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a b s t r a c t

Here we report the synthesis and characterization of five new organic dyes based on 2-(1,1-
dicyanomethylene)rhodanine, which simultaneously serves as an efficient electron-acceptor moiety
and anchoring unit to the TiO2. Triphenylamine was used as the electron donor and a vinylthiophene unit
was introduced to increase the pi-conjugation of the system and to widen the absorption region. The dye
containing two 2-(1,1-dicyanomethylene)rhodanine units and no thiophene units showed the best
photovoltaic performance with a short-circuit photocurrent density of 7.76 mA/cm2, an open circuit
photovoltage of 0.62 V, and a fill factor of 0.68, corresponding to an overall conversion efficiency of 3.78%
under AM 1.5 irradiation (100 mW/cm2).

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

During the last few decades, finding new energy alternatives to
fossil fuels has become a major challenge for the scientific com-
munity, and solar energy represents a highly promising renewable
source [1]. Among the different types of solar cells, dye-sensitized
solar cells (DSSCs) are moving to the forefront of the field, not only
because of their relativelygoodefficiencies but also because theyare
cheaper than those based on silicon [2]. In a typical DSSC device,
light is absorbed by the dye molecules which are anchored to the
TiO2 surface through carboxylic acid groups. Electrons from the
excited state of the dye are then injected into the conduction band of
the TiO2, thus generating electric current [3]. So far, DSSCs show
conversion efficiencies of light to electric power of up to 12.3% and
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havebeen obtainedwith polypyridyl rutheniumcomplexes and zinc
porphyrin dyes [4]. Interest in metal-free organic sensitizers has
grown in recent years because they offer some advantages over
other sensitizers, these include highermolar absorption coefficients
due to intramolecularpep* transitions andeasymodificationdue to
relatively short synthetic routes, when compared with the con-
ventional ruthenium based chromophores [5].

Sensitizers normally used in DSSCs feature donorep bridgee
acceptor (DepeA) molecules. Several electron donor units such as
porphyrins [6], exTTFs [7] and triphenylamines [8], have been
extensively investigated. An important observation is that the use
of non-planar or bulky groups is critical in order to prevent dye
aggregation, which favors the recombination of free charges, hence,
a decrease in the device’s efficiency. Triphenylamine (TPA) is a good
candidate for this purpose [9,10]. On the other hand, different
electron acceptors normally use a carboxylic acid (COOH)
anchoring group for binding to the TiO2. Nevertheless, it is worth
mentioning that the COOH dissociates on the TiO2 surface after long
irradiation times, increasing the lability of these molecules [11].
Because of this, it is important to look for other kind of linkages that
are able to bind strongly to the TiO2. It has recently been reported
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that the synthesis of pushepull systems covalently attached to 2-
(1,1-dicyanomethylene)rhodanine (DCRD) [12] allows efficient
anchoring to the TiO2 without the presence of the COOH group [13].

In this article, we report the synthesis and characterization of
five new DCRD-based organic dyes (Scheme 1) and their further
application as sensitizers in DSSCs. In our design, TPA aldehydes
(2e4) were covalently linked to the DCRD by a Knoevenagel reac-
tion. A vinylthiophene unit was introduced to bridge the donor and
acceptor in order to increase the p-conjugation of the system. The
combination of experimental results and density functional theory
(DFT) calculations shows that the introduction of the p-bridge has a
strong influence on the properties of the dyes.

2. Results and discussion

2.1. Synthesis of 2-(1,1-dicyanomethylene)rhodanine-based dyes

Thepreparation of the newpushepull chromophoreswas carried
out using simple and straightforward synthetic routes. The
Scheme 1. Synthesis and molecular
rhodanine acceptor, (5), was prepared by a Knoevenagel condensa-
tion of rhodanine with malononitrile under basic conditions. The
donor systems (2e4)were obtained inhighyield fromcommercially
available triphenylamine (1), using the VilsmeiereHaack reaction
[14]. The targetmoleculesDCR-(1e5)were prepared inmoderate to
good yields (52e80%) by a Knoevenagel condensation of the active
methylene compound 5 and the respective TPA aldehydes under
microwave conditions (100 W, 60 �C and 30 PSI). The microwave
radiation was used not only because it significantly reduces the re-
action time from hours (12 h to prepare the DCR-(1e5), approxi-
mately) to minutes, but it also increases the yields and improves
reproducibility, compared to conventional refluxing. The synthetic
procedures followed for the preparation of the DCR dyes are shown
in Scheme 1. Aldehydes 7 and 8 were prepared by a Hornere
WadswortheEmmons reaction of compounds 2 and 3 with diethyl
5-(1,3-dioxan-2-yl)-2-thienylmethylphosphonate (6) followed by
the deprotection of each aldehyde group, which gave rise to the
desired products in good yields (80e85%) [15]. The structures of the
new compounds were supported by their analytical and
structures of dyes DCR-(1e5).



