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Abstract Squaraine dyes have attracted significant attention
in many areas of daily life from biomedical imaging to semi-
conducting materials. Moreover, these dyes are used as
photoactive materials in the field of solar cells. In the present
study, we investigated the structural, electronic,
photophysical, and charge transport properties of six
benzothiazole-based squaraine dyes (Cis-SQ1-Cis-SQ3 and
Trans-SQ1-Trans-SQ3). The effect of electron donating
(—OCHs;) and electron withdrawing (—COOH) groups was
investigated intensively. Ground state geometry and frequen-
cy calculations were performed by applying density functional
theory (DFT) at B3LYP/6-31G** level of theory. Absorption
spectra were computed in chloroform at the time-dependent
DFT/B3LYP/6-31G** level of theory. The driving force of
electron injection (AG™<), relative driving force of electron
injection (AG,™*"), electronic coupling constants ([Vgp|) and
light harvesting efficiency (LHE) of all six compounds were
calculated and compared with previously studied sensitizers.
The AG™*, AG, ™" and [Vgp| of all six compounds re-
vealed that these sensitizers would be efficient dye-
sensitized solar cell materials. Cis/Trans-SQ3 exhibited supe-
rior LHE as compared to other derivatives. The Cis/Trans
geometric effect was studied and discussed with regard to
electro-optical and charge transport properties.
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Introduction

To develop renewable, low cost, environmental friendly and
sustainable energy is the major energy issue of the current era
[1]. Organic materials have attracted significant attention in
this regard as they are cheap, pollution free, easy to modify
chemically, and have structural flexibility [2—6]. The
squaraine dyes are efficient organic materials that are used
for multifunctional purposes, e.g., in bioimaging applications
[7], sensors [8] and semiconducting devices such as laser
technology [9], organic light emitting diodes (OLEDs) [10],
organic field effect transistors (OFETs), and photovoltaic cells
[11-13]. Additionally, thiophene-based materials are promis-
ing because of their semiconducting nature [14], non-linear
optical behavior [15] and efficient electron transport proper-
ties [16]. Squaraine dyes are used as dye-sensitized solar cells
(DSSCs) [17], organic solar cells [18], organic—inorganic
hybrid solar cells [19], etc. In previous studies, the
electronic/charge transport properties and efficiency of
DSSCs have been developed by incorporating thiophene,
pyrrole and thiazole unit(s) into squaraine dyes [17, 20, 21].
Bridge elongation, introduction of electron-withdrawing
groups and/or push-pull strategies are good approaches to
enhance the efficiency, intra-molecular charge transfer (ICT)
and stability of sensitizers [22-27]. Larger light harvesting
ability, ICT and electronic coupling constants [light harvesting
efficiencies (LHE)] would lead to more efficient DSSCs. Dye
aggregation and charge recombination generally leads to low-
er efficiency [28-31].

In the present study, we selected for study 2-3-(2-ethoxy-2-
oxoethyl) benzo [d] thiazol-2 (3H)-ylidene) methyl)-4-((3-(2-

@ Springer



2517, Page 2 of 9 J Mol Model (2014) 20:2517

ethoxy-2-oxoethyl) benzo [d] thiazol-3-ium-2-yl) methyl-  improved DSSC efficiency. The investigations were carried
ene)-3-oxocyclobut-1-enolate (Cis-SQ1) and two of'its deriv-  out with the aim of shedding some light on the structural/
atives (Cis-SQ2 and Cis-SQ3). In Cis-SQ2 and Cis-SQ3, —  electro-optical properties, driving force of electron injection
COOH and ~OCH3 groups have been substituted at each end ~ (AG™°"), relative values of the driving force of electron
of the benzo[d]thiazol core. Moreover, three more  injection (AG, ™), electronic coupling constants (|Vrp|)
benzothiazole-based squaraine dyes were designed: Trans-  and LHE. Finally, we shed light on factors affecting the
SQ1-Trans-SQ3 (Fig. 1). All six sensitizers have long side  short-circuit current density (Js.) and open-circuit voltage
chains and acidic ligands, with the expectation that this might ~ (¥,.), and conclude with a discussion on the nature of
inhibit recombination and diminish aggregation, resulting in  sensitizers.
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The AG, ™" and |[Vgp| of these six benzothiazole-based
squaraine dyes were compared with the recently synthesized
dyenitro sensitizer, which has calculated values of —0.39 and
0.195, respectively [25]. The AG, ™" and [Vyp| values were
also compared with those of some other previously studied
sensitizers. The present study has yielded interesting results
that will have an impact in this field and motivate experimen-
talists. To the best of our knowledge, no computational study
has been carried out previously on these squaraine dyes. For
the first time, we investigate interesting properties of these
squaraine dyes with respect to DSSCs. The paper is structured
as follows: Computational details presents an outline of den-
sity functional theory (DFT) and time-dependent DFT
(TDDFT), including the rationale for choosing the hybrid
functional and the basis set; the Results and discussion section
presents the structural, electronic, optical and charge transport
properties of DSSCs; the major conclusions of the present
investigations are summarized in Conclusions.

