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  1.     Introduction 

 Dye-sensitized solar cells (DSCs) are receiving increasing atten-
tion as a renewable energy source owing to their potential use 
in low-production-cost, large-area, fl exible, colorful, and light-
weight devices. [ 1 ]  A key strategy for the development of practical 
DSCs is the replacement of ruthenium-based sensitizer dyes 
with organic dyes that have higher absorption extinction coef-
fi cients and lower materials costs and are amenable to molec-
ular tailoring. [ 2 ]  Among the various types of organic sensitizers, 
near-infrared (NIR) sensitizers, such as porphyrins, [ 3 ]  phthalo-
cyanines, [ 4 ]  cyanines, [ 5 ]  and squaraines, [ 6 ]  are the most appealing 
because they absorb strongly in the red and NIR regions. Such 

NIR dyes have been employed as co-sen-
sitizers to improve the photovoltaic prop-
erties of DSCs. [ 7 ]  In addition, NIR dyes 
exhibit low or no absorption intensity in 
the visible region and can therefore be 
used in tandem DSCs and transparent 
and/or colorless photovoltaic devices. [ 8 ]  

 Squaraine dyes have been widely 
used in DSCs, as well as in solution-
processable bulk heterojunction and 
vacuum-deposited solar cells. [ 9 ]  Since 
2007, when sensitization with squaraine 
dye SQ1 was reported to greatly increase 
the energy conversion effi ciency ( η  of 
DSCs ( Scheme    1  ), [ 10 ]  many researchers 
have attempted to prepare even better 
squaraine dyes by linearly extending the 
π-conjugation of the backbone. [ 11 ]  For 
example, Kuster et al. synthesized BSQ01, 
an unsymmetrical squaraine dimer with a 
linear connector, which extended the onset 
wavelength of the incident photon-to-cur-
rent conversion effi ciency (IPCE) response 

to around 780 nm. [ 12 ]  However, the maximum IPCE achieved 
with this dye is only 17% at 740 nm with an  η  of 1.3% because 
the thermodynamic driving force is not suffi cient for effi cient 
electron injection into the conduction band of TiO 2  and because 
the dye aggregates on the TiO 2  surface. The IPCE responses of 
various other modifi ed squaraine dyes in the NIR region are 
also low (less than 50% at 700 nm) for the same reasons. [ 13 ]  
Therefore, the development of a new strategy for tuning the dye 
energy levels by simple structural modifi cation is necessary for 
achieving a red-shifted IPCE response with a high  η .  

 Recently, we red-shifted the IPCE response of squaraine dyes 
by introducing a strongly electron-withdrawing dicyanometh-
ylene group into the central squarate moiety. [ 14 ]  The resulting 
new squaraine dye, HSQ1, adopts a  cis  confi guration, and the 
absorption maximum is remarkably red-shifted (by 39 nm) 
compared with that of SQ1. The maximum IPCE we have 
achieved with an HSQ1-sensitized DSC is 71% at 700 nm. 
However, the lowest unoccupied molecular orbital (LUMO) and 
the highest occupied molecular orbital (HOMO) of HSQ1 are 
still not ideal for energetically effi cient electron injection and 
regeneration of the oxidized dye, respectively. [ 15 ]  

 For fi ne-tuning the energy levels and preparing more-effi -
cient substituted squaraine dyes, the development of a system-
atic strategy for molecular design is important. We focused on 
the Hammett substituent constant and π-conjugation length as 
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indicating that –COOEt is less electron withdrawing than –CN; 
therefore, we expected that the former might raise the energy 
levels of both the HOMO and the LUMO. These two substitu-
ents have similar conjugation lengths, so we expected that  cis -
confi gured HSQ3 would have the same the narrow band gap as 

quantitative indicators for choosing appropriate substituents, 
and we prepared squaraines HSQ2 (a homologue of HSQ1 
containing two octyl chains), HSQ3, and HSQ4 ( Figure    1  ). 
The Hammett substituent constants of the –COOEt and –CN 
groups ( σ  -COOEt  and  σ  -CN , respectively) are 0.297 and 0.579, [ 16 ]  

    Scheme 1.    Syntheses of HSQ2, HSQ3, and HSQ4. 