Table 1
Photophysical properties of the synthesized dyes.

Dye lAbsmax
a/nm

( 3/m�1 cm�1)
lEmmax

a/nm fb�10�3 Stokes shift/cm�1

DCR-1 435 (93,600) 548 1.03 88,496
DCR-2 455 (26,000) 547 0.62 108,696
DCR-3 454 (23,400) 554 0.10 100,000
DCR-4 471 (35,700) 604 0.073 75,188
DCR-5 489 (56,400) 572 0.0028 120,482

a Absorption and emission spectra were measured in ethanol solution.
b N, N-Dimethyl-6-propionyl-2-Naphthylamine in EtOH (fF

std ¼ 0.75) was
employed as the standard [18].
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spectroscopic data. FT-IR spectra of the targetmolecules showed the
corresponding band from the NH group around 3445 cm�1 and the
bandsdue toCNgroups between2209and2216 cm�1.Moreover, the
1H NMR spectra of these compounds showed not only the aromatic
protons, but a singlet around 7.40 ppm corresponding to the olefinic
proton. Furthermore, dyes DCR-4 and DCR-5 showed doublets cor-
responding to the vinyl protons around7.39 and7.10e7.06ppmwith
a coupling constant of 16.0 Hz.

2.2. Absorption and emission properties

The absorption and emission spectra of the five DCR-(1e5) dyes
in ethanol are shown in Fig. 1, and the data are summarized in
Table 1. The absorption spectra for the dyes in solution exhibit
features typical of TPA based compounds: one absorption band
around 300 nm that corresponds to the p / p* electronic transi-
tion and the other at 480 nm is the intramolecular charge transfer
band between the TPA donor unit and the DCRD. It can be seen that
the maximum absorption of compounds DCR-4,5 are red-shifted in
comparison to the other dyes, due to the longer p-conjugated
system. The molar absorption coefficients, 3, for these dyes range
from 23,400 to 93,600 M�1 cm�1 and are larger than those
measured for related compounds endowed with rhodanine 3-
acetic acid and cyanoacetic acid as electron acceptors [16], and
for Ru-complex photosensitizers [17]. The absorption spectra for
DCR-2,3,5 displayed a long tail out to 750 nm ( 3ca. 100, 500 and
800 M�1 cm�1, respectively), suggesting the possibility of con-
verting visible light wavelengths from 400 to 750 nm to current
using these dyes.

The emission spectra for the new dyes in solution exhibit not
only one distinct emission maximum, but they are generally
bathochromically shifted. This effect is more pronounced in the
case of DCR-4 (Dlemmax ¼ 56 nm) when compared to DCR-1 and
becomes less pronounced for analogues DCR-2 and 5. Similarly, the
maximum emission ofDCR-5 (Dlemmax¼ 25 nm) is rather similar to
that of its counterpart,DCR-2. The fluorescence quantumyields (fF)
were calculated from equation (1) using N,N-dimethyl-6-
propionyl-2-naphthylamine in EtOH (fF

std ¼ 0.75) as the standard
[18].

fF ¼ fstd
F

FAstdIn2

FstdAIstdn2std
(1)

where F and Fstd are the areas under the fluorescence curves of the
dyes DCR-(1e5) and the standard, respectively. A and Astd are the
λ

ε

Fig. 1. Absorption and emission spectra of compounds DCR-(1e5) dissolved in ethanol
at a concentration of 1 � 10�5 M.
respective absorbance peaks of the sample and standard at the
excitation wavelengths; I and Istd are the relative intensities of the
exciting light, and n2 and n2std are the refractive indices of the
solvents used for the sample and standard, respectively. The dyes
have fluorescence quantum yields in the range of 0.0028e
1.03 � 10�3 (Table 1). The lower fF values of the dyes show that the
presence of the DCRD acceptor caused fluorescence quenching and
also the presence of the thiophene linker in the dyes contributed to
lower fF values.

