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ABSTRACT: A novel near-infrared (NIR) organic sensitizer FNE53 with a strong
electron-withdrawing unit, dithieno[2,3-a:3′,2′-c]phenazine, has been designed and
synthesized for quasi-solid-state dye-sensitized solar cells (DSSCs). By simply fusing
the two thiophene rings on quinoxaline unit in sensitizer FNE48, the intramolecular
charge transfer (ICT) band bathochromically shifts from 542 nm for FNE48 to 629
nm for FNE53 in toluene solution. The absorption spectrum of sensitizer FNE53
covers the whole visible region and extends to the NIR region, which exhibits
complementary absorption profile to another organic dye FNE46 based on
quinoxaline. When FNE46 and FNE53 are used as cosensitizers for metal-free
cocktail-type quasi-solid-state DSSCs, sensitizer FNE53 not only extends the
photoresponse range but also suppresses the intermolecular interactions among the
dye molecules. Therefore, the cocktail-type quasi-solid-state DSSC displays much
higher IPCE value compared with that for the DSSC sensitizer based on FNE53 and a
broader IPCE response in comparison to that for the DSSC sensitizers based on
FNE46, respectively. After the molar ratio between the two cocktail dyes is optimized, the highest energy conversion efficiency of
8.04% is achieved in a metal-free quasi-solid-state DSSC cosensitized with FNE46 and FNE53, which exhibits good long-term
stability after continuous light soaking for 1000 h.
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■ INTRODUCTION

Dye-sensitized solar cells (DSSCs) have attracted ever-
increasing attention as a renewable energy source due to
their efficient energy conversion and relatively low cost of
production.1−4 To improve the DSSC performance by
harvesting more solar light, researchers have concentrated
great effort on developing panchromatic dyes with absorption
spectra extending into the near-infrared (NIR) region.5 Several
organic NIR dyes have been designed and reported, such as
organic sensitizers containing porphyrin,6 squaraines,7 phenox-
azine,8 perylene,9 boradiazaindacene,10 phthalocyanine,11 tetra-
hydroquinoline,12 and diketopyrrolopyrrole13 units. However,
in contrast to their wide photocurrent response, most of the
reported NIR dyes have unsuitable highest occupied molecular
orbitals (HOMOs), lowest unoccupied molecular orbitals
(LUMOs), or both, which results in insufficient driving forces
for the dye regeneration or the electron injection from the
excited dye molecules to the titania conduction band.12−14

Consequently, NIR-dye-sensitized DSSCs tend to have a low
incident photon-to-current conversion efficiency (IPCE) and a
low open-circuit voltage (Voc).

8−15 Moreover, some NIR-dye-
based DSSCs display unsatisfactory stability, which is probably
caused by the decomposition of the NIR dyes themselves.
To overcome the disadvantages, cosensitization, an alter-

native approach for panchromatically harvesting sunlight, has

been proven to be an effective method for enhancing the DSSC
performance.16 Such cocktail dyes involve two or more
sensitizers that have complementary absorption spectral
coverage.17 A classic example is zinc-porphyrin dye YD2-o-C8
and organic dye Y123 cosensitized DSSC which produced an
efficiency record of 12.3%.18 However, until now, most of the
highly efficient cosensitized DSSCs have combined at least a
ruthenium-complex dye or a zinc-porphyrin dye.16−20 Such
metal-based sensitizers16−21 have always suffered from some
problems such as expensive raw materials and complicated
syntheses. In comparison to metal-based sensitizers, metal-free
organic sensitizers22 have attracted much attention for practical
applications due to their unique advantages such as having a
low cost of production, being environmentally friendly, and
having tunable optoelectronic properties via molecular
engineering. However, relatively few efficient cosensitized
DSSCs based on organic dyes have been reported.23 Moreover,
most highly efficient cosensitized DSSCs have been realized
with volatile organic liquid electrolytes,16,18,23 which may limit
their outdoor applications. Alternatively, quasi-solid-state
DSSCs with nonflowing and nonvolatile electrolyte have

Received: August 10, 2014
Accepted: October 7, 2014
Published: October 7, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 19308 dx.doi.org/10.1021/am505153q | ACS Appl. Mater. Interfaces 2014, 6, 19308−19317

www.acsami.org


shown greatly improved long-term stability because there is less
or no possibility of electrolyte leakage.24 Therefore, in view of
promising commercial application, highly efficient and stable
cosensitized DSSCs with quasi-solid-state electrolyte are still
pursued.
Most recently, a quinoxaline unit has been embedded into

the organic sensitizers as an auxiliary electron acceptor for
efficient DSSCs by several groups.25−30 We have also applied
quinoxaline to construct organic dyes with single31 and
double32 D−π−A′−π−A branches for expanding the sensitizer
absorption band and improving the DSSC performance. In our
previous studies, sensitizer FNE48 displays a maximum
absorption wavelength at 542 nm in toluene solution.32

However, due to the repulsion between the two thiophene
rings linked at the 2,3-positions of the pyrazine unit (Chart 1),

a molecular twist of around 44° exists between the thiophene
and pyrazine rings, which has weakened the effective
conjugation length and the intramolecular charge transfer
(ICT) from the electron donating unit to the electron acceptor
unