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A Near-Infrared  cis -Confi gured Squaraine Co-Sensitizer 
for High-Effi ciency Dye-Sensitized Solar Cells
 A  cis -confi gured squaraine dye (HSQ1), synthesized by incorporation of a 
strongly electron-withdrawing dicyanovinyl group into the central squaric acid 
moiety, is employed in dye-sensitized solar cells (DSCs). In solution, HSQ1 
displays an intense absorption in the near-infrared region with a maximum 
at 686 nm and when the dye is adsorbed on a TiO 2  surface, the absorption 
spectrum broadens in both the blue and the near-infrared regions, which is 
favorable for effi cient light harvesting over a broad wavelength range. A solar 
cell sensitized with HSQ1 shows a broader incident photon-to-current con-
version effi ciency (IPCE) spectrum (from 400 to 800 nm) and a higher IPCE 
in the long-wavelength region (71% at 700 nm) than a cell sensitized with 
squaraine dye SQ1. Furthermore, a solar cell co-sensitized with HSQ1 and N3 
dye shows remarkably improved short-circuit current density and open-circuit 
voltage compared to those of a DSC based on N3 alone and fabricated under 
the same conditions. The energy-conversion effi ciency of the co-sensitized 
DSC is 8.14%, which is the highest reported effi ciency for a squaraine dye–
based co-sensitized DSC without using Al 2 O 3  layer. 
  1. Introduction 

 Dye-sensitized solar cells (DSCs) have been receiving increasing 
attention as next-generation renewable energy sources because 
of their low cost of production. [  1  ]  To increase DSC effi ciency 
by panchromatically harvesting solar light, researchers have 
focused great effort on developing dyes with absorption spectra 
that extend into the near-infrared (NIR) region. [  2  ]  However, 
designing a dye that absorbs sunlight effi ciently from the vis-
ible to the NIR region is diffi cult. An alternative method for 
achieving panchromatic sensitization, called the dye cocktail 
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method, involves the use of two dyes with 
complementary spectral coverages. [  3  ]  Most 
of the high-effi ciency co-sensitized DSCs 
produced to date have combined black dye 
or a porphyrin dye with small-molecule 
organic dyes with large molar extinction 
coeffi cients (  ε  ) in the UV or visible region, 
to compensate for the valley in that region 
of the incident photon-to-current conver-
sion effi ciency (IPCE) spectrum. [  4  ]  Co-
sensitization with a NIR dye is expected to 
further extend the photoresponse region 
and thereby improve the effi ciency of 
dye-cocktail DSCs. However, only a few 
appropriate NIR dyes are currently avail-
able for this purpose. Most of the existing 
NIR dyes have weak light absorption, 
insuffi cient IPCE response at long wave-
lengths, or both; and DSCs sensitized with 
NIR dyes tend to have a low open-circuit 
voltage ( V  OC ), which results in deteriora-
tion of DSC performance. [  5  ]  
 Squaraine dyes are the most promising candidates as NIR 
co-sensitizers because of their extra-high   ε   and high IPCE in 
the NIR region. [  6  ]  For example, the squaraine dye SQ1 (  ε    ≈  
290 000  M   − 1  cm  − 1  at 647 nm,  Scheme    1  ) has been used in dye-
cocktail DSCs to enhance the IPCE response at long wave-
lengths. [  7  ]  However, the wavelength of absorption is still too 
short to compensate for the weak absorption in the NIR region. 
In attempts to bathochromically shift the absorption maximum, 
researchers have extended the  π -conjugated structure of squar-
aine. [  8  ]  However, such extended structures are subject to serious 
unfavorable intermolecular aggregation on the TiO 2  surface. In 
addition, the extended structure is likely to cause competitive 
adsorption of dyes, which makes such structures unsuitable for 
co-sensitizing applications. Recently, a  cis -confi gured squaraine 
dye was synthesized in an attempt to increase light absorption 
in the blue region via functionalizing the squaraine core with 
a weakly electron-withdrawing diethylbarbituric substitute. A 
solar cell sensitized with the dye shows a slightly higher energy-
conversion effi ciency (  η  ) than a SQ1-sensitized cell. [  9  ]  However, 
the IPCE in the 600–700 nm region is only around 50%, which 
is not high enough for an effi cient NIR co-sensitizer.  

 In this study, we designed and synthesized a new  cis -
confi gured squaraine dye, designated HSQ1, with a strongly 
electron-withdrawing dicyanovinyl substituent on the squaric 
acid core; HSQ1 exhibited a high IPCE response in the 
NIR region and molecular properties that made it a suitable 
m Adv. Funct. Mater. 2013, 23, 3782–3789
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     Figure  1 .     Absorption spectra of HSQ1 and SQ1 in DMF (left) and on 
TiO 2  (right; fi lm thickness was 3.5  μ m).  

