
Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 63–71

Dye sensitization of nanocrystalline TiO2: enhanced efficiency of
unsymmetrical versus symmetrical squaraine dyes
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Abstract

A series of novel symmetrical and unsymmetrical squaraine dyes have been synthesized and their comparative efficiencies as photosen-
sitizers in dye sensitized solar cells (DSSCs) containing nanocrystalline TiO2 photoelectrodes have been investigated. DSSCs employing
unsymmetrical squaraines as sensitizers produced photocurrent with much higher efficiencies compared to DSSCs containing symmetrical
squaraines. Aggregation of the dyes on the TiO2 nanocrystalline electrode was observed to adversely affect the sensitization properties of
symmetrical squaraines, whereas efficient sensitization was observed from both the monomeric and aggregated forms of the unsymmetrical
s
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. Introduction

Dye sensitization of nanocrystalline semiconductors is an
rea, which continues to attract considerable attention since
raetzel first reported on the highly efficient ruthenium-
omplex sensitized nanocrystalline TiO2-based dye sensi-
ized solar cells (DSSCs)[1–7]. Among the various sen-
itizers investigated, polypyridyl complexes of ruthenium,
uch as N3 dye,cis-bis(isothiocyanato)bis(2,2′-bipyridyl-
,4′-dicarboxylate) ruthenium(II)[2] and the more recently
eported ‘black dye’, tris(isothiocyanato)-2,2′,2′′-terpyridyl-
,4′,4′′-tricarboxylate ruthenium(II) (Fig. 1) have been re-
orted to have solar energy to electricity conversion of up

o 10.4%[6]. In contrast, although a wide variety of or-
anic dyes have been investigated as sensitizers their perfor-
ance in DSSCs has been reported to be very poor. Recently,
rakawa and co-workers have shown that certain coumarin
nd polyene based dyes can provide DSSCs with solar to elec-

ric power conversion of up to 7.7%[8,9]. It has also been
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shown that broad absorption can be obtained using a mi
of organic dyes, which do not interfere with the sensitiza
properties of each other[6,10]. These studies have led to
newed interest in the search for more efficient organic
sensitizers for DSSCs.

Squaraines are a class of highly stable dyes, which
been extensively investigated for their sensitization pro
ties[11,12]. They possess sharp and intense absorption b
in the visible and near infrared (NIR) regions and have b
employed as sensitizers in a number of technological a
cations such as electrography[11], xerography[11] and op-
tical data storage[13,14]. The ability of squaraine dyes
sensitize large band-gap semiconductors as well as the
plication as organic photovoltaic materials have been
investigated[15–22]. However, in view of the low efficien
cies of sensitization of large band-gap semiconductor
squaraines[23,24], with few exceptions their use as sen
tizers in DSSCs have not been well explored[19,25]. Most
reported studies have utilized only symmetrical squara
as sensitizers. We have synthesized a series of symm
and unsymmetrical squaraine dyes (Fig. 2) and their compa
E-mail address:sdaas@rediffmail.com (S. Das). ative efficiencies in DSSCs have been evaluated in order to
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Fig. 1. Ruthenium polypyridyl complexes used as efficient sensitizers in
DSSCs.

understand the factors that control light harvesting efficiency
of these dyes. Here we report that the sensitization efficien-
cies of unsymmetrical squaraines in DSSCs are significantly
higher than those of symmetrical squaraines. Molecular or-
bital calculations for these dyes indicated a unidirectional
flow of electrons on excitation of unsymmetrical squaraines
whereas increase in charge density towards the center of the

molecule was observed for the symmetrical squaraines. These
aspects as well as the role of dye aggregation on the electrode
surface on the efficiency of squaraine sensitized DSSCs are
discussed.

2. Experimental section

2.1. Reagents and materials

2-Methylbenzoselenazole, 2-methylbenzothiazole, lith-
ium iodide (anhydrous) andtert-butylpyridine were pur-
chased from Fluka. Squaric acid and 2,3,3-trimethyl-
indolenine were obtained from Aldrich. The organic solvents
employed were of spectroscopic grade and the chemicals used
were analytical reagents of the highest available purity. N3
dye was synthesized and characterized according to an earlier
reported procedure[26].