   Figure 1.    Molecular design elements and structures of squaraine sensitizers HSQ2, HSQ3, and HSQ4, along with the structure of SQ1. 
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in the long-wavelength region and another in the blue region, 
which were assigned to the S 1  and S 2  transitions, respec-
tively. [ 14,17 ]  The  λ  max  of the S 1  transition of HSQ3 (695 nm) was 
red-shifted by 7 nm relative to that of HSQ2. This bathochromic 
shift was attributed to introduction of the ethyl cyanoacetate 
group, which raised the HOMO energy level to a greater degree 
than it raised the LUMO energy level relative to those of the 
dicyano dye (vide infra). Furthermore, DFT calculations have 
indicated that the ethyl cyanoacetate unit can be expected to 
maintain its electron-withdrawing strength in the ground state 
and to possess π-donor character in the excited state of the 
dye. [ 18 ]  This expectation was confi rmed and is discussed below 
in the electrochemical characterization section. The introduc-
tion of a second –COOH group on the indolinium moiety of 
HSQ4 led to a further 8-nm bathochromic shift; in addition, the 
molar extinction coeffi cient of HSQ4 (1.37 × 10 5   M  −1  cm −1 ) was 
higher than that of HSQ3 (1.13 × 10 5   M  −1  cm −1 ) owing to the 
weak electron-withdrawing ability of the –COOH group and the 
symmetric structure of the former molecule. Thus, by means of 
our rational molecular design strategy, we were able to achieve 
a total bathochromic shift of 56 nm for HSQ4 relative to SQ1.   

 The trend in the absorption spectra of the four squaraine 
dyes adsorbed on TiO 2  fi lms was similar to the trend for the 
solution spectra; a slight bathochromic shift due to interaction 
between the dye molecules and TiO 2  was observed ( Figure    3  ). 
Note that the absorption peak of HSQ4 was red-shifted by 21 
nm compared to that of HSQ2, and reached 711 nm with an 
absorption onset at 800 nm. Moreover, the absorptions of HSQ3 
and HSQ4 below 500 nm were stronger than the absorption of 
SQ1; this change will facilitate light capture and improve IPCE 
response in this high-energy region.    

 2.3.     FTIR and ATR-FTIR Spectra 

 Comparison of the Fourier transform infrared (FTIR) spectrum 
of HSQ4 on a KBr pellet and the attenuated total refl ectance 
FTIR spectrum of the dye adsorbed on TiO 2  revealed that the 
band at 1679 cm −1  (C = O stretching of the aromatic carbox-
ylic acid) in the former was not present in the latter (Figure S1, 
Supporting Information). This result indicates that HSQ4 was 
anchored to the TiO 2  surface via both –COOH groups. The CN 

HSQ2. To further narrow the band gap, we attached a second 
–COOH group to the indolinium moiety to afford HSQ4.  

 By means of this rational molecular design strategy, we were 
able to bathochromically shift the solution absorption max-
imum from 688 nm for HSQ2 to 703 nm for HSQ4. The IPCE 
spectrum of HSQ4 exhibited a high, broad plateau extending 
into the NIR region, with a maximum value of 80% at 720 nm. 
Of all the squaraine dyes reported to date, HSQ4 has the highest 
IPCE response in the NIR region. Using HSQ4, we constructed 
a DSC that showed a conversion effi ciency of 5.66%. Further-
more, the HSQ4-sensitized solar cell exhibited excellent dura-
bility on light soaking for two reasons: 1) the two anchoring 
groups increased the adsorption stability of the sensitizer on 
the TiO 2  surface and 2) the long alkyl chains extending outward 
from the  cis -confi gured dye formed a hydrophobic layer above 
the dye monolayer on the TiO 2  surface.   