      Scheme  1 .     Synthesis of HSQ1 and structure of SQ1.  
co-sensitizer for DSCs with high energy-conversion effi ciency. 
As expected, in the solution spectrum of HSQ1, the absorption 
maximum was remarkably red-shifted (by 39 nm) compared 
with that of SQ1, and a strong absorption at around 385 nm 
was also observed. When HSQ1 was adsorbed on TiO 2 , the 
absorption spectrum broadened in both the blue and the NIR 
regions. A DSC based on HSQ1 performed much better than 
an SQ1-based DSC under the same conditions. The IPCE of 
the former was approximately 70% in the wavelength range 
from 630 to 710 nm, with a maximum of 71% at 700 nm. Fur-
thermore, when HSQ1 was used as a co-sensitizer with N3 
dye (a Ru bipyridyl complex), the resulting DSC was approxi-
mately 25% more effi cient than a DSC based on N3 alone, and 
both the short-circuit current density ( J  SC ) and the open-circuit 
voltage ( V  OC ) were improved. We investigated possible expla-
nations for the impressive performance of the co-sensitized 
DSC, and we propose a possible mechanism for improvement 
of the performance of solar cells by co-sensitization with N3 
and HSQ1 dyes.   

 2. Results and Discussion  

 2.1. Synthesis 

 HSQ1 was synthesized by refl uxing triethylammonium 
2-[(1-ethyl-3,3-dimethyl-1,3-dihydro-2 H -indol-2-ylidene)methyl]-
3-(dicyanomethylidene)-4-oxocyclobut-1-en-1-olate and 5-carboxyl-
2,3,3-trimethyl-1-octyl-3 H -indolium in a 1:1 mixture of toluene 
and  n -butanol. The condensation reaction afforded HSQ1 in 
75% yield as a highly pure, air-stable, violet solid, which was 
fully characterized by  1 H and  13 C NMR spectroscopy, elemental 
analysis, and high-resolution mass spectrometry. HSQ1 was 
highly soluble in common organic solvents such as chloroform, 
dimethylformamide (DMF), and acetonitrile. Most methods for 
extending  π -conjugation in squaraine dyes and thereby achieving 
3783wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2013, 23, 3782–3789
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panchromatic absorption require many complex steps, whereas 
our simple synthetic strategy required only a few steps.   

 2.2. Absorption Spectroscopy 

 In DMF solution, HSQ1 showed two main absorption peaks, at 
385 and 686 nm (  ε    =  39 300 and 202 000  M   − 1  cm  − 1 , respectively; 
 Figure    1  ). We assigned the latter peak to the S 1  transition and 
the former peak to the higher-energy S 2  transition. [  10  ]  The   λ   max  
of the S 1  transition was remarkably red-shifted (by 39 nm) rela-
tive to that of SQ1, and we attributed this shift to the strongly 
electron-withdrawing dicyanovinyl moiety on the central squaric 
acid. The intense absorption at 385 nm corresponding to the S 2  
transition of HSQ1 was absent from the spectrum of SQ1.  

 When SQ1 was adsorbed onto a transparent TiO 2  electrode, 
the   λ   max  was blue-shifted by 6 nm, owing to interaction between 
the dye and the TiO 2 ; in addition, the shoulder peak underwent 
a red-shift of 8 nm and increased in intensity, owing to  π − π  
aggregation (Figure  1 ). In contrast, when HSQ1 was adsorbed 
on TiO 2 , the peak for the S 1  transition shifted bathochromi-
cally relative to the corresponding peak in the solution spec-
trum (from 686 nm in solution to 690 nm on TiO 2 ); in addi-
tion, a stronger  π − π  absorption in the high-energy region and a 
shoulder absorption around 650 nm were observed. These spec-
tral features resulted in coverage of a wider range of solar radia-
tion wavelengths and extended the absorption spectrum into 
the NIR region. Note that the absorption intensity of HSQ1 was 
similar to that of SQ1 at   λ   max  when the two dyes were adsorbed 
on TiO 2  fi lms of the same thickness, even though the   ε   of the 
former was 17.2% lower than that of the latter in the solution. 
This result suggests that the loading amount of HSQ1 was 
much higher than that of SQ1.   