2.1.1. General synthesis of squaraine dyesSq1–Sq7
The symmetrical squaraine dyeSq1was synthesized us-

ing a reported procedure[27]. The symmetrical squaraine
Fig. 2. Squaraine dyes use
d for the present study.
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dyesSq2–Sq4 were synthesized using a similar procedure
namely condensation of one equivalent of squaric acid with
two equivalents of the respective nucleophiles under re-
flux in a solvent mixture of benzene and butanol (1:2) us-
ing a Dien-Stark condenser[27–31]. The unsymmetrical
squaraine dyesSq5–Sq7were synthesized by condensation
of the semisquaric acid, 1-(4-N,N-dioctylaminophenyl)-2-
hydroxycyclobuten-3,4-dione with one equivalent of the cor-
responding nucleophiles under reflux in a solvent mixture
of benzene and butanol (1:2) using Dien-Stark condenser,
adopting methods similar to those reported by Keil and Hart-
mann[32]. The dyes were purified by column chromatog-
raphy on silica gel (100–200 mesh) by eluting with an ap-
propriate solvent mixture of chloroform and methanol. All
the dyes were characterized on the basis of analytical re-
sults and spectral data. All melting points were uncorrected
and were determined on a Buchi melting point apparatus.
IR spectra were recorded on a Shimadzu Prestige-21 FTIR-
8400S IR spectrometer,1H NMR spectra were recorded on
a Bruker–300 MHz NMR spectrometer and HRMS spectra
where recorded on a JEOL JMS600 mass spectrometer.

• Bis[3-(carboxymethyl)benzothiazol-2-ylidene]squaraine
(Sq1): yield 26%; mp 235◦C (decomp); IR (in KBr) 1734,
1658, 1565 cm−1; 1H NMR (DMSO-d6) δ 7.87–7.23 (m,
8H), 5.67 (s, 2H), 5.12 (s, 4H); HRMS(FAB)m/z Calcd
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2H), 3.39 (t, 4H) 1.8–0.88 (m, 30 H); HRMS(FAB)m/z
Calcd for [M]+ 650.262; Found: 650.276.

• [1-Carboxymehyl-2,3,3-trimethylindolenium-2-ylidene]-
[4-(N,N-dioctylamino)phenyl] squaraine (Sq7): yield
15%; mp 148–150◦C; IR (in KBr) 1739, 1599, 1568 cm−1;
1H NMR (DMSO-d6)δ 8.03 (d,J= 8.9 Hz, 2H), 7.65-7.31
(m, 4H), 6.82 (d,J= 9.2 Hz, 2H), 5.87 (s, 1H), 5.21 (s,
2H), 3.45 (t, 4H) 1.6–0.87 (aliphatic, 36H); HRMS(FAB)
m/zCalcd for [M+2]+ 614.413; Found: 614.403.

All the dyes investigated in the present study, exceptSq3,
can potentially exist in their trans orcis isomeric forms. The
cis isomers of this class of dyes which have been reported
to be formed on photoexcitation of the trans isomers[33],
are, however, unstable and decay back to trans isomer in the
millisecond time domain.

2.1.2. Preparation of the nanocrystalline TiO2
electrodes

A colloidal paste of TiO2 was prepared from commercial
TiO2 powder (Degussa, P25) by following a reported pro-
cedure with slight modifications[2]. TiO2 (6 g) was made
into a paste by constant grinding in a porcelain mortar dur-
ing slow addition of dilute aqueous acetic acid (10 mL). Fi-
nally 50�L of Triton X-100 was added. Transparent con-
ducting glass electrodes (F-doped SnO2, <10�/�, Hartford
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for [M+ 1]+ 493.053; Found: 493.052.
Bis[3-(carboxymethyl)benzoselenazol-2-ylidene]squa
ine (Sq2): yield 15%; mp 244–246◦C; IR (in KBr) 1736,
1662, 1571 cm−1; 1H NMR (DMSO-d6) δ 7.6–7.17 (m
8H), 5.72 (s, 2H, CH), 4.96 (s, 4H); HRMS(FAB)m/z
Calcd for [M+ 1]+ 588.934; Found: 588.871.
Bis[4-(N-carboxymethyl-N-
methylamino)phenyl]squaraine (Sq3): yield 14%;
mp 218–220◦C (decomp); IR (in KBr) 1741, 162
1596 cm−1; 1H NMR (CDCl3) δ 8.26 (d, J= 9.3 Hz,
4H), 6.66 (d, J= 9.3 Hz, 4H), 5.66 (s, 4H), 3.99(
6H); HRMS(FAB)m/z Calcd for [M]+ 408.132; Found
408.211.
Bis[1-carboxymehyl-2,3,3-trimethylindolenium-2-ylide
ne]squaraine (Sq4): yield 16%; mp 172–174◦C; IR (in
KBr) 1743, 1582, 1521 cm−1; 1H NMR (DMSO-d6) δ