The corresponding absorption and emission behavior of the new
dyes leads to the conclusion that these materials show strong
intramolecular interactions and electronic coupling between each
unit of the dye. The moiety of a triphenylamine core with a 2-(1,1-
dicyanomethylene)rhodanine represents a new system with
appealing pushepull properties, that could be further influenced by
modifying the p-bridge unit.
2.3. Electrochemical properties

The oxidation potential (Eox) corresponds to the energy of the
highest occupied molecular orbital (HOMO) and the reduction
potential (Ered) corresponds to that of the lowest unoccupied mo-
lecular orbital (LUMO). The LUMO can be calculated from the
experimental values for Eox (HOMO) and E0e0 (zeroezero excitation
energy) using the equation Ered ¼ Eox � E0e0. The formal redox
potentials of the as-synthesized dyes were obtained by averaging
the anodic and the cathodic peak potentials from the cyclic vol-
tammogram, and the results are summarized in Table 2.

The oxidation potentials vs NHE were higher than that of the I�/
I3 redox (w0.4 V vs NHE) couple, ranging from 0.65 to 0.87 V,
ensuring that there is a sufficient driving force for efficient dye
regeneration through the recapture of injected electrons from I� by
the dye cation radical [19]. The oxidation potentials for DCR-1,2 are
0.87 and 0.84 V (vs NHE), respectively, indicating that the intro-
duction of DCRD to the adjacent phenyl ring shifts the redox po-
tentials of the dyes in a negative direction, similar to that observed
for DCR-3. In the cases of DCR-4,5 the addition of the vinyl-
thiophene unit leads to a significant decrease in the oxidation po-
tentials (up to 0.22 V vs NHE) when compared with DCR-2. This is
Table 2
Absorptioneemission intersect and redox potentials (in V) of the synthesized dyes.

Dye lint/nm E0e0
a/eV Eox vs NHE/V Ered vs NHE/V Egap

b/V

DCR-1 486 2.55 0.87 �1.68 1.18
DCR-2 495 2.51 0.84 �1.67 1.17
DCR-3 499 2.49 0.84 �1.64 1.15
DCR-4 531 2.34 0.67 �1.67 1.17
DCR-5 541 2.29 0.65 �1.64 1.14

a E0e0 values were calculated from the intersection of the normalized absorption
and the emission spectra (lint): E0e0 ¼ 1240/lint.

b Egap is the energy gap between the Ered of the dye and the conduction band level
of TiO2 (�0.5 V vs NHE).



Fig. 2. Energy diagram of synthesized dyes and the frontier molecular orbitals of the HOMO and LUMO calculated with DFT at a B3LYP/6-31G þ level.
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due to the stabilization of the charges on the oxidized or reduced
species along the conjugated chain. The estimated LUMO levels are
similar for both dyes (Fig. 2) and are more than sufficient for
electron injection into the TiO2 conduction band. The higher energy
of the HOMO level for DCR-5 compared to that for DCR-2 is
therefore one explanation of the poor conversion efficiencies
observed for the thiophene-based solar cells. From the data in
Table 2, it can be seen that introducing DCRD to the adjacent phenyl
ring of DCR-1 to form DCR-2 has little influence on the Ered (�1.68
and �1.67 V vs NHE, respectively), which is also observed for the
other dyes.

2.4. Theoretical calculations

Density functional theory (DFT) calculations were used to
shed light on the electronic structure of the novel DCRD-based
organic dyes, using the Gaussian 09 program [20] and the ge-
ometries of the final products were optimized using a B3LYP
functional. It is interesting to note that the position of the
double-bond between TPA and the thiophene ring exists in a
trans configuration with a dihedral angle of approximately 180�.
Furthermore, it is also interesting to note the positions of the
phenyl rings of the TPA, which show a starburst orientation. The
compounds show a quasi-planar thiophene-acceptor union
which should facilitate the electronic coupling along the
Fig. 3. Geometry optimized structure
molecule through the thiophene wire. As expected, the ground
state energies of the calculated dyes decrease when increasing
the length of the p-conjugation (Fig. 3).