 2.3. Electrochemical Properties 

 HSQ1 exhibited reversible oxidative and reductive waves with 
half-wave potentials ( E  1/2 ) at 0.93 and –0.53 V (vs. normal 
hydrogen electrode (NHE);  Figure    2  ), whereas the corresponding 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  2 .     Cyclic voltammogram of HSQ1 in DMF with ferrocene (Fc) as 
an internal standard.  
values for SQ1 are 0.98, and –0.78 V, respectively. [  6a  ]  These dif-
ferences in electrochemical properties suggest that the electron-
withdrawing dicyanovinyl moiety substantially decreased the 
reduction potential of HSQ1 and narrowed the band gap with 
respect to that of SQ1. The oxidation potential of HSQ1 was low 
enough for effi cient regeneration of the oxidized dye via elec-
tron donation from iodide ( ≈ 0.4 V vs. NHE). [  11  ]  From the inter-
section of the normalized absorption and fl uorescence spectra 
(Figure S1, Supporting Information), the optical energy gap ( E  0-0 ) 
of HSQ1 was determined to be 1.79 eV, and from this value, 
we calculated the excited state oxidation potential of HSQ1 to 
be –0.86 V (vs. NHE). The fact that this potential was much 
more negative than the conduction-band energy of TiO 2 , which 
is approximately –0.5 V vs. NHE, [  12  ]  indicates that the driving 
force was suffi cient for electron injection from the excited state 
of the sensitizer to the TiO 2  conduction band.    

 2.4. Computational Analysis of Structure and Electron 
Distribution 

 In the SQ1 dye, the donor groups are in a  trans  arrangement 
around the central squaric carbonyl group, whereas in HSQ1, 
the donor groups are in a  cis  arrangement in which there is no 
steric repulsion between the dicyano group and the dimethyl 
groups on the indolium moieties. To gain deeper insight into 
the molecular geometry and electronic structure of HSQ1, we 
used density functional theory (DFT) to calculate the dye’s fron-
tier molecular orbital distributions and optimized molecular 
structure ( Figure    3  ). The calculations revealed that the highest 
occupied molecular orbital (HOMO) and the HOMO–1 orbital 
were distributed over the dicyanovinyl and squaraine units and 
extended partly to the indolium moieties. When the dye was 
adsorbed on the TiO 2  surface, the dicyanovinyl moiety (HOMO 
component) was exposed to the electrolyte directly in large 
degree, which could easily accept electrons from redox media-
tors for regeneration. The lowest unoccupied molecular orbital 
(LUMO) and the LUMO + 1 orbital of HSQ1 were distributed 
mbH & Co. KGaA, Weinheim

     Figure  3 .     Calculated molecular orbitals of HSQ1.  
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   Table  1.     Selected results of time-dependent DFT calculations of the 
excited state transitions of HSQ1. The B3LYP/6-31G(d) basis set was 
used with the conductor-like polarized continuum model to take into 
account the effect of the DMF solvent. 

State Excitation energy 
[eV]

Oscillator 
strength  f  

Main MO transitions with their 
probabilities

1 1.9907 1.2311 HOMO - >  LUMO (99.6%)

2 2.9412 0.5613 HOMO–2 - >  LUMO (3.3%)

HOMO–1 - >  LUMO (95.0%)

3 3.3318 0.4494 HOMO–2 - >  LUMO (41.4%)

HOMO–1 - >  LUMO (2.1%)

HOMO - >  LUMO + 1 (38.8%)

HOMO - >  LUMO + 2 (14.9%)

     Figure  4 .     a)  J – V  curves and b) IPCE spectra for DSCs sensitized with 
HSQ1 and SQ1 in an electrolyte composed of 0.6  M  dimethylpropylimi-
dazolium iodide, 0.05  M  I 2 , and 0.1  M  LiI in acetonitrile.  
over the conjugated backbone and the carboxylic acid unit, 
respectively. These electron distributions facilitated electron 
injection from the photoexcited sensitizer dye to TiO 2  via the 
indolium associated with the anchoring carboxylic acid, because 
the electron-withdrawing dicyanovinyl unit of HSQ1 did not 
limit electron injection.  