7.6–7.17 (m, 8H), 5.72 (s, 2H), 4.96 (s, 4H); HRMS(FA
m/zCalcd for [M+ 1]+ 513.195; Found: 513.261.
[3-(Carboxymethyl)benzothiazol-2-ylidene][4-(N,N-dio-
ctylamino)phenyl]squaraine (Sq5): yield 23%; mp
215–216◦C; IR (in KBr) 1748, 1609, 1551 cm−1; 1H
NMR (DMSO-d6) δ 8.12 (d,J= 8.9 Hz, 2H), 7.70–7.3
(m, 4H), 6.65 (d,J= 8.9 Hz, 2H), 6.28 (s, 1H), 5.48 (
2H), 3.33 (t, 4H) 1.8–0.87 (m, 30H); HRMS(FAB)m/z
Calcd for [M+ 1]+ 603.328; Found: 603.341.
[1-(Carboxymethyl)benzoselenazol-2-ylidene][4-(N,N-
dioctylamino)phenyl]squaraine (Sq6): yield 14%; mp
228–230◦C; IR (in KBr) 1752, 1613, 1560 cm−1; 1H
NMR (DMSO-d6) δ 8.13 (d,J= 9.3 Hz, 2H), 7.42–7.1
(m, 4H), 6.62 (d,J= 9.3 Hz, 2H), 6.39 (s, 1H), 4.98 (
lass Company, Germany) were cut into 1 cm× 1 cm size
nd were cleaned by sonicating for 20 min successively
lass cleaning solution, in water and finally in ethanol
ried in a stream of nitrogen. The TiO2 paste was coated o

he conducting side of the electrode by screen-printing
owed to dry in air following which it was sintered for 30 m
t 450◦C. The film was then cooled slowly to a tempera
f 80◦C, at which time it was immersed into 3.0× 10−4 M
olution of the dye in dry methanol kept at room temp
ure. The electrode was withdrawn from the solution a
2 h and washed with dry solvent to remove any physic
dsorbed dye from the surface and then dried under a nit
tmosphere.

.2. Photoelectrochemical measurements

The cell was assembled with the TiO2-coated side of th
lectrode placed directly over a platinum coated counter

rode and the two electrodes were then clamped tightly u
lips. A drop of electrolyte was then placed between the
rodes and allowed to wet the surfaces of the electrode
apillary action. The electrolyte used was a solution of 0
iI and 0.05 M iodine in propylene carbonate–acetoni
v:v = 1:1) mixture. For preparation of the counter electro
latinum was electroplated on the conducting side of a tr
arent conducting electrode from a 0.01 M solution of chl
latinic acid in dilute HCl (1 M) using a 12 V source for 2

For the photocurrent–photovoltage measurement
00 W mercury vapor lamp with a water IR filter and a 420

ong pass UV filter served as a light source. The norma
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tensity of incident light was 96 mW/cm2. The photocurrent
action spectra were measured using a 500 W Xenon lamp
as a light source. A grating monochromator (SPEX Fluo-
rolog) was introduced into the path of the excitation beam to
produce monochromatic light. The number of incident pho-
tons was calculated by employing a power/energy meter cal-
ibrated using potassium oxalate actinometry at 352 nm. The
current and voltage were measured using a Keithley Model
6517A electrometer. Action spectra were recorded by plot-
ting monochromatic incident photon to current conversion
efficiencies (IPCEs) against wavelength. IPCE, defined as
the number of electrons injected by the excited dye in the
external circuit divided by the number of incident photons,
was obtained by recording the short-circuit photocurrents at
various excitation wavelengths and using the following ex-
pression:

IPCE(%)= 1240× Isc

Iinc × λ
× 100 (1)

whereIsc is the short-circuit photocurrent (A cm−2), I inc the
incident light intensity in (W cm−2) andλ is the excitation
wavelength (nm).