Computational details

Density functional theory is good approach that reproduces
experimental evidence for small organic molecules; among
different functionals, B3LYP provides the best depiction
[32-39]. The absorption spectra of hydrazone, azobenzene,
anthraquinone, phenylamine and indigo dyes have been cal-
culated previously by applying B3LYP functional with an
average deviation=0.20 eV [40]. In our previous studies, we
pointed out that the B3LYP and TD-B3LYP are reasonable
choices that reproduce experimental, as well as already com-
puted, structural, electro-optical and electron injection prop-
erties [25, 41, 42] of azo dyes [43, 44], triphenylamine dyes
[26], chemosensors [45], phthalocyanines [24], biologically
active molecules [46], and oxadiazoles [47]. More recently,
the experimental electronic and charge transport properties of
thiophene-based materials have been reproduced by applying
the B3LYP/6-31G** level of theory [38]. Preat and co-
workers [28, 48] studied the electron injection of some organic
compounds and concluded that the B3LYP/6-31G** level of
theory is adequate. Huong et al. [49] optimized the geometries
of naphtho [2,3-b] thiophene at two different levels of theo-
ries, i.e., B3LYP/6-31G** and PBE0/6-31G** and found that
the electronic as well as charge transport properties calculated
at B3LYP/6-31G** level of theory are in good agreement with
experimental results. TDDFT has also proved an efficient
approach that can reproduce experimental absorption and
emission spectra [50]. Thus, in the present study, ground state
geometries and electronic properties were computed at DFT/
B3LYP/6-31G** and absorption spectra at TD-B3LYP/6-
31G** levels of theories. Excitation energies were calculated
in chloroform using the polarizable continuum model (PCM).

The rate of the electron/charge transfer process from dye to
metal oxides can be explained by Marcus theory according to
Eq. 1 [51-56]:

Kinject. = '|VRP'|2/h'<7T/)\kBT) .

.exp [-*- AGi“j“t'f-/\) 2/ 4/\kBT]
(1)

In Eq. 1, Kipjee is the rate constant (in S of the electron
injection from dye to TiO,, kgT is the Boltzmann constant, h is
Planck’s constant, AG™**" the driving force of electron injec-
tion, A is the reorganization energy and |Vgp| is the electronic
coupling constant. It can be seen from Eq. 1 that superior |Vgp|
would increase the rate constant, resulting in a more efficient
sensitizer. The |Vgp| for a photoinduced charge transfer can be
calculated by generalized Mulliken-Hush formalism [52, 53].
Hsu et al. [53] stated that |Vgp| can be evaluated by half of the
injection driving force (AEgp) as:

Here, AERp can be expressed within Koopman’s approxi-
mation as:

dye dye dye dye TiO
AErp = [ELyUMO + ZEI-;)OMO] - [EL'VUMO + Egomo + Ecs”
3)

Where E{¥5vo and EfSyo correspond to the lowest unoc-
cupied molecular orbital (LUMO) and highest occupied mo-
lecular orbital (HOMO) of the dye, respectively. The conduc-
tion band edge of TiO, (Eggo2 ) is difficult to determine
accurately due to its sensitive dependence on the conditions,
e.g., the pH of the solution. Thus we used an experimental
value corresponding to conditions where the semiconductor is
in contact with aqueous redox electrolytes fixed at pH 7.0, i.e.,
E ggz =—4.0 eV [57-59]. The E{{5mo also corresponds to the
reduction potential of the dye (EREp) while the EfSmo is
related to the potential of first oxidation (i.e., — Fiomo =

Ox) thus Eq. (3) can be expressed as:

dye i0, dye [
AEgp = [EI-;)OMO_EgBO-} = _[Eoyx + EgBOZ} (4)
Equation (4) can be rewritten as:
Abrp = B 2ESY + By + ELY] (5)