 The absorption spectra and relative oscillator strengths 
( f ) of HSQ1 and SQ1 calculated by time-dependent DFT were con-
sistent with the corresponding experimental results (Figure S2 
and Table S1, Supporting Information). The lowest-lying elec-
tronic transition of HSQ1 was from the HOMO to the LUMO, 
and this transition was red-shifted by approximately 40 nm 
compared with that of SQ1. The strongly electron-withdrawing 
dicyanovinyl group simultaneously raised the HOMO energy 
and decreased the LUMO energy, narrowing the band gap. The 
higher-energy electronic transitions in the blue region involved 
a combination of the HOMO–1 to LUMO transition (95.0%) 
and the HOMO–2 to LUMO transition (3.3%), as shown in 
 Table    1  . The absorption in the UV region was attributed mainly 
to the HOMO–2 to LUMO, HOMO to LUMO + 1, and HOMO to 
LUMO + 2 transitions. These three transitions were contributed 
to the effect of the dicyanovinyl group on the central squaric 
acid on the electron distribution.    

 2.5. Photovoltaic Performance of DSCs Based on HSQ1 

 The photovoltaic parameters of solar cells sensitized with 
SQ1 and HSQ1 under standard AM 1.5G simulated solar 
irradiation [  13  ]  are presented in  Table    2  , and their current 
© 2013 WILEY-VCH Verlag Gm

   Table  2.     Photovoltaic parameters of DSCs based on N3 and on dye cocktai

Dyes IPCE [%] (at nm)  J  SC  
[mA cm  − 2 ]

 V  OC  
[V]

 SQ1 68 (650) 8.98 0.50

 HSQ1 71 (700) 11.84 0.55

 N3 74 (540), 41 (700) 14.33 0.65

 N3 + SQ1 76 (540), 37 (700) 14.64 0.56

 N3 + HSQ1 83 (540), 66 (700) 15.76 0.68

Adv. Funct. Mater. 2013, 23, 3782–3789
density–voltage ( J - V ) curves and IPCE spectra are presented 
in  Figure    4  . The HSQ1-sensitized cell showed higher  J  SC  and 
 V  OC  values (11.84 mA cm  − 2  and 0.55 V) than the SQ1-sensitized 
DSC (8.98 mA cm  − 2  and 0.50 V). The substantial increase of 
 J  SC  (31.8%) of the HSQ1-based cell was in good accord with 
its higher IPCEs, both at 400–500 nm and in the NIR region, 
than those of the SQ1-based cell (Figure  4 b); the higher IPCEs 
can be ascribed to HSQ1’s higher light-harvesting effi ciency 
3785wileyonlinelibrary.combH & Co. KGaA, Weinheim

ls composed of N3 and SQ1 or N3 and HSQ1. 

 FF    η   
[%]

Amount of N3 
[ ×  10   −    7  mol cm   −    2 ]

Amount of squaraine dye 
[ ×  10   −    7  mol cm   −    2 ]

0.67 3.01 1.01

0.63 4.10 1.19

0.70 6.52 1.32

0.72 5.90 1.23 0.05

0.76 8.14 1.28 0.12
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     Figure  5 .     a)  J − V  curves and b) IPCE spectra for DSCs sensitized with N3 
and co-sensitized with N3 and SQ1 or with N3 and HSQ1 in an electrolyte 
composed of 0.6  M  dimethylpropyl-imidazolium iodide, 0.05  M  I 2 , 0.05  M  
4- tert -butylpyridine, and 0.1  M  LiI in acetonitrile.  
at these wavelengths. Remarkably, the HSQ1 cell exhibited 
a broad IPCE spectrum (from 400 to 800 nm) with a max-
imum of 71% at 700 nm; this photoresponse is higher than 
the photoresponses of all other known squaraine dyes in this 
long-wavelength region. The  V  OC  of the HSQ1-based cell sig-
nifi cantly increased (by 50 mV) compared with that of the SQ1-
based cell. HSQ1 and SQ1 possess similar molecular volumes 
and geometrical structures, but the amount of HSQ1 adsorbed 
on the TiO 2  surface was about 18% higher than the amount of 
adsorbed SQ1 (1.19  ×  10  − 7  mol cm  − 2  vs. 1.01  ×  10  − 7  mol cm  − 2 ). 
Therefore, the  cis -confi gured HSQ1 could cover much more 
of the surface than the  trans -confi gured SQ1, and the greater 
coverage can be expected to have kept I 3   −   far from the TiO 2  
surface, effectively reducing electron recombination and thus 
increasing  V  OC . Furthermore, when HSQ1 was adsorbed on the 
TiO 2  surface, the central squarate oxygen was surrounded by 
the four methyl groups of the neighbor indolium groups, and 
the resulting steric crowding likely suppressed back electron 
transfer (BET) from the TiO 2  to the oxidized dye molecules and 
improved cell performance. These favorable material properties 
make HSQ1 potentially useful as a NIR co-sensitizer for dye-
cocktail systems.     