 2.     Results and Discussion  

 2.1.     Synthesis 

 The syntheses of HSQ2, HSQ3, and HSQ4 are shown in 
Scheme  1 . The synthesis of HSQ2 was similar to our previously 
published synthesis of HSQ1. [ 14 ]  Condensation of semisquar-
aine derivative  4  and ethyl cyanoacetate yielded key interme-
diate  5  for the syntheses of HSQ3 and HSQ4. Although ethyl 
cyanoacetate is a weaker electron-withdrawing group than a 
dicyano group,  5  still displayed high reactivity toward nucleo-
philic methylene bases, and HSQ3 and HSQ4 were obtained in 
good yields from the reactions of  5  with  3  and  6 , respectively, 
in refl uxing 1:1 toluene/ n -butanol. The dye products were fully 
characterized by  1 H and  13 C NMR, elemental analysis, and 
HRMS. Both dyes dissolved readily in common organic sol-
vents, such as chloroform, DMF, and methanol.   

 2.2.     Absorption Spectroscopy 

 As shown in  Figure    2   and  Table   1 , DMF solutions of HSQ2, 
HSQ3, and HSQ4 showed two main absorption bands, one 

   Figure 2.    Absorption spectra of squaraine dyes in DMF. 

  Table 1.    Photophysical and electrochemical data for SQ1, HSQ2, HSQ3, 
and HSQ4. 

Dye  λ  max  in DMF 
[nm] ( ε ) a) 

 λ  max  on TiO 2  
[nm] b) 

 E  0–0  [eV] c)  E  ox  [V] d)  E  ox * [V] e) 

 SQ1 647 (2.92) 641 1.85 0.83 –1.02

 HSQ2 688 (1.93) 690 1.77 0.92 –0.85

 HSQ3 695 (1.13) 703 1.75 0.70 –1.05

 HSQ4 703 (1.37) 711 1.74 0.74 –1.00

    a)   Absorption peaks and molar extinction coeffi cients ( ε ) were measured in DMF 
(2 × 10 −6   M ); the unit for  ε  is 10 5   M  −1  cm −1 ;      b)   The TiO 2  fi lm thickness was 4 µm; 
     c)   Optical energy gaps ( E  0–0 ) were calculated from the intersection of normalized 
absorption and photoluminescent spectra;      d)   First ground-state oxidation potentials 
( E  ox ) were measured in CH 2 Cl 2  (vs NHE);      e)   First-excited-state oxidation potentials 
( E  ox *) were calculated from  E  ox * =  E  ox  0  –  E  0–0  (vs NHE).   
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change in the oxidation potential. The oxidation potentials were 
low enough for effi cient regeneration of the oxidized dyes via 
electron donation from iodide (≈0.4 V vs NHE). Moreover, the 
lower oxidation potentials of HSQ3 and HSQ4 relative to that 
of HSQ2 should reduce the energy loss (Δ G  2 , Figure  4 ) associ-
ated with regeneration. The optical energy gaps ( E  0–0 ) of HSQ2, 
HSQ3, and HSQ4 were 1.77, 1.75, and 1.74 eV, which were 
calculated from normalized absorption and emission spectra 
(Figure S3, Supporting Information). Therefore, the excited-
state oxidation potentials ( E  ox *) of HSQ2, HSQ3, and HSQ4 
were –0.85, –1.05, and –1.00 V (vs NHE), respectively. The more 
negative  E  ox * values of HSQ3 and HSQ4 compared to the value 
of HSQ2 may result in a larger driving force for electron injec-
tion from the excited state of the sensitizer to the TiO 2  conduc-
tion band (Δ G  1 , Figure  4 ).    

 2.5.     Computational Analysis of Structure and Electron 
Distribution 

 To improve our understanding of the effects of the substituents 
on the molecular geometry and electronic structure of the dyes, 
we used DFT and time-dependent DFT for structural optimi-
zation and calculation of the frontier molecular orbital distri-
butions (Figure S4, Supporting Information). Like the frontier 
molecular orbitals of HSQ2, the HOMOs of HSQ3 and HSQ4 
are localized mainly on the squarate core and extend to the 
ethyl cyanoacetate moiety. The LUMOs are delocalized along 
the backbone of the molecules, and the LUMO+1s are localized 
on the central core and the carboxylate-substituted indolinium 
moieties. In particular, the LUMO+1 of HSQ4 extends to both 
sides of the two anchoring groups, which will favor highly effi -
cient electron injection. The electron density distributions of 
HSQ3 and HSQ4 are ideally suited to facilitate effi cient injec-
tion of electrons from the photoexcited dye molecule into the 
TiO 2  conduction band. [ 14 ]  