To evaluate the oxidation potential of excited dye, and to
calculate the electron injection onto the TiO, surface, we shed
light on the free energy change (in eV) which can be expressed
as [58]:

inj d) TiO
AGHniect — EOy)E(*_EClB’Z (6)

where ESS is the oxidation potential of the dye in the excited
state. Two models can be used to estimate £S5 [60, 61]. The
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first states that electron injection occurs from the unrelaxed
excited state. The excited state oxidation potential can then be
extracted from the redox potential of the ground state, EGx
and the vertical transition energy corresponding to the photo-
induced ICT,

ESY = EGu-AGT (7)

where A\l is the energy of the ICT. Note that this relation
is valid only if the entropy change during the light absorption
process can be neglected. Preat and co-authors [28, 48, 62]
showed that A'CT can be evaluated during the electronic
excitation, which is equal to the absorption energy. Thus, in
the present study, we evaluated AET from the absorption
energies of the specific excitation.

For the second model, it is assumed that electron injection
occurs after relaxation. Given this condition, ESs  is

expressed as [61]:
dyes d d
Eox = EoxEg (8)

where EJY$ is the transition energy between the ground
electronic state/ground vibrational state (n=0/v=0) and the
first excited electronic state/ground vibrational state (n=1/v=
0). This is denoted as 0—0 and is defined as the “lowest energy
transition”. To estimate the 0—0 “absorption” line, both S,
(singlet ground state) and S; (first singlet excited state) equi-
librium geometries, Qg and Qg;, respectively, are required.
Electron injection has been observed previously from unre-
laxed excited states in TiO, [63] and SnO, [64]. Most exper-
imentalists assume that electron injection ensues after relaxa-
tion but the relative contribution of an ultrafast injection path
is not clear. Preat et al. [48] pointed out that the absolute
difference between the relaxed and unrelaxed AGijpjec is con-
stant, and is of the same order of magnitude as that of the E&s
and ESY" mean average error. The AG™* and £y were
evaluated using Egs. (6) and (7).

The LHE of the dye has to be as high as possible to
maximize the photocurrent response. The LHE can be
expressed as [65]:

LHE = 1-10% = 1-107/ (9)

where A(f) is the absorption (oscillator strength) of the dye
associated with Aoy The oscillator strength is derived directly
from TDDFT calculations as follows:
2

f :gAg‘ﬁo—ICTr (10)

where 10—ICT is the dipolar transition moment associated
with the electronic excitation. In order to maximize f, both
MCT and po—ICT must be large [66, 67].

@ Springer

The efficiency (1) of solar cells can be determined using the
following equation:
VUC JSC

inc

n=FF (11)

where J. is the short-circuit current density, V;. the open
circuit voltage, FF the fill factor, and P;,. the intensity of the
incident light. The Ji, can be evaluated as

J s¢ = / )\LH E ()‘) (binject[on ncollectiond)‘ ( 12)

where 7.o1ection 18 the charge collection efficiency, which is
constant. From above equation, we can find that J is linked
directly with the LHE and ¢ipjection is electron injection effi-
ciency, which is related to AG™°", It is revealing that higher
LHE and AG™! would lead to efficient devices [68].

Results and discussion
Geometries

Selected bond lengths and bond angles of six benzothiazole-
based squaraine sensitizers (both Cis and Trans) are listed in
Table 1. All the selected geometrical parameters of Cis and
Trans sensitizers are very similar, revealing that changing the
geometry from Cis to Trans forms has no significant effect on
bond distances/bond angles. In both Cis/Trans-SQ2, the C—
N; bond lengths shortened while Cis/Trans-SQ3 was length-
ened compared to Cis/Trans-SQ1. In Cis/Trans-SQ2, the C5—
N; bond lengths lengthened while in Cis/Trans-SQ3 they
shortened compared to Cis/Trans-SQI1. In Cis/Trans-SQ3,
C5-S; was lengthened compared to this bond in Cis/Trans-
SQ1. The C;—N; bond is adjacent to, while the C;—N; bond is
distant from, the electron withdrawing (—~COOH) and donat-
ing (—OCH3;) groups. Thus, it was thought that lengthening of
Cs—N; in Cis/Trans-SQ2 is due to the withdrawing effect of —
COOH, which withdraws the electron charge density towards
itself. The shortening of C;—N in Cis/Trans-SQ3 is due to the
donating effect of -OCH3, which donates electrons. The elec-
tron charge density withdrawing/donating by electron
withdrawing/electron donating groups results in lengthening/
shortening of bond lengths in good agreement with previous
studies [69].