 2.6. Photovoltaic Performance of DSCs Based on 
Co-Sensitization of N3 and HSQ1 

 We prepared solar cells co-sensitized with HSQ1 and N3. These 
two dyes have complementary absorption properties, and HSQ1 
has a high photoresponse in the wavelength region between 
650 and 750 nm and excellent cell performance. Therefore, 
we expected co-sensitization to increase the IPCE of N3 in this 
region and thus lead to a higher energy-conversion effi ciency 
for the resulting DSC. The co-sensitized solar cells were fabri-
cated by immersing TiO 2  fi lms for 24 h in a solution of N3 and 
HSQ1 or N3 and SQ1 at a molar ratio of 1:1 (0.1 m M  for each 
dye). [  14  ]  As expected, the performance of the DSC co-sensitized 
with HSQ1 and N3 was substantially better than that of the 
cell based on N3 alone (Table  2  and  Figure    5  ). The  J  SC  value 
increased from 14.33 to 15.76 mA cm  − 2 ,  V  OC  increased from 
0.65 to 0.68 V, and the fi ll factor ( FF ) increased slightly, from 
0.70 to 0.76. An   η   value of 8.14% was achieved, which, to our 
best knowledge, is the highest   η   reported for a solar cell without 
utilizing Al 2 O 3  layer co-sensitized with a squaraine dye and a 
ruthenium dye or a metal-free organic dye. [  7c  ]  Moreover, this is 
the fi rst time the IPCE spectrum of N3 at around 700 nm was 
successfully improved by means of the co-sensitization method 
without a concomitant decrease in  V  OC ; the IPCE value for the 
co-sensitized cell was 66% at 700 nm, as compared to 41% for 
a cell sensitized by N3 alone. In contrast, for a reference cell 
co-sensitized with N3 and SQ1,  J  SC  increased by only 
0.31 mA cm  − 2 , which is consistent with the slight increase of 
IPCE at around 540 nm and 660 nm; however, the  V  OC  and   η   
values of this cell were only 0.56 V and 5.90%, respectively.  

 The substantial increase in  J  SC  observed for the DSC co-
sensitized with N3 and HSQ1 was in accordance with the 
improvement of photoresponse over the whole wavelength 
region in the IPCE spectrum. In the spectrum, the enhance-
ment in the region at around 500 nm was larger than that in 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
other regions, even though this region corresponds to a valley in 
the HSQ1 absorption spectrum. There are two plausible expla-
nations for this discrepancy. First, HSQ1 may have improved the 
more uniformly distributed adsorption state of N3 on the TiO 2  
fi lm and facilitated the breakup of dye aggregates. We observed 
similar results in our previous study of a small-molecule co-
adsorbent Y1, which effectively prevents dye aggregation and 
reduces charge recombination in a co-sensitization system. [  4a  ]  
Second, HSQ1 may have accelerated the regeneration of N3 
and suppressed BET from TiO 2  to oxidized N3 (N3 • +  ). This pos-
sibility is supported by a report indicating that a symmetrical 
squaraine dye effectively regenerates N3 from its N3 • +   state and 
suppresses BET from TiO 2  to N3 • +   (which occurs on a times-
cale of microseconds to milliseconds), owing to the faster rate 
of dye regeneration by squaraine (which occurs on a picosecond 
timescale). [  15  ]  Moreover, the timescale of the aforementioned 
regeneration process was substantially shorter than that of N3 • +   
reduction by the I  −  /I 3   −   redox couple ( ≈ 10 ns), which means that 
a small amount of squaraine dye could effectively enhance the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3782–3789
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     Figure  7 .     Electrochemical impedance spectroscopy Nyquist plots for 
DSCs sensitized with N3 and co-sensitized with N3 and HSQ1 or N3 
and SQ1.  

     Figure  6 .     Electron lifetime (  τ  ) as a function of electron density for DSCs 
sensitized with N3 and co-sensitized with N3 and HSQ1 or with N3 and 
SQ1.  
performance of the co-sensitized solar cells, owing to the faster 
dye regeneration rate. This kinetic regeneration process was 
energetically favorable in the system co-sensitized with HSQ1 
and N3, owing to the higher redox potential of HSQ1 (0.93 V vs. 
NHE) relative to that of N3 (1.09 V vs. NHE); such high effi cient 
regeneration likely led to the signifi cant enhancement of IPCE 
in the range of 400–650 nm and particularly at 540 nm, at which 
a 12% increase was observed. Furthermore, the remarkable 
improvement of IPCE at wavelengths exceeding 650 nm can be 
attributed to the high IPCE response of HSQ1, which resulted 
from its strong light-harvesting effi ciency in this region (  ε    ∼  
202 000  M   − 1  cm  − 1  at 686 nm). Therefore, HSQ1 is an excellent 
co-sensitizer because a small amount of HSQ1 was suffi cient to 
increase the photoresponse in the NIR region (Table  2 ). 