 The trends in the absorption spectra and relative oscillator 
strengths ( f ) of HSQ3 and HSQ4 calculated by time-dependent 

DFT were the same as the trends observed 
in the corresponding experimental results 
(Figure S5 and Table S1, Supporting Informa-
tion). The lowest-lying electronic transition of 
HSQ4 (mainly excitation from the HOMO to 
the LUMO) was red-shifted by approximately 
18 nm compared with that of HSQ2. The 
introduction of the ethyl cyanoacetate group 
and the additional –COOH group simultane-
ously raised the HOMO and LUMO energy 
levels, maintaining the narrow band gap, 
and led to an additional higher-energy elec-
tronic transition in the blue region (HOMO 
to LUMO+1 transition).   

 2.6.     Photovoltaic Performance of DSCs 

 The maximum of the IPCE spectrum of 
a SQ1-based DSC was 80% at 650 nm 
( Figure    5  ). The IPCE spectrum of the HSQ2 

stretching band at 2190 cm −1  and the C = O stretching band 
of the –COOEt group at 1715 cm −1  in the spectrum of the 
adsorbed dye were similar to the corresponding bands in the 
FTIR spectrum, which means that the ethyl cyanoacetate group 
was free and far from the TiO 2  surface. Taken together, these 
results suggest that the octyl groups extended outward from the 
TiO 2  surface. As we proposed above, all these characteristics 
can be expected to improve fi nal cell stability.   

 2.4.     Electrochemical Properties 

 The redox potentials of the four squaraine dyes were measured 
by cyclic voltammetry ( Figure    4   and Table  1 ). HSQ2, HSQ3, 
and HSQ4 exhibited fi rst oxidation potentials ( E  ox ) at 0.92, 
0.70, and 0.75 V (vs NHE, Figure S2, Supporting Information), 
respectively. As described above, –CN is more electron with-
drawing than –COOEt, which is consistent with the observed 

   Figure 3.    Normalized absorption spectra of squaraine dyes on TiO 2  (fi lm 
thickness: 4 µm). 

   Figure 4.    Electrochemical data and energy level diagrams of TiO 2 , I − /I 3  − , and the squaraine 
dyes. 
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in the NIR region could be improved by introduction of ethyl 
cyanoacetate to fi nely tune the energy levels. 

 The overall conversion effi ciency ( η ) of the SQ1 cell was 
3.27% with a short-circuit photocurrent density ( J  SC ) of 
9.51 mA cm −2 , an open-circuit voltage ( V  OC ) of 554 mV, and a 
fi ll factor (FF) of 0.62 ( Table   2 ). The  η  value of the HSQ2 cell 
(4.11%) was higher than that of the SQ1 cell owing to the large 
increase in the photocurrent, which originated from the broad 
IPCE response of HSQ2. The superior performances of the 
HSQ3 and HSQ4 cells were manifested in the increases in  J  SC  
(13.95 mA cm −2  and 15.61 mA cm −2 ) compared to the  J  SC  of 
HSQ2 (11.55 mA cm −2 ), which was in good accord with the 
improved IPCE response over all regions. The  V  OC  of the HSQ4 
cell (558 mV) was slightly lower than that of the HSQ3 cell 
(581 mV). This difference may have been the result of substan-
tial charge recombination in the HSQ4 cell, because the HOMO 
of HSQ4 was closer to the TiO 2  surface which is ascribed to its 
adsorption status on the surface via two anchors. Electrochem-
ical impedance spectroscopy data (Figure S6, Supporting Infor-
mation) indicated that the HSQ4 cell showed smaller resistance 
to electron recombination than the HSQ3 cell, which further 
explained the lower  V  OC  of the former. Finally, the  η  value of 
5.66% for the HSQ4 cell was obtained as a result of the superior 
 J  SC  and FF. It is noteworthy that HSQ4 is the fi rst NIR squar-
aine sensitizer with a high IPCE response (80%) at a wavelength 
longer than 700 nm and a high conversion effi ciency.    

 2.7.     Stability of DSCs 

 Because most DSCs based on squaraine dyes demonstrate low 
durability, we evaluated the durability of DSCs sensitized with 
each of the three squaraine sensitizers under visible light–
soaking conditions at room temperature with a binary ionic 
liquid–based electrolyte. 