Frontier molecular orbitals and absorption spectra

The charge density distribution patterns of the ground state
frontier molecular orbitals, HOMOs (and HOMOs—1), and
LUMOs (and LUMOs+1) of the six Cis/Trans-SQ1-SQ3
benzothiazole-based squaraine sensitizers are illustrated in
Fig. 2. In all the studied compounds, the HOMOs—1 are
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Table 1  Geometrical parameters, bond lengths (A) and bond angles (°) of benzothiazole-based squaraine dyes optimized at B3LYP/6-31G** level of
theory
R R
(O
Cis-SQ1 Cis-SQ2 Cis-SQ3 Trans-SQ1 Trans-SQ2 Trans-SQ3
Bond lengths
Ci-C, 1.404 1.407 1.405 1.405 1.408 1.407
Ci-N; 1.397 1.391 1.400 1.398 1.391 1.400
C3-N; 1.383 1.387 1.381 1.382 1.386 1.380
C5-Sy 1.770 1.769 1.773 1.765 1.765 1.768
Cr-Sy 1.765 1.765 1.765 1.766 1.766 1.766
Cs-0, 1.228 1.227 1.228 1.233 1.232 1.233
C7-0, 1.236 1.236 1.237 1.233 1.232 1.233
Bond angles
Ci-N;-C; 115.20 115.19 115.21 115.21 115.21 115.19
N;-Cs-S4 110.35 110.42 110.32 110.59 110.65 110.62
$1-C5-Cy4 125.34 125.51 125.22 126.04 126.19 125.92
C;-Cy4-Cs 127.03 126.96 127.17 127.74 127.58 127.85
Cs5-C4-04 136.60 136.59 136.55 136.19 136.17 136.18
Cs-C;-0O, 133.18 133.22 133.16 134.42 134.51 134.40

localized on the squaraine moiety. The charge densities of
HOMOs and LUMOs are distributed throughout the back-
bone. The LUMOs+1 are localized on benzothiazole moieties
in all the studied squaraine sensitizers. In Cis/Trans-SQ2, the
electron-withdrawing group is —COOH, while in other sensi-
tizers, the carbonyl group of 2-3-(2-ethoxy-2-oxoethyl) units
also take part in the formation of LUMOs and LUMOs+1. In
the LUMOs and LUMOs+1 of Trans-SQ1—Q3, the charge
density distribution on 2-3-(2-ethoxy-2-oxoethyl) moieties is
less than that on Cis-SQ1-SQ3.

The calculated energies of HOMO (Exomos), LUMO
(ELumos), and LUMOs+1 (ELymos+1), and the energy
gaps (E,) of the six Cis/Trans-SQ1-SQ3 benzothiazole-
based squaraine sensitizers at B3LYP/6-31G** level of
theory are tabulated in Table 2. The —COOH groups
lower the energies of Eyomos, Erumos and Epumos+i
while ~OCH3 boosts them up. The smallest £, values
were observed for Cis/Trans-SQ2, which has —-COOH

groups at the —R positions. The computed E, of all the
six sensitizers are smaller than that of the dyenitro, i.e.,
2.81 eV [23] suggesting that DSSC efficiency might be
improved in the former compounds. The smaller £y ynmos
of Cis/Trans-SQ2 reveal that the injected electrons
would be more stable, and that the charge transport
cannot be quenched by losing electrons.

The acidic ligands in Cis/Trans-SQ2 are good light-
harvesting portions that help anchor the sensitizer to the
TiO, surface. They also enhance solubility in solution
and diminish aggregation [70]. From the charge density
distribution on LUMOs (see Fig. 2), it is expected that
the Cis/Trans-SQ2 would be more stable after anchoring
with the TiO, surface. Moreover, —-COOH would be a
favorable site from which to transfer electrons from
dyes to the TiO, surface. Furthermore, side chains
might create a barrier between holes in the redox couple
and electrons in the TiO, to inhibit recombination.
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Fig. 2 Charge density distribution of the frontier molecular orbitals (0.02 contour value) of the studied systems at B3LYP/6-31G** level of theory

In our previous study, we shed light on the charge transport
behavior with respect to the size of the TiO, and found that the
ICT from dye to TiO, nanoparticles improved by increasing
the size of the TiO, crystal [71]. The inorganic materials, e.g.,
TiO,, in the photovoltaic devices would overwhelm the photo-
induced degradation of the dyes. Moreover, the

@ Springer

photogeneration of charge transporters would lead to excitons
being absorbed by the TiO, [72, 73]. Additionally, absorption
yield can be enhanced by incorporating TiO, [74].