 The  V  OC  of the cell co-sensitized with HSQ1 and N3 was also 
higher than that of the N3-based cell. To investigate the reason 
for the differences between the  V  OC  values, we measured the 
electron lifetime (  τ  , which refl ects the degree of electron recom-
bination) and the electron density of the TiO 2  conduction band 
of the three DSCs at four bias light intensities by means of 
intensity-modulated photovoltage spectroscopy and a charge-
extraction method, respectively. [  16  ]  Plots of the relationship 
between   τ   and electron density in the three cells under open-
     Figure  8 .     Possible mechanism for improvement of the performance of solar cells by co-
sensitization with N3 and HSQ1 dyes: N3 alone (left) and HSQ1 + N3 (right). BET, back electron 
transfer; RT, regeneration; CR, charge recombination.  
circuit conditions showed that   τ   increased 
in the order N3 + SQ1  <  N3  <  N3 + HSQ1 
( Figure    6  ). This result suggests that HSQ1 
and N3 may have formed the best blocking 
layer between the TiO 2  and the electrolyte, 
leading to the most effective suppression of 
charge recombination between the injected 
electron in the TiO 2  conduction band and 
I 3   −   in the electrolyte. The effective suppres-
sion was refl ected in the improved  V  OC  and 
the resulting substantially enhanced energy-
conversion effi ciency of the cell co-sensitized 
with HSQ1 and N3. In contrast, the  V  OC  
of the co-sensitized cell with N3 and SQ1 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 3782–3789
(0.56 V) was lower than that of the N3-based cell, owing to a 
large decrease in the electron lifetime in the TiO 2  fi lm.  

 In Nyquist plots of the cells based on N3 alone, N3 and HSQ1, 
and N3 and SQ1 ( Figure    7  ), the large semicircles were assigned 
to the electron transfer resistance ( R  CT ) at the TiO 2 /dye/electro-
lyte interface. [  17  ]  Among the three DSCs, the DSC co-sensitized 
with N3 and HSQ1 showed the largest  R  CT , suggesting that the 
electron recombination resistance was increased by co-sensiti-
zation with HSQ1. This result also supports our explanation of 
the high  V  OC  observed for the cell co-sensitized with HSQ1 and 
N3. Taken together, our results indicate that introduction of the 
strongly electron-withdrawing dicyanovinyl group into the  cis -
confi gured squaraine sensitizer not only dramatically improved 
light-harvesting effi ciency but also greatly increased the elec-
tron lifetime in the TiO 2  fi lm, as refl ected in the improvements 
in  J  SC ,  V  OC , and   η  .  

 We suggest the following mechanism for the infl uence of 
HSQ1 on the performance of the co-sensitized DSC devices 
( Figure    8  ). First, owing to the  cis -confi guration of HSQ1, the 
central squarate oxygen was surrounded by the four methyl 
groups of the indolium groups, and the resulting crowding 
effi ciently suppressed the rate of BET from TiO 2  to the excited 
state of the dye, relative to the rate for SQ1. Second, the HOMO 
3787wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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moiety of HSQ1 was exposed to the electrolyte to a greater 
degree than the HOMO of SQ1, which may have led to more-
effi cient regeneration of HSQ1 than of SQ1. These two factors 
favored the good performance of HSQ1 in both single-dye-based 
cells and co-sensitized cells. Third, when HSQ1 was used as a 
co-sensitizer with N3, HSQ1 may also have reduced the BET 
reaction of N3 and suppressed charge recombination to some 
degree, as well as accelerated regeneration of N3. Therefore, the 
cell co-sensitized with N3 and HSQ1 had a higher   η   than a cell 
sensitized with N3 alone.     

 3. Conclusions 

 We demonstrated that the  cis -confi gured squaraine sensitizer 
HSQ1 had a remarkably red-shifted absorption maximum (to 
686 nm) owing to functionalization of the squaric acid core with 
a strongly electron-withdrawing dicyanovinyl substituent. In 
addition, a favorable broadening of the absorption spectrum in 
both the blue and the NIR regions was observed when HSQ1 
was adsorbed on TiO 2 . A DSC based on HSQ1 showed a broader 
IPCE spectrum and better performance than an SQ1-based cell 
under the same conditions. Furthermore, HSQ1 was an excel-
lent co-sensitizer for N3 because it suppressed N3 aggregation, 
reduced charge recombination, and accelerated regeneration 
of N3. A DSC co-sensitized with N3 and HSQ1 showed a high 
IPCE across the entire wavelength region from 400 to 800 nm, 
with a maximum IPCE value of 66% at 700 nm. An   η   value of 
8.14% was achieved as a result of improvements in both  J  SC  
and  V  OC . Our results demonstrate the great potential of  cis -
confi gured squaraines as NIR sensitizers and co-sensitizers for 
DSCs.   

