromo-N-carbazoyl-
benzenamine) followed by the nucleophilic addition—elimination
reaction with 3-ethoxycyclohex-2-enone provided la—c.
Acylation of 1a—c with ethyl chloroformate provided 2a—c.
The ester compounds 3a—c were obtained by consecutive
steps of reduction of cyclohexenone, methanesulfonylation,
and elimination. Finally, the hydrolysis of the ester groups
in compounds 3a—c in aqueous KOH afforded the target
dyes 4a—c.

Scheme S1 (Supporting Information) describes the syn-
thetic routes for dye 9, which followed similar procedures
to dyes 4a—c. The key intermediate, compound 6, was
prepared by conventional Wittig reaction of 4-(diphenylami-
no)benzaldehyde with diethyl (3-oxocyclohex-1-enyl)meth-
ylphosphonate. Dyes 14a and 14b were also synthesized in
a similar manner by first synthesizing compounds 10a and
10b followed by palladium-catalyzed Suzuki coupling reac-
tions to afford 11a and 11b. Subsequent acylation of 1la
and 11b followed by reduction of cyclohexenone, methane-
sulfonylation, elimination, and hydrolysis afforded desired
dyes 14a and 14b (Scheme S2, Supporting Information).
Compound 16 was synthesized by palladium-catalyzed
suzuki coupling reaction of 4-(diphenylamino)phenylboronic
acid with ethyl 4-bromobenzoate followed by hydrolysis in
aqueous KOH (Scheme S3, Supporting Information). All
dyes with 1,3-cyclohexadiene in the structure framework
exhibit fairly good thermal stability. Except for 4c, which
starts to decompose at ~150 °C, the TGA data of other dyes
showed no decomposition up to 200 °C. The photochemical
stability of dyes 4b and 14a adsorbed on TiO, were also

Org. Lett, Vol. 11, No. 2, 2009



tested under AM 1.5 irradiation for 3 h and showed no
notable changes in the absorption spectra.

The absorption spectra of the dipolar dyes in acetonitrile
solution are shown in Figure 2. The related photophysical

08

06 08

04 04

02 0z

o
250 300 350 400 450 500 550 350 400 450 500 550 600 850
Wavelength, nm

0

Wavelength, nm

Figure 2. (Left) Normalized UV —vis absorption spectra of dyes
in acetonitrile solution. (Right) Normalized absorption spectra of
different dyes on 1.5 um TiO; films.

data is summarized in Table 1. The general features of the
absorption spectra consist of one broad band in the visible
region and a less intense absorption band in the near UV

Table 1. Absorption and Fluorescence Properties®

Amax, DM dye loading,
dye (e x 1074, M lem ™) Aem, NIM 10 ®mol/cm?
4a 391 (1.4) 481 1.0
4b 299 (2.3), 387 (1.5) 536 14
4c 298 (1.9), 379 (1.9) 447 1.0
9 300 (2.1), 404 (2.7) 528 1.5
14a 284 (1.6), 416 (2.3) 527 0.43
14b 279 (1.3), 417 (1.1) 542 0.38
16 350 (1.9) 501 0.97

@ Absorption and fluorescence spectra were measured in acetonitrile
solution at 293 K. The fluorescence spectra were measured by excitation at
the absorption maximum of the lowest energy band.

region, which correspond to an intramolecular charge transfer
(ICT) transition and a locally excited z—s* transition,
respectively. The broad absorption bands in these compounds
suggest a good electronic delocalization throughout the whole
molecular system. A systematic bathochromic shift in the
absorption spectra with increasing conjugation was observed.
Meanwhile, the spectra of 14a and 14b with thiophene
moiety integrated into the conjugated structures are broader
when compared to other four dyes due to the enhanced
conjugation in these two molecules. DFT calculations at the
B3LYP/6—31G* level of the theory support the directional
charge transfer on excitation. The HOMO is primarily located
on s-framework of triphenyl amine; whereas the electron
density of LUMO is delocalized over the 1,3-cyclohexadienyl
carboxylic acid moiety (Supporting Information). DFT
calculations also indicated a smaller dihedral angle (28.0 and
33.5°) between the 1,3-cyclohexadienyl and phenyl moieties
in 4b when compared to the dihedral angle (34.6°) between
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the two phenyl rings in model 16, which suggests a more
planar conformation in 4b. The emission data in acetonitrile
is also summarized in Table 1. The emission spectra exhibit
significant solvatochromic shift in polar solvents indicative
of an eminent ICT character.

The absorption spectra of the six dyes adsorbed on a
transparent TiO; film are also shown in Figure 2. Compared
to the corresponding spectra in CH3CN solution, the spectral
coverage become broader upon adsorption on TiO, but the
absorption maxima shifted to higher energy when compared
to that of in solution. Such blue shifts of the absorption
spectra is attributed to either the formation of H-type
aggregate™ or deprotonation of the carboxylic acid.®® It
should be noted here that the high absorption before 370
nm primarily belongs to TiO, and transparent FTO glass.
The amount of dyes adsorbed on the TiO, surface was
estimated from the difference in concentration of each
solution before and after TiO, film immersion followed by
rinsing with acetonitrile to ensure minimum physically
adsorbed dyes left on the films. The data is also included in
Table 1. It is pleased to see that the amount of dye adsorbed
on TiO; film is exteremely large and almost one to two orders
higher than most of literature examples.** The dye adsorption
is directly related to the molecular size of dyes. The high
dye-loading on the TiO, film indicates these structurally
simple dyes with small molecular sizes formed a well
organized monolayer on the TiO, surface, which is beneficial
for the light harvesting efficiency.*®