The calculated absorption wavelengths (A,), oscillator
strengths (f) and major transitions of benzothiazole-based
squaraine dyes at TD-B3LYP/6-31G** level of theory in
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Table 2 Calculated highest occupied molecular orbital energies
(Enomo), lowest unoccupied molecular orbital energies (Erumo),
LUMO+1 energies (Epymo+1), energy gaps (Eg) and absorption

wavelengths (A,) of benzothiazole-based squaraine dyes (in chloroform)
at B3LYP/6-31G** and TD-B3LYP/6-31G** level of theories

Compounds Enomo (€V) Erumo (eV) Erumo+ (V) E, (eV) A (nm)* f‘” Transition
Cis-SQ1 —4.43 —2.28 —0.60 2.15 630 1.796 H->L
Cis-SQ2 —4.72 —2.64 -1.52 2.08 655 1.911 H->L
Cis-SQ3 —4.29 -2.15 —-0.58 2.14 638 1.950 H->L
Trans-SQ1 —4.41 -2.26 -0.51 2.15 639 1.623 H->L
Trans-SQ2 —4.68 -2.60 —-1.45 2.08 664 1.715 H->L
Trans-SQ3 —4.26 -2.12 -0.49 2.14 648 1.766 H->L

* Experimental A, in chloroform = 671 nm
® Oscillator strength

chloroform are tabulated in Table 2. The computed A, of Cis-
SQ1 upon the transition from H ->L was observed to be
630 nm, which is in good agreement with the experimentally
measured value of 671 nm. The calculated A, of Cis-SQ2, Cis-
SQ3, Trans-SQ1-Trans-SQ3 are red shifted by 25, 8, 9, 34
and 18 nm compared to Cis-SQI1. Trans-SQ1-SQ3 are red
shifted more than Cis-SQ1-SQ3.

Short-circuit current density

The AG™, ESe, ESS” NICT LHE, |[Vrp| and AG, ™ of the
six benzothiazole-based squaraine dyes are presented in
Table 3. The negative computed values of AG™* mean that
the excited state of the dye lies above the conduction band
edge of TiO,, which would favor electron injection from the
dye’s excited state to the conduction band edge of TiO,. From
Eq. 12 it can be found that the improvement of the short-
circuit current density, Jy., is related directly to the LHE and
Djpjcer- To maximize the photocurrent response, the LHE of
the dyes must be improved. Additionally, there is another
factor that can enhance J., i.€., improvement of @;pje, Which
is related to AG™°*', Here, we first shed light on AG™* then
discuss the LHE. The AG™**' values of Cis-SQI, Cis-SQ2,

Cis-SQ3, Trans-SQ1, Trans-SQ2, and Trans-SQ3 are 3.37,
2.67, 3.54, 3.33, 2.64 and 3.54 times higher than that of the
dyenitro compound. The Cis/Trans-SQ1 to -SQ3 sensi-
tizers have superior |[Vgp| and AG™°*' than the dyenitro.
In all the studied sensitizers, the major transitions cor-
respond to HOMO—>LUMO. The comparable [Vyp| and
AG, ™Mt yalues for both Cis and Trans forms reveal that
the change in geometry has no significant effect on
improving electron injection. We observed that the —
OCH; group at the terminal positions of benzothiazole
is boosted up, while the -COOH group diminishes [Vyp|
and AG,™et,

The calculated AG™" and [Vp| of all the benzothiazole-
based squaraine sensitizers computed at TD-B3LYP/6-31G*
level of theory were superior to all the hydrazone and azo
dyes, i.e., dyenitro (—=0.39 and 0.195 eV), 2-{4-[2-p-
chlorobenzylidenehydrazino] phenyl}-ethylene-1,1,2-
tricarbonitrile and 2-{4-[2-p-bromobenzylidenehydrazino]
phenyl} ethylene-1,1,2-tricarbonitrile (—0.53 and 0.265 eV),
respectively [43], and the azo dye 3-(4-methyl-phenylazo)-
6-(4-nitro-phenylazo)-2,5,7-triaminopyrazolo [1,5-a] pyrimi-
dine (—1.19 and 0.53 eV) [75], revealing improved electron
injection in the set analyzed here.