 4. Experimental Section 

  Synthesis : All chemicals and reagents were used as received 
from suppliers without further purifi cation. SQ1, triethylammonium 
2-[(1-ethyl-3,3-dimethyl-1,3-dihydro-2 H -indol-2-ylidene)methyl]-3-
(dicyanomethylidene)-4-oxo-cyclobut-1-en-1-olate and 5-carboxyl-
2,3,3-trimethyl-1-octyl-3 H -indolium were synthesized according to the 
reported method [  9a  ,  18  ] . Column chromatography was performed using 
Wakogel-C300 as a stationary phase. 

 3-Cyanoimino-2-(5-carboxy-3,3-dimethyl-1-ethyl-2,3-dihydro-1 H -2-
indolylidenmethyl)-4-(3,3-dimethyl-1-octyl-3 H -2-indoliumyl-methylene)-
1-cyclobuten-1-olate (HSQ1): A mixture of triethylammonium 
2-[(1-ethyl-3,3-dimethyl-1,3-dihydro-2 H -indol-2-ylidene)methyl]-3-
(dicyanomethylidene)-4-oxocyclobut-1-en-1-olate (0.48 g, 1 mmol) and 
5-carboxyl-2,3,3-trimethyl-1-octyl-3 H -indolium (0.44 g, 1 mmol) was 
refl uxed with a Dean-Stark apparatus for 12 h in a mixture of toluene-
butanol (1:1 v/v, 50 mL) under argon. After removal of the solvent under 
reduced pressure, the residue was purifi ed by column chromatography on 
silica gel (methanol/chloroform, 1/20, v/v) to yield a violet solid (0.61 g, 
75% yield).  1 H NMR (600 MHz, DMSO-d 6   δ ): 8.03 (d, J  =  1.8 Hz, 1H), 
7.97 (dd, J  =  8.4 Hz, J  =  1.2 Hz, 1H), 7.60 (d, J  =  7.2 Hz, 1H), 7.52 (d, 
J  =  7.8 Hz, 1H), 7.44 (m, 2H), 7.33 (d, J  =  7.8 Hz, 1H), 6.41 (s, 1H), 6.31 
(s, 1H), 4.16 (s, 2H), 4.01 (s, 2H), 1.71 (m, 12H), 1.37 (m, 2H), 1.30 (m, 
5H), 1.22 (m, 8H), 0.83 (t, J  =  7.2 Hz, 3H).  13 C NMR (150 MHz, DMSO-d 6  
 δ ): 173.17, 172.81, 170.76, 167.55, 166.92, 166.61, 163.83, 145.66, 142.86, 
142.02, 130.67, 128.82, 125.97, 123.59, 122.92, 118.75, 112.02, 110.73, 
89.25, 88.86, 50.05, 48.88, 44.19, 31.56, 29.10, 28.98, 27.08, 26.62, 26.30, 
26.03, 22.51, 14.41, 12.56. HRMS (ESI) m/z: [M-H]  −   calcd for C 40 H 44 N 4 O 3 , 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
627.33406; found, 627.33436. Anal. calcd for C 40 H 44 N 4 O 3 : C 76.40, H 7.05, 
N 8.91; found: C 76.17, H 7.07, N 8.86. IR (KBr): v  =  2920 (COOH), 2190 
(CN), 2174 (CN), 1726 (CO), 1678, 1624 cm   −    1 . 

  Measurement and Characterization : UV-vis-NIR spectra were measured 
in DMF solution or on a TiO 2  fi lm (thickness  =  3.5  μ m) with a UV-vis-NIR 
spectrophotometer (UV-3600, Shimadzu).  1 H (600 MHz) and  13 C NMR 
(150 MHz) spectra were measured with a DRX-600 spectrometer (Bruker 
BioSpin). Mass spectra were measured on a Shimadzu Electrospray 
ionization (ESI) mass spectrometer. Cyclic voltammetry was performed 
on a CH Instruments 624D potentiostat/galvanostat system with a three-
electrode cell consisting of a Ag/AgCl reference electrode, a working 
electrode, and a platinum wire counter-electrode. The redox potentials of 
the dyes were measured in DMF containing 0.1  M  tetra- n -butylammonium 
hexafl uorophosphate at a scan rate of 100 mV s   −    1 . The geometry and 
electronic properties of the dyes were performed with the Gaussan09 
program package. [  19  ]  All calculations were performed by Gaussian software 
using density functional theory (DFT) with B3LYP/6-31G(d) basis set. 