The performance of DSSCs containing squaraine dyes as
photosensitizers were compared with that of DSSCs contain-
ing N3 dye under the same experimental conditions. No spe-
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Fig. 3. Absorption spectra (normalized) of squaraine dyes in methanol: (A)
symmetrical dyes, (· · ·) Sq1, (- - -) Sq2, (—) Sq3, and (–· –·) Sq4and (B)
unsymmetrical dyes, (- - -)Sq5, (—) Sq6and (· · ·) Sq7.

bital calculations have shown that excitation of symmetrical
squaraines leads to an intramolecular charge transfer state
with electrons being mainly transferred from the electron rich
oxygen atoms to the electron deficient central cyclobutane
ring [35]. The insensitivity of symmetric dyes to solvent po-
larity can, therefore, be attributed to charge-transfer on exci-
tation being localized on the central C4O2 unit, which would
result in very little solvent reorganization following the ex-
citation process. In contrast, solvatochromic and molecular
hyperpolarizability studies of unsymmetrical squaraine dyes
have indicated that these dyes possess large dipole in the
ground state compared to their excited state[15]. Table 1
shows the dependence of the absorption maxima of unsym-
metrical squaraine dyes as well as that of two representa-
tive symmetrical squaraines (Sq3andSq4) in common sol-
vents. The hypsochromic shift with increasing solvent polar-
ity for the unsymmetrical squaraine dyes in contrast to the
slight bathochromic shift for the symmetrical squaraine dyes
is clearly evident.

Table 1
Solvatochromic properties of the squaraine dyes

Solvent Absorption maxima (nm)

Sq3 Sq4 Sq5 Sq6 Sq7

B
T
T
A
D
D

ial efforts were made to optimize for maximum poss
fficiency. Photocurrent efficiencies were calculated wit
orrecting for light absorption and reflection by the cond
ng glass support. All measurements were performed at
emperature.

.3. Spectroscopy

Absorption measurements were made using a Shim
V 3101PC UV–vis NIR spectrophotometer.

. Results and discussion

.1. Photophysical properties

The absorption spectra of the squaraine dyes investi
n the present study are shown inFig. 3. Whereas the sym

etrical squaraine dyes possess a sharp absorption ban
axima in the 630–670 nm range, the absorption spec

he unsymmetrical squaraine dyes are broad and blue s
absorption maxima 600–630 nm) which is in accorda
ith the earlier reports[34].
Solvatochromic properties of squaraine dyes have

xtensively investigated[15,31,34]. The absorption spe
ra of bis(dialkylaminophenyl) squaraines exhibit a w
athochromic shift with increasing solvent polarity[34]
nd those of the methylene group containing symm
quaraine dyes are virtually independent of solvent p
ty [31]. MNDO and CNDO semi-empirical molecular o
enzene 627 639 624 624 634
oluene 625 638 619 624 633
etrahydrofuran 622 636 623 631 630
cetonitrile 628 637 600 611 620
imethylformamide 650 643 607 614 619
imethylsulfoxide 652 647 605 619 624
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Fig. 4. Frontier MOs of the anionic form of the squaraine dyeSq3.

3.2. Electron density distribution of the frontier
molecular orbitals

We have carried out molecular orbital calculations on
the squaraine dyes using the Titan software package with
a view to understanding the nature of electron distribution
in the HOMO and LUMO states.Figs. 4–6show the cal-
culated molecular structure and the electron distribution of
HOMO and LUMO of some of symmetrical and unsymmet-
rical squaraine dyes. The octyl groups attached to nitrogen
have been replaced by methyl groups for ease of calculation
and the carboxylate anionic form of the corresponding dyes
were used for calculation since the dye will be bonded to the
TiO2 in the carboxylate form. Calculations for the symmet-
rical dyeSq3 indicate that HOMO–LUMO excitation result

in an increase in the electron density towards the center of
the molecule in confirmation of the earlier studies[35]. Sim-
ilar results were obtained for the methylene group containing
symmetrical dyeSq1.

For the unsymmetrical squaraine dyeSq5however calcu-
lations indicated a clear shift of electron density from one
end of the molecule to the other (Fig. 6). It is interesting
to note that in the unsymmetrical squaraine dye the shift in
electron density occurs towards the group linked through
the methylene spacer, which also contains the carboxylic
acid group used for linking the molecule to the semicon-
ductor surface. Such a unidirectional flow of electron dis-
tribution can be expected to result in favorable charge sep-
aration and electron injection in DSSCs containing these
dyes[36,37].

nionic
Fig. 5. Frontier MOs of the a
 form of the squaraine dyeSq1.
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Fig. 6. Frontier MOs of the anionic form of the squaraine dyeSq5.