 The three DSCs demonstrated completely different behav-
iors after long-duration light soaking ( Figure    6  ). The bench-
mark SQ1 cell showed the worst durability, which we ascribed 
to desorption and/or decomposition of the sensitizer because 
the color of the sensitized TiO 2  fi lm changed from deep blue 
to gray after 1000 h of light soaking. The HSQ3 cell was more 
stable, owing to the octyl chains extending outward from the 
TiO 2  surface. The long hydroph-obic alkyl chains formed a 
compact hydrophobic layer above the dye monolayer on the 
TiO 2  surface and prevented the contact between the surface and 
trace H 2 O in the electrolyte that would have led to desorption 
of dye molecules from the surface. The HSQ4 cell exhibited 
excellent durability. After 1000 h of light soaking,  η  remained 

cell was red-shifted by 50 nm compared with that of the SQ1 
cell. However, the maximum IPCE decreased to 68% at 700 nm; 
we attributed this decrease to the reduction potential of HSQ2 
being too low (–0.85 V, Figure  4 ) for effi cient electron injection. 
A similar phenomenon has been reported in the literature; [ 19 ]  a 
large red shift in the absorption spectrum often decreases the 
LUMO energy level to below the minimal acceptable level, and 
therefore, the IPCE response decreases.  

 As we expected, under the same conditions, the relatively low 
 E  ox * values of HSQ3 and HSQ4 led to a signifi cant improve-
ment in IPCE response, owing to the larger Δ G  1 . The IPCE 
maxima of the HSQ3 and HSQ4 cells were 81% at 700 nm 
and 80% at 720 nm, respectively, which are comparable to the 
maximum of the SQ1 cell and remarkably elevated compared 
with that of the HSQ2 cell in the region from 400 to 800 nm. In 
particular, the IPCE response of the HSQ4 cell remained high 
(>70%) in the region from 620 to 750 nm, and the onset wave-
length of the IPCE response reached 805 nm. To the best of our 
knowledge, the IPCE response of the HSQ4 cell (80% at 720 
nm) is the highest value reported for a squaraine dye–based 
DSC. Our results suggest that the electron injection effi ciency 

  Table 2.    Photovoltaic data obtained under AM 1.5G irradiation. 

Dye  J  SC  
[mA cm −2 ]

 V  OC  
[mV]

FF  η  
[%]

IPCE [%] 
(at nm)

 SQ1 9.51 554 0.62 3.27 81 (650)

 HSQ2 11.55 584 0.61 4.11 68 (700)

 HSQ3 13.95 581 0.57 4.60 81 (700)

 HSQ4 15.61 558 0.65 5.66 80 (720)

   Figure 5.    a) IPCE spectra and b)  I – V  curves for DSCs based on the four 
squaraine dyes. The electrolyte was composed of 0.6  M  dimethylpropylim-
idazolium iodide, 0.05  M  I 2 , and 0.1  M  LiI in acetonitrile.  
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we are working on the further development 
of more-effi cient squaraine dyes, as well as 
on co-sensitization.   

 4.     Experimental Section 
  Synthesis : All chemicals and reagents were used as 

received from suppliers without further purifi cation. 
3-Butoxy-4-[(1-octyl-3,3-dimethyl-1,3-dihydro-2 H -
indol-2-ylidene)methyl]-3-cyclobutene-1,2-dione (1), 
3-hydroxy-2-[(1-octyl-3,3-dimethyl-1,3-dihydro-2 H -
indol-2-ylidene)methyl]-3-(dicyanomethylidene)-
4-oxocyclobut-1-en-1-olate (2), 5-carboxyl-2,3, 
3-trimethyl-1-octyl-3 H -indolium (3), 3-butoxy-
4-[(1-octyl-3,3-dimethyl-1,3-dihydro-2 H -indol-2-
ylidene)methyl]-3-cyclobutene-1,2-dione (4), and 
2,3,3-trimethyl-1-octyl-3 H -indolium iodide (6) were 
synthesized according to reported methods. [ 14,20 ]  