  Dye-Sensitized Solar Cells : The DSCs were fabricated as follows. A 
double-layer TiO 2  photoelectrode (thickness 13  μ m; area 0.25 cm 2 ) 
was used as a working electrode. An 8  μ m transparent layer with 
titania particles ( ≈ 20 nm) and a 5  μ m scattering layer with titania 
particles ( ≈ 400 nm) were screen-printed on the fl uorine-doped tin oxide 
conducting glass substrate. A solution of HSQ1 or SQ1 (2  ×  10   −    4   M ) and 
deoxycholic acid (10 m M ) in acetonitrile/ tert -butyl alcohol (1/1, v/v) was 
used to coat the TiO 2  fi lm with the dye. The electrodes were immersed 
in the dye solutions and then kept at 35  ° C for 4 h to adsorb the dye 
onto the TiO 2  surface. To co-sensitized DSCs, the TiO 2  electrode was 
immersed into 1:1 molar ratio of two sensitizers (total concentration  =  
0.2 m M ) with deoxycholic acid (10 m M ) for 24 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  μ m thick) and sealed up by heating 
the polymer frame. The optimized electrolytes were composed of 0.6  M  
dimethylpropylimidazolium iodide, 0.05  M  I 2  and 0.1  M  LiI in acetonitrile 
for only SQ1 or HSQ1; and 0.6  M  dimethylpropylimidazolium iodide, 
0.05  M  I 2 , 0.1  M  LiI, and 0.05  M  4- tert -butylpyridine in acetonitrile for 
co-sensitization SQ1 or HSQ1 and N3 sensitized solar cells. 

  Dye Desorbing : N3 was desorbed from the TiO 2  fi lm by immersing in 
0.1  M  NaOH solution (1:1 mixture of H 2 O and ethanol). SQ1 and HSQ1 
were desorbed by immersing the TiO 2  fi lm in acetic anhydride for 6 h. 
Coadsorbed dyes were desorbed by immersing the TiO 2  fi lm in acetic 
anhydride and 0.1  M  NaOH solution (1:1 mixture of H 2 O and ethanol), 
respectively. The amount of adsorbed dye was estimated from the 
absorption peak of each resulting solution. 

  Photovoltaic Measurements : The current-voltage characteristics were 
measured using a black metal mask with an aperture area of 0.2304 cm 2  
under standard AM 1.5 G sunlight (100 mW cm   −    2 , WXS-155S-10: Wacom 
Denso Co. Japan). Monochromatic incident photon-to-current conversion 
effi ciency spectra were measured with monochromatic incident light of 
1  ×  10 16  photons cm  − 2  under 100 mW cm  − 2  in director current mode 
(CEP-2000BX, Bunko-Keiki). 

  Intensity-Modulated Photovoltage Spectroscopy : The intensity-modulated 
photovoltage spectra were measured with a potentiostat (Solartron1287) 
equipped with a frequency response analyzer (Solartron1255B) at 
an open-circuit condition based on a monochromatic illumination 
(420 nm) controlled by Labview system to obtain the photovoltaic 
response induced by the modulated light. The modulated light was 
driven with a 10% AC perturbation current super imposed on a DC 
current in a frequency range from 0.1 to 10 6  Hz. 

  Charge Extraction Method : The charge extraction method was performed 
with the same monochromatic light source. The solar cell was illuminated 
at an open-circuit condition for 5 s to attain a steady state and then the 
light source was switched off when the device simultaneously switched 
to a short-circuit condition to extract the charges generated at that light 
intensity. The electrochemical impedance spectra were measured with 
an impedance analyzer (Solartron Analytical, 1255B) connected with a 
potentiostat (Solartron Analytical, 1287) under illumination using a solar 
simulator (WXS-155S-10: Wacom Denso Co. Japan). 
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  Electrochemical Impedane Spectroscopy : EIS spectra were recorded 
over a frequency range of 10   −    2 –10 6  Hz at 298 K. The applied bias voltage 
and AC amplitude were set at  V oc of the DSCs. The electrical impedance 
spectra were characterized using  Z -View software (Solartron Analytical).   
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