We have calculated the transition state energies bymeans of the
self-consistent field (SCF) method and polarized continuum model
(PCM) in ethanol. The HOMO of the dyes is largely delocalized over
the entire molecule, indicating that the binding energy of the
electron in the HOMO is sensitive to a change in the p-system [21].
The LUMO is a p*orbital mainly localized on the electron-acceptor
unit of DCRD, with a minor contribution from the bridge unit
(Fig. 2).

2.5. Solar cell performance

Several factors can influence the variables that contribute to the
efficiency of a DSSC that include high inner resistance, light in-
tensity, light absorption, injection efficiency, and regeneration of
the oxidized dyes. The efficiency (h) of the DSSCs based on the
synthesized dyes increased in the order of DCR-4 < 5 < 1 < 3 < 2.
The DSSC based on the DCR-2 dye shows better properties with an
open circuit voltage of 0.621 V, a short circuit photocurrent density
of 7.76 mA cm�2, and a fill factor of 0.682, corresponding to an
overall light to electricity conversion efficiency of 3.78%, which is
observable in Fig. 4. The Jsc of the DSSCs increased in the order of
DCR-4 < 2 < 1, 3 < 5. This could be attributed to the wider
s using B3LYP functional theory.



Fig. 4. JeV curves for DSSCs based on DCR-(1e5).

Table 3
Photovoltaic parameters and performance of DSSCs from the synthesized dyes.

Dye Jsc/mAcm�2� Voc/V FF ha (%)

DCR-1 8.28 0.553 0.62 2.92
DCR-2 7.76 0.621 0.68 3.78
DCR-3 8.28 0.592 0.66 3.44
DCR-4 6.16 0.545 0.61 2.11
DCR-5 8.76 0.575 0.46 2.37

a The concentration of all five dyes solutions was 3 � 10�4 M and commercially
available Degussa (P25) was used for making photo-anodes. Filmswere dipped in all
the respective dyes for 24 h.
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absorption spectrum observed forDCR-5. Comparing the analogues
DCR-2 and 5, it can be seen that the introduction of the thiophene
unit leads to a lower fill factor, which resulted in a decreased effi-
ciency, shown by the parameters in Table 3.

3. Conclusions

We have prepared new DCRD-based dyes for DSSCs applications
using microwave synthesis. Our strategy for the dye’s design is
summarized by two major points: 1) the introduction of 2-(1,1-
dicyanomethylene)rhodanine to replace the COOH as anchor
group to the TiO2 surface; 2) the extension of p-conjugation of the
dyes tends to broaden and red-shift bands to improve the light-
harvesting effect. Among these dyes, a device made with DCR-2
exhibited the best photovoltaic results with a short-circuit photo-
current density (JSC) of 7.76 mA/cm2, an open-circuit voltage (VOC)
of 0.621 V, and a fill factor (ff) of 0.682, corresponding to an overall
conversion efficiency of 3.78%.

4. Experimental

4.1. Materials and equipments

All solvents were dried according to standard procedures and
reagents were used as purchased. All air-sensitive reactions were
carried out under argon atmosphere. A CEM Discover Microwave
System with an IR temperature sensor, operated by the Synergy
control system software was used for microwave reactions. Flash
chromatography was performed using silica gel (Merck, Kieselgel
60, 230e240 mesh or Scharlau 60, 230e240 mesh). Analytical thin
layer chromatography (TLC) was performed using aluminum
coated Merck Kieselgel 60 F254 plates. Melting points were
determined on a Sanyo Gallenkamp apparatus. NMR spectra were
recorded on a Bruker Avance 300 (1H: 300 MHz; 13C: 75 MHz)
spectrometer at 298 K. FT-IR spectra were recorded on a Shimadzu
FT-IR 8400 spectrometer. UVeVis spectra were recorded in ethanol
on a Shimadzu 1700 spectrometer. Mass spectrawere recorded on a
Shimadzu MS-QP 2010 spectrometer and operating at 70 eV and
Matrix Assisted Laser Desorption Ionization (coupled to a Time-Of-
Flight analyzer) experiments (MALDI-TOF) were recorded on a
HP1100MSD spectrometer and a Bruker REFLEX spectrometer
respectively. Cyclic voltammetry was performed using an Auto-
labPGStat 30 using a freshly polished glassy carbon working elec-
trode (Metrohm 6.0804.010), a platinum wire as the counter
electrode, and a Ag/AgNO3 electrode as the reference. A 0.1 M tet-
rabutylammonium hexafluorophosphate (TBAPF6) in dry acetoni-
trile was used as the supporting electrolyte. Samples were purged
with argon prior to measurement at a scan rate of 100 mV/s. The
Solar measurements were performed using a SS100 Photo Emission
Tech Solar Simulator.
4.2. Synthesis