3.3. Photovoltaic properties of squaraine sensitized
TiO2 electrode

3.3.1. Photocurrent action spectra
The photocurrent action spectra of DSSCs containing

nanocrystalline TiO2 electrodes sensitized by squaraine dyes
and iodine/iodide as the redox electrolyte were measured.
The action spectra of the DSSCs sensitized by symmetrical
and unsymmetrical squaraine dyes are shown inFigs. 7 and 8,
respectively. It can be seen that all the DSSCs containing un-
symmetrical squaraine dyes show significantly higher IPCE
values compared to those containing symmetrical squaraine
dyes.

The action spectrum of a DSSC is expected to resemble
the absorption spectrum of the sensitizing dye, since the pho-
tocurrent is generated by the injection of electrons from the
adsorbed excited dye molecules into the conduction band of
the large band gap semiconductor. The action spectra of the
DSSCs employing symmetrical squaraine dyes,Sq1, Sq2,

F cal
s

and Sq3 are, however, much broader compared to the so-
lution state absorption spectra, which could be attributed to
aggregation of the dyes on the TiO2 surface. Since the dye is
strongly bonded to the TiO2 surface its extraction using sol-
vents was not possible. The reflectance spectrum of a film of
Sq2deposited on a plain glass plate (Fig. 9), indicates a broad

Fig. 8. Action spectra of TiO2-based DSSCs employing unsymmetrical
squaraine dyes as sensitizers: (�) Sq5, (�) Sq6, and (�) Sq7.

F DSSC
e

ig. 7. Action spectra of TiO2-based DSSCs employing symmetri
quaraine dyes as sensitizers: (�) Sq1, (�) Sq2, and (�) Sq3.
ig. 9. The solid-state reflection spectrum and action spectrum of the
mployingSq2.
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Fig. 10. (a) Absorption spectrum ofSq4 in methanol, (b) action spectrum
of the DSSC employingSq4and (c) its solid-state reflection spectrum.

absorption band which closely matches the action spectrum
of the DSSC. Redissolution of these films in methanol gave
back the original spectra of the dye confirming that broaden-
ing of the absorption band is due to aggregation and not due
to degradation of the dye. Similar broadening of absorption
and low IPCE values were obtained for DSSCs containing
the symmetrical squarainesSq1andSq3.

The photosensitization behavior of the symmetrical
squaraine dyeSq4was however significantly different from
that of the other symmetrical squaraine dyes.Fig. 10shows
the photocurrent action spectrum as well as the reflection
spectrum of a thin film ofSq4on glass. The absorption spec-
trum of the dye dissolved in methanol is also included for
comparison. The relatively sharp nature of the photocurrent
action and reflectance spectra indicates that the tendency for
Sq4to form aggregates is much lesser than that for the other
symmetrical dyes. This may be attributed to the steric hin-
drance caused by the presence of the methyl groups in the
indolenium moiety. The higher value of IPCE forSq4com-
pared to that for the other symmetrical squaraines indicates
that aggregation has a significantly detrimental effect on the
ability of the dyesSq1–Sq3to sensitize TiO2.

The photocurrent action spectra as well as the reflectance
spectra of the unsymmetrical squaraine dyeSq6 is shown
in Fig. 11. In addition to the peak around 650 nm, an intense
peak is clearly visible around 500 nm both in the action and re-
fl tches
t case

F of
t

of the symmetrical dyes, redissolution of the dye film into so-
lution gave back its original spectrum ruling out degradation
of the dye being responsible for the appearance of the short
wavelength band. The short wavelength band may, therefore,
be attributed to formation of aggregated species. Kim et al.
have earlier reported that some squaraine surfactants form
blue-shifted H-aggregates on SnO2 surfaces absorbing in the
500 nm region[21]. The photocurrent action and reflection
spectra ofSq5andSq7also exhibit both the monomer and
blue shifted aggregate bands.

3.4. Aggregation properties of unsymmetrical squaraine
dyes in methanol–water mixture

In order to confirm the blue-shifted absorption observed
in the films of the unsymmetrical squaraine dyes arise due
to formation of aggregates, their aggregation behavior was
investigated in methanol–water solvent mixtures.Fig. 12
shows the changes in the absorption spectra ofSq5 in 50%
water–methanol with increasing concentration of the dye.