  2-[(1-Octyl-5-carboxy-3,3-dimethyl-1,3-dihydro-
2H-indol-2-ylidene)methyl]-3-[cyano(ethoxycarbonyl)
methylidene]-4-hydroxycyclobut-1-en-1-olate (5) : A 
solution of 4 (0.93 g, 2.2 mmol), ethyl cyanoacetate 
(0.28 g, 2.5 mmol), and triethylamine (0.65 mL) 
in 25 mL of ethanol was stirred for 24 h at refl ux 
temperature. Then the solvent was removed 
under reduced pressure, and the solid residue was 
purifi ed by column chromatography on silica gel 
with 1:20 (v/v) methanol/ethyl acetate to obtain 
5 as a red solid (0.5 g, 45% yield).  1 H NMR (400 

MHz, CDCl 3 ) δ 8.09 (d,  J  = 8.4 Hz, 1H), 7.97 (s, 1H), 6.90 (d,  J  = 8.4 Hz, 
1H), 5.49 (s, 1H), 4.86 (t,  J  = 6.8 Hz, 2H), 4.57 (t,  J  = 7.6 Hz, 2H), 1.87 
(m, 2H), 1.64 (s, 6H), 1.52 (m, 2H), 1.38 (m, 4H), 1.27 (m, 6H), 1.01 (t, 
 J  = 4.0 Hz, 3H), 0.86 (t,  J  = 7.2 Hz, 3H). 

  HSQ2 : A mixture of  2  (0.18 g, 0.5 mmol) and  3  (0.2 g, 0.5 mmol) 
was refl uxed in a Dean–Stark apparatus for 24 h in 10 mL of 1:1 (v/v) 
toluene/ n -butanol under argon. After removal of the solvent under 
reduced pressure, the residue was purifi ed by column chromatography 
on silica gel with 1:10 (v/v) methanol/chloroform to yield HSQ2 as a 
violet solid (0.29 g, 82% yield). 1 H NMR (400 MHz, DMSO-d 6 ) δ: 8.04 
(s, 1H), 7.97(d,  J  = 8.4 Hz, 1H), 7.60 (d,  J  = 8.4 Hz, 1H), 7.53 (d,  J  = 
8.4 Hz, 1H), 7.43 (t,  J  = 8.4 Hz, 2H), 7.33 (t,  J  = 7.8 Hz, 1H), 6.43 (s, 
1H), 6.31 (s, 1H), 4.11 (m, 2H), 4.01 (m, 2H), 1.71 (m, 16H), 1.38 (m, 
4H), 1.31–1.28 (m, 4H), 1.26–1.20 (m, 12H), 0.83 (t,  J  = 7.2 Hz, 6H).  13 C 
NMR (100 MHz, DMSO-d 6 ) δ: 173.72, 172.81, 170.58, 167.49, 166.92, 
166.70, 163.56, 145.98, 142.81, 142.08, 141.82, 130.75, 128.80, 126.05, 
123.62, 122.88, 118.73, 112.37, 110.77, 89.67, 88.85, 50.12, 48.83, 44.74, 
44.14, 31.55, 29.09, 29.05, 28.97, 28.94, 27.42, 27.05, 26.64, 26.26, 26.08, 
22.51, 14.4. HRMS (ESI, m/z): calcd for C 46 H 56 N 4 O 3  [M-H] − : 712.43469; 
found, 711.42796. Anal. calcd for C 46 H 56 N 4 O 3 : C 77.49, H 7.92, N 7.86; 
found: C 77.03, H 7.92, N 7.64. 