The starting materials 4-formyltriphenylamine (2), 4,40-
diformyltriphenylamine (3), 4,40,400-triformyltriphenylamine (4),
were prepared following literature procedures [14]. Compounds
6, 7, and 8 were prepared according to previously reported
synthetic procedures and showed identical spectroscopic prop-
erties to those reported [15]. The preparation of the new DCRD-
based dyes was performed by the HornereWadswortheEmmons
reaction followed by a Knoevenagel condensation with com-
pound 5 under basic conditions and microwave irradiation, as
shown in Scheme 1.
4.2.1. DCR-1
To an ethanol solution (2 mL) of 4-formyltriphenylamine

(50 mg, 0.18 mmol) and 2-(1,1dicyanomethylene)rhodanine
(45.3 mg, 0.27 mmol) 5 drops of a 5% KOH in ethanol solution was
added. The mixture was then stirred under microwave conditions
for 20 min. The resulting precipitate was filtered and washed with
water and ethanol. The solid was purified by recrystallization from
ethanol (40 mg, 52%), mp > 350 �C.

1H NMR (DMSO-d6, 400MHz). d¼ 7.46 (d, J¼ 8.6 Hz, 2H), 7.42 (s,
1H), 7.34e7.38 (m, 4H),7.09e7.17 (m, 6H),6.98 (d, J ¼ 8.6 Hz, 2H)
ppm; 13C NMR (DMSO-d6, 100 MHz). d ¼ 180.8, 179.3, 148.1, 146.3,
130.9, 129.7, 127.6, 127.3, 126.6, 125.1, 124.2, 121.2, 118.1, 116.7,
47.1 ppm; FTIR (KBr) y ¼ 3432, 2209, 1652 cm�1; MS (EI): m/z 420.
Anal. Calcd for C25H16N4OS: C, 71.41; N, 13.32; H, 3.84. Found: C,
71.38; N, 13.35; H, 3.96.
4.2.2. DCR-2
To an ethanol solution (2 mL) of 4,40-diformyltriphenylamine

(50 mg, 0.17 mmol) and 2-(1,1 dicyanomethylene)rhodanine
(82.1 mg, 0.50 mmol) 5 drops of a 5% KOH in ethanol solution was
added. The mixture was then stirred under microwave conditions
for 15 min. The resulting precipitate was filtered and washed with
water and ethanol. The solid was purified by recrystallization from
ethanol (37 mg, 63%), mp > 350 �C.

1H NMR (DMSO-d6, 400MHz). d¼ 7.51 (d, J¼ 8.7 Hz, 4H), 7.43 (s,
2H), 7.41e7.37 (m, 2H), 7.21e7.18 (m, 1H), 7.14 (d, J ¼ 7.7 Hz, 2H),
7.10 (d, J ¼ 8.7 Hz, 4H) ppm; 13C NMR (DMSO-d6, 100 MHz).
d ¼ 180.8, 179.3, 148.1, 146.3, 130.9, 129.7, 127.6, 127.3, 126.6, 125.1,
124.2, 121.2, 118.1, 116.7, 47.1 ppm; FTIR (KBr) y ¼ 3465, 2209,
1640 cm�1; MS (EI): m/z 595. Anal. Calcd for C32H17N7O2S2: C,
64.52; N, 16.46; H, 2.88. Found: C, 64.57; N, 16.41; H, 2.98.
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4.2.3. DCR-3
To an ethanol solution (2 mL) of 4,40,400-triformyltriphenylamine

(50 mg, 0.15 mmol) and 2-(1,1 dicyanomethylene)rhodanine
(112.7 mg, 0.68 mmol)5 drops of a 5% KOH in ethanol solution was
added. The mixture was then stirred under microwave conditions
for 15 min. The resulting precipitate was filtered and washed with
water and ethanol. The solid was purified by recrystallization from
ethanol (94 mg, 80%), mp > 350 �C.