At lower concentrations, the absorption maximum is cen-
tered on 596 nm. With increasing concentration the absorp-
tion around 511 nm increases in intensity and this becomes
the predominant peak at higher dye concentrations. The
511 nm band formed at higher dye concentrations can be at-
t rva-
t te
e the
m anol
i e of
t the
a ol
s

g to
t in the
m e was
f on-
fi and
p e ag-
g

F a)
0
(
d

ectance spectra. The long wavelength band closely ma
he absorption spectrum of the dye in solution. As in the

ig. 11. The solid-state reflection spectrum ofSq6and action spectrum
he DSSC employingSq6.
ributed to formation of H-type aggregates. Similar obse
ions were made forSq6andSq7.The monomer–aggrega
quilibrium for these dyes could be shifted in favor of
onomer either by increasing the concentration of meth

n the solvent mixture or by increasing the temperatur
he solution.Fig. 13shows the effect of temperature on
bsorption spectra of the dyeSq5 in 50% water–methan
olvent mixture.

With increasing temperature the peak correspondin
he aggregate decreases and a corresponding increase
onomer absorption is observed. The observed chang

ully reversible on cooling the solution. These results c
rm that blue shifted band observed in the reflectance
hotocurrent action spectra arise due to formation of dy
regates in the films.

ig. 12. Concentration effect ofSq5 in 50% water–methanol (
.7× 10−6 mol dm−3, (b) 2.1× 10−6 mol dm−3, (c) 4.3× 10−6 mol dm−3,
d) 5.5× 10−6 mol dm−3, (e) 7.2× 10-6 mol dm−3, and (f) 8.9× 10−6 mol
m−3.
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Fig. 13. Effect of temperature on the absorption spectra of the dyeSq5
(10.3× 10−6 mol dm−3) in 50% water–methanol solvent mixture (a) 25◦C,
(b) 35◦C, (c) 55◦C, (d) 65◦C, and (e) 70◦C.

Fig. 14. Photocurrent–voltage curves of the DSSCs based on squaraine dyes
sensitized nanocrystallineTiO2: (	) Sq1, (�) Sq2, (©) Sq3, (�) Sq4, (�)
Sq5, (�) Sq6, (�) Sq7.

3.5. Current voltage characteristics

The power output features of the cells were evaluated by
recording photovoltage and photocurrent at different load
resistances.Fig. 14 shows the current–voltage character-
istics obtained with DSSCs based on squaraine-sensitized
nanocrystalline TiO2 electrodes.

The photoelectrochemical parameters evaluated from the
curves inFig. 14 for various electrodes are summarized in
Table 2. The value obtained for a DSSC using a N3 dye

Table 2
Photoelectrochemical parameters of the dye sensitized solar cells employing
squaraine dyes

Dye Voc (V) Isc (mAcm−2) FF (%) Efficiency (%)

Sq1 0.36 0.34 46.2 0.06
Sq2 0.42 0.32 51.6 0.07
Sq3 0.31 0.40 53.2 0.07
Sq4 0.53 3.52 53.4 1.04
Sq5 0.58 3.94 52.5 1.25
Sq6 0.60 3.78 60.5 1.43
Sq7 0.64 5.92 52.6 2.08
N3 0.64 10.08 59.3 3.98

Conditions: incident light, 200 W-mercury vapor lamp 96 mW cm−2;
electrolyte, 0.5 M LiI, 0.05 M I2 and 1 M 4-tert-butylpyridine in
propylenecarbonate–acetonitrile (v:v = 1:1) mixture; area of cells, 0.3 cm2.

coated TiO2 electrode under the same experimental condi-
tions is also included inTable 2for comparison. It can be seen
that the photoelectric conversion data for DSSCs containing
unsymmetrical squaraine dyes are superior to those obtained
with symmetrical squaraine dyes. The only exception among
the symmetrical squaraine dyes is for DSSCs containingSq4
which has similar output power characteristics to the DSSCs
containing unsymmetrical dyes.

4. Conclusions

A series of symmetrical and unsymmetrical squaraine
dyes have been synthesized and their photocurrent generating
efficiencies in DSSCs were evaluated. Aggregation of sym-
metrical dyes on the TiO2 photoelectrode results in significant
decrease in their sensitization efficiency, whereas efficient
sensitization was observed from both the monomeric and ag-
gregated forms of the unsymmetrical squaraines. Molecular
orbital calculations showed a unidirectional flow of electrons
on excitation of unsymmetrical squaraines, as opposed to flow
of electron towards the center of the molecule on excitation
of symmetrical squaraines, which could result in improved
charge separation from the excited state of the symmetrical
squaraines.
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