  HSQ3 : A mixture of  5  (0.25 g, 0.5 mmol) and  6  (0.2 g, 0.5 mmol) 
in 10 mL of 1:1 (v/v) toluene/ n -butanol was refl uxed in a Dean–Stark 
apparatus for 24 h under argon. After removal of the solvent under 
reduced pressure, the residue was purifi ed by column chromatography 
on silica gel with 1:10 (v/v) methanol/chloroform to yield HSQ3 as a 
violet solid (0.27 g, 72% yield).  1 H NMR (400 MHz, DMSO-d6) δ: 7.99 
(s, 1H), 7.95 (d,  J  = 8.0 Hz, 1H), 7.57 (d,  J  = 7.2 Hz, 1H), 7.61 (s, 1H), 
7.46 (t,  J  = 7.2 Hz, 1H), 7.41 (t,  J  = 8.0 Hz, 1H), 7.35 (t,  J  = 8.0 Hz, 
1H), 7.28 (t,  J  = 8.0 Hz, 1H), 6.83 (s, 1H), 4.12 (m, 4H), 4.01 (m, 2H), 
1.70 (m, 16H), 1.42 (m, 4H), 1.35–1.25 (m, 6H), 1.22 (m, 13H), 0.82 
(m, 6H).  13 C NMR (100 MHz, DMSO-d6) δ: 175.06, 173.76, 173.26, 
169.74, 169.40, 169.04, 168.87, 168.51, 167.61 166.26, 166.08, 162.23, 
146.25, 146.09, 143.07, 142.89, 142.34, 142.11, 141.93, 141.80, 130.76, 
128.71, 126.02, 125.77, 125.65, 123.59, 122.86, 121.60, 112.15, 95.39, 
89.60, 66.46, 59.64, 49.97, 31.67, 31.21, 29.20, 29.15, 29.07, 27.45, 27.06, 
26.88, 26.28, 22.59, 19.26, 15.08, 14.44, 14.16. HRMS (ESI, m/z): calcd 

at its original level, and the color of the fi lm had not changed. 
We ascribed the excellent long-term stability of the HSQ4 cell 
to the double anchors suppressing desorption of dye molecules 
and to the long alkyl chains.     

 3.     Conclusions 

 Two new  cis -confi gured squaraine dyes with an ethyl cyanoac-
etate unit on the central squarate moiety were synthesized. 
By maintaining the conjugation length and adjusting the 
electron-withdrawing strength by choosing the ethyl cyanoac-
etate, which has a small Hammett constant, we obtained a new 
squaraine dye, HSQ3, which showed a bathochromic shift of 
the S 1  transition band in comparison to that of dicyano-sub-
stituted dye HSQ2. At the same time, we tuned the HOMO 
and LUMO energy levels to positions more ideal for effi cient 
electron injection and dye regeneration. The absorption peak 
of HSQ4 was further red-shifted to 703 nm, owing to the pres-
ence of a second –COOH group on the indolinium moiety. 
The dyes prepared on the basis of this rational molecular 
design strategy showed better performance in DSCs than the 
reference dyes (SQ1 and HSQ2) under the same conditions. 
In particular, a DSC based on HSQ4 showed a high IPCE in 
both the blue and NIR regions and achieved a maximum IPCE 
of 80% at 720 nm. Moreover, the HSQ4-sensitized solar cell 
demonstrated an excellent durability, which we ascribed to 
the double anchors and suppression of charge recombination 
by the alkyl groups extending outward from the TiO 2  surface. 
HSQ4, with its high absorption coeffi cient in the NIR region, 
represents an important breakthrough in the design of squar-
aine dyes for DSC applications. On the basis of these results, 

   Figure 6.    Evolution of normalized DSC parameters with SQ1 (squares), HSQ3 (circles), and 
HSQ4 (triangles) during light soaking (AM 1.5G). A 420-nm cut-off fi lter was applied during 
illumination. Ionic-liquid electrolyte: 0.15  M  I 2 , 0.1  M  GuSCN, 0.5  M  MBI, and 1  M  PMII in MPN. 
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for C 48 H 61 N 3 O 5  [M-H] − :759.46112; found, 758.45385. Anal. calcd for 
C 48 H 61 N 3 O 5 : C 75.86, H 8.09, N 5.53; found: C 75.70, H 8.24, N 5.37. 