1H NMR (DMSO-d6, 400 MHz). d¼ 7.57 (d, J¼ 8.4 Hz, 6H), 7.47 (s,
3H), 7.20 (d, J ¼ 8.4 Hz, 6H) ppm; 13C NMR (DMSO-d6, 100 MHz).
d ¼ 180.7, 179.3, 146.5, 132.0, 129.6, 127.9, 127.1, 124.3, 117.9, 116.5,
47.3 ppm; FTIR (KBr) y ¼ 3442, 2212, 1648 (C]O) cm�1; MS (EI):m/
z 770. Anal. Calcd for C39H18N10O3S3: C, 60.77; N, 18.17; H, 2.35.
Found: C, 60.73; N, 18.08; H, 2.42.

4.2.4. DCR-4
To an ethanol solution (2 mL) of aldehyde 7 (30 mg, 0.08 mmol)

and 2-(1,1dicyanomethylene)rhodanine (19.5 mg, 0.12 mmol) 5
drops of a 5% KOH in ethanol solution was added. The mixture was
then stirred under microwave conditions for 20 min. The resulting
precipitate was filtered and washed with water and ethanol. The
solid was purified by recrystallization from ethyl acetate (51 mg,
61%), mp > 350 �C.

1H NMR (DMSO-d6, 400MHz). d¼ 7.71 (s, 1H), 7.57 (d, J¼ 8.5 Hz,
2H), 7.49 (d, J ¼ 4.0 Hz, 1H), 7.39 (d, J ¼ 16 Hz, 1H), 7.36e7.33 (m,
4H), 7.27 (d, J ¼ 4.0 Hz, 1H), 7.13e7.06 (m, 7H), 6.94 (d, J ¼ 8.5 Hz,
2H) ppm; 13C NMR (DMSO-d6, 100 MHz). d ¼ 180.1, 178.3, 147.4,
147.1, 146.8, 137.7, 133.8,130.3, 129.6, 129.2, 127.9, 127.6, 127.3, 124.4,
123.5, 122.4, 121.1, 119.8, 118.1, 116.5, 47.5 ppm; FTIR (KBr) y ¼ 3401,
2214, 1645, 1582, 1486, 1282 cm�1; MS (MALDI-TOF): m/z 527.911.
Anal. Calcd for C31H20N4OS2: C, 70.43; N, 10.60; H, 3.81. Found: C,
69.88; N, 10.65; H, 3.72.

4.2.5. DCR-5
Toanethanol solution (2mL)of aldehyde8 (30mg,0.06mmol)and

2-(1,1dicyanomethylene)rhodanine (28.7 mg, 0.17mmol) 5 drops of a
5% KOH in ethanol solution was added. The mixture was then stirred
undermicrowave conditions for 15min. The resulting precipitatewas
filtered andwashedwithwater and ethanol. The solidwas purified by
recrystallization from ethanol (52 mg, 77%), mp > 350 �C.

1H NMR (DMSO-d6, 400 MHz). d¼ 7.68 (s, 2H’), 7.58 (d, J¼ 8.5 Hz,
4H), 7.47 (d, J¼ 3.8 Hz, 2H), 7.42e7.33 (m, 4H), 7.26 (d, J¼ 3.8 Hz, 2H),
7.15e7.06 (m, 5H), 6.98 (d, J ¼ 8.5 Hz, 4H) ppm; 13C NMR (DMSO-d6,
100MHz) d¼ 180.2,178.4,147.2,146.6,137.9,133.6,131.0,129.7,129.1,
127.9, 127.7, 127.5, 125.0, 123.2, 121.0, 120.1, 118.1, 116.5, 47.5 ppm;
FTIR (KBr) y ¼ 3421, 2216, 1726, 1576, 1501, 1435 cm�1; MS (MALDI-
TOF):m/z 811.111. Anal. Calcd for C44H25N7O2S4: C, 65.08; N, 12.08; H,
3.10. Found: C, 65.03; N, 12.15; H, 2.95.
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