The oxidation potentials E(S*/S) of the dyes were mea-
sured by cyclic voltammetry and the results are collected in
Table 2. The oxidation potentials ranging from 0.87 to 1.50

Table 2. Electrochemical Data

dye Ey—, eV E(S*/8), V¢ E(S*/8%), Ve Egup, VP
4a 2.84 0.87 —-1.97 1.47
4b 2.81 1.04 —1.77 1.27
4c 2.81 1.50 —1.31 0.81
9 2.71 0.96 —1.75 1.25
14a 2.717 0.99 —1.78 1.28
14b 2.66 1.05 —1.61 1.11
16 3.01 1.22 —-1.79 1.29

2 Potentials are vs NHE. P Energy gap between the excited-state oxidation
potential and the TiO, conduction band edge.

V vs NHE are more positive than the redox the efficienct
thermodynamic driving force (0.37—1.10 V) for dye regen-
eration.

The excited-state oxidation potential E(S'/S*) of these
dyes can be obtained from the difference between the ground-
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Figure 3. J-V curves (left) and IPCE plots (right) of the dyes.

state oxidation potential E(S*/S) and zero-zero excitation
energy Eo—o,*" which was estimated from the cross section
of the normalized absorption and emission spectra. As shown
in Table 2, the excited-state oxidation potentials of the six
dyes are more negative than the potential of TiO, conduction
band edge (—0.5 V vs NHE), which provides sufficient
thermodynamic driving force (0.81—1.47 V) for electron
injection.*®

The device performance of solar cells based on the dyes
with 1,3-cyclohexadiene linkage and the model 16 are
summarized in Table 3. Figure 3 illustrates the J—V curves

Table 3. Photovoltaic Performance Parameters of the Dyes®

dye Voc, mV Jsc, mA/em? Jid n, %°
4a 577 7.89 0.59 2.69 £+ 0.20
4b 660 9.40 0.65 4.03 £ 0.01
4c 626 7.92 0.66 3.27 + 0.33
9 660 7.39 0.64 3.33 +£1.01
14a 682 9.92 0.65 4.40 + 0.28
14b 585 9.42 0.60 3.31+£0.35
16 660 2.06 0.66 0.90 £+ 0.01
N719 695 11.9 0.71 5.87 + 0.02

2 Experiments were performed using TiO, photoelectrodes with ap-
proximately 16 um thickness and 0.25 cm? working area on the FTO (15
Q/sq.) substrates with electrolyte composed of 0.05 M I,, 0.5 M Lil, and
0.5 M tert-butylpyridine in acetonitrile solution under AM 1.5 illumination.
b Average of three measurements.

and action spectrum of incident photon-to-current conversion
efficiency (IPCE) plots for the DSSCs based on the dyes
studied in this work. The performance of the devices based
on dyes 4b and 14a reach to 70% of the standard N719 dye.
It should be pointed out here the reported # values in Table
3 were obtained without any of the additives typically used
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such as deoxycholic acid nor optimizing the thickness of TiO;
films for enhancing conversion efficiency. The DSSC based
on model 16 with the 1,3-cyclohexadiene replaced by phenyl
group shows only ~22% device efficiency of the one based
on 4b. With comparable V,. and fill factor, the primary
efficiency loss in 16 compared to 4b is from the photocurrent,
which is attributed to the more efficient charge transfer. The
more planar 1,3-cyclohexadiene-phenyl conformation in 4b
is expected to yield more effective charge transfer to the
anchoring carboxylate and perhaps better charge separation
when compared to the biphenyl analogue 16.

DSSCs based on dyes 4b and 14a produced maximum
IPCE of 60—65% whereas those based on other dyes
produced maximum IPCE below 40%. DSSCs based on dye
9 produced comparable V,. and fill factor to dyes 4b and
14a but considerable lower photocurrent and, thus, IPCE
performance. The IPCE is derived from the product of light
harvesting efficiency (LHE) of the dye-loaded film, the
quantum vyield of the electron injection (CIE), ad the
effeciency of collecting the injected electron (CCE).3&14
Since the absorbance is in the range of 0.6—1.3 for the dye-
loaded 1.5 um TiO, film, the LHE would be close to unity
for dye-loaded 16 um TiO; films. Electron injection yield
would be also comparable between dyes 4b, 14a, and 9
considering the similar driving force for electron injection.
Therefore, the reduced photocurrent in DSSC based on 9,
which exhibited highest dye loading on TiO, surface, is
attributed to the serious charge recombination due to the
significant dye aggregates formed on the TiO, surface which
may block the infusion of redox mediator into the nanoporous
TiO,.1*¢ The same effect also influenced the resutling Vo
values. The thicker dye aggregates would block the 13~
approaching the TiO, surface and reduced the probablity of
back electron transfer from injected electron to reduce the
I37. As shown in Tables 1 and 3, the amount of dye adsorbed
on TiO, surface qualitatively correlated with the V,. with
the lowest V.. generated from DSSC based on least adsorbed
14b.

In summary, a series of structurally simple dipolar organic
dyes with 1,3-cyclohexadiene integrated in the sr-conjugated
backbone has been synthesized in high yields. DSSCs based
on these dyes have shown appreciable phototo-electrical
energy conversion efficiency with the highest one up to 4.4%.
Further structural optimization with broad spectral coverage
and enhancing directionality of charge transfer in the excited-
state is expected to produce more efficient photosensitizers.
Our work toward these directions are underway.
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