  HSQ4 : A mixture of  3  (0.22 g, 0.5 mmol) and  5  (0.25 g, 0.5 mmol) 
in 10 mL of 1:1 (v/v) toluene/ n -butanol was refl uxed in a Dean–Stark 
apparatus for 24 h under argon. After removal of the solvent under 
reduced pressure, the residue was purifi ed by column chromatography on 
silica gel with 1:5 (v/v) methanol/chloroform to yield HSQ4 as a violet 
solid (0.22 g, 56% yield).  1 H NMR (400 MHz, DMSO-d 6 ) δ: 8.06 (s, 2H), 
7.99 (d,  J  = 8.0 Hz, 2H), 7.61 (s, 1H), 7.47 (t,  J  = 8.4 Hz, 2H), 6.82 (s, 1H), 
4.11 (m, 6H), 1.73 (m, 16H), 1.40 (m, 6H), 1.25 (br, 17H), 0.83 (m, 6H). 
 13 C NMR (100 MHz, DMSO-d 6 ) δ: 174.83, 172.31, 171.94, 168.80, 168.38, 
167.53, 166.13, 165.08, 145.86, 145.70, 142.81, 142.60, 130.77, 126.94, 
123.70, 111.20, 95.64, 89.94, 66.73, 63.46, 49.19, 31.66, 31.19, 29.26, 
29.16, 29.07, 27.25, 26.56, 26.28, 22.60, 19.27, 14.45, 14.17. HRMS (ESI, 
m/z): calcd for C 49 H 61 N 3 O 7  M + : 803.45095; found, 803.45040. Anal. calcd 
for C 49 H 61 N 3 O 7 : C 73.20, H 7.65, N 5.23; found: C 72.90, H 7.72, N 5.10. 

  Measurement and Characterization : UV–vis–NIR spectra were 
measured in  N,N -dimethylformamide (DMF) solution or on a TiO 2  fi lm 
(thickness = 4 µm) with a UV–vis–NIR spectrophotometer (UV-3600, 
Shimadzu).  1 H NMR (400 MHz) and  13 C NMR (100 MHz) spectra 
were measured with a ECS400 spectrometer (JEOL Resonance). Mass 
spectra were measured on a Shimadzu Biotech matrix-assisted laser 
desorption ionization mass spectrometer. Cyclic voltammetry was 
performed on a CH Instruments 624D potentiostat/galvanostat system 
with a three-electrode cell consisting of a Ag/AgNO 3  reference electrode, 
a working electrode, and a platinum wire counter electrode. The redox 
potentials of the dyes were measured in dichloromethane containing 
0.1  M  tetra- n -butylammonium hexafl uorophosphate. Electrochemical 
measurements were performed at a scan rate of 100 mV s −1 . The 
geometry and electronic properties of the dyes were calculated using 
density functional theory (DFT) with the Gaussian09 program package 
and the B3LYP/6–31G* basis set. [ 21 ]  

  Cell Fabrication and Characterization : A 16-µm main transparent layer 
of TiO 2  particles (≈20 nm) and a 5-µm scattering layer of TiO 2  particles 
(≈400 nm) were screen-printed on a fl uorine-doped tin oxide conducting 
glass substrate. A solution of squaraine dye (2 × 10 −4   M ) in 1:1 (v/v) 
acetonitrile/ tert -butyl alcohol was used to coat the TiO 2  fi lm. The 
electrodes were immersed in the dye solutions at 25 °C and kept there 
for 4 h. The dye-coated TiO 2  fi lm was used as the working electrode, and 
platinum-coated conducting glass was used as the counter electrode. 
The two electrodes were separated by a Surlyn spacer (50 µm thick), 
and the cell was sealed by heating the polymer frame. The electrolyte 
was composed of 0.6  M  dimethylpropylimidazolium iodide, 0.05  M  I 2 , 
and 0.1  M  LiI in acetonitrile. The current–voltage characteristics of the 
cell were measured using a black metal mask with an aperture area 
of 0.25 cm 2  under standard AM 1.5G sunlight (100 mW cm −2 , WXS-
155S-10: Wacom Denso Co. Japan). [ 22 ]  Monochromatic IPCE spectra 
were measured with monochromatic incident light of 1 × 10 16  photons 
cm −2  under 100 mW cm −2  in direct-current mode (CEP-2000BX, Bunko-
Keiki). Electrochemical impedance spectra were measured with an 
impedance analyzer (Solartron Analytical, 1255B) connected to a 
potentiostat (Solartron Analytical, 1287) under AM 1.5G illumination by 
means of a solar simulator (WXS-155S-10, Wacom Denso Co. Japan). 
Electrochemical impedance spectra were recorded over a frequency 
range of 10 −2 –10 5  Hz at 298 K.  
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