Table 3 The AG™™, AG, ™, oxidation potential, light harvesting efficiency (LHE), [Vrp| of investigated dyes in chloroform at TD-B3LYP/6-

31G** level of theory

System AGM (6V) ESS (eV) ESE (V) AT (V) f LHE AG, Mt (gV)? [Vre| (€V)
Dyenitro® -0.39 5.96 3.61 235 1319 0.9520 1.00 0.195
Cis-SQl1 -1.32 4.65 2.68 1.97 1.796 0.9840 337 0.660
Cis-SQ2 -1.04 4.86 2.96 1.90 1911 0.9877 2.67 0.520
Cis-SQ3 -1.38 456 2.62 1.94 1.950 0.9888 3.54 0.690
Trans-SQ1 -1.30 4.64 2.70 1.94 1.623 0.9762 333 0.650
Trans-SQ2 -1.03 4.84 297 1.87 1.715 0.9807 2.64 0.515
Trans-SQ3 -1.38 453 2.62 1.91 1.766 0.9829 3.54 0.690

* AG, M =relative electron injection AG™* (dye) AG™*" (Dyenitro)
® Details can be found in reference [43]
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The data in Table 3 reveal that the benzothiazole-based
squaraine dyes have superior LHE compared to dyenitro. The
Cis isomers have superior LHE compared to Trans isomers.
The trend of LHE is as follows: Cis-SQ3>Cis-SQ2>Cis-
SQ1>Trans-SQ3>Trans-SQ2>Trans-SQ1. The Cis/Trans-
SQ3 have larger LHE followed by Cis/Trans-SQ2 as com-
pared to the other studied systems.

The LHE and AG™*" values of the six benzothiazole-
based squaraine sensitizers are superior to those of dyenitro
(0.9520 and —0.39), 2-{4-[2-p-chlorobenzylidenehydrazino]
phenyl}-ethylene-1,1,2-tricarbonitrile and 2-{4-[2-p-
bromobenzylidenehydrazino] phenyl}-ethylene-1,1,2-
tricarbonitrile (0.9208 and —0.53), respectively [43], and the
azo dye 3-(4-methyl-phenylazo)-6-(4-nitro-phenylazo)-2,5,7-
triaminopyrazolo [1,5-a] pyrimidine (0.8732 and —0.86) [75],
revealing that the sensitizers studied in the present article
would be efficient materials for DSSCs.

Open-circuit voltage

The relationship among the electronic structure of sensitizers
and these quantities is unknown, thus the open-circuit voltage,
¥V, can be measured only experimentally. The energy rela-
tionship can be obtained according to the sensitized mecha-
nism, single electron and single state approximation as under
[76]:

eVoe = Erumo—EcB (13)

It can be seen that, the greater the £} yyio the larger the V..
In 2001, Brabec and co-workers [77] concluded that V.
depends strongly on £} ymo- The superior reduction potential
(ELumo) of the Cis/Trans-SQ2 compared to the other sensi-
tizers reveals that the V. of prior compounds would be larger
than that of other counterparts. This is might be due to the —
COOH groups, which are favorable sites from which to trans-
fer electrons from dyes to the TiO, surface.

Conclusions

No significant effect on the structural properties, excitation
energies, driving force of electron injection or electronic cou-
pling constants was observed upon changing the geometry of
benzothiazole-based squaraine dyes from Cis to Trans forms.
Alterations in geometry usually decreases the LHE. The great-
er driving force of electron injection, electronic coupling
constants, LHEs (short-circuit current densities) and V. of
benzothiazole-based squaraine dyes compared to the corre-
sponding values in the dyenitro, 2-{4-[2-p-
chlorobenzylidenehydrazino] phenyl}-ethylene-1,1,2-
tricarbonitrile, 2-{4-[2-p-bromobenzylidenehydrazino]

@ Springer

phenyl} ethylene-1,1,2-tricarbonitrile and 3-(4-methyl-
phenylazo)-6-(4-nitro-phenylazo)-2,5,7-triaminopyrazolo
[1,5-a] pyrimidine showed that the squaraine sensitizers
would be efficient DSSC materials. The improved LHEs and
electron affinities (LUMO energies) of the Cis compared to
the Trans isomer revealed that the former would be better
sensitizers than the latter. We hope this work will be helpful
in the design of organic dyes with targeted properties to
improve the performance of dye-sensitized solar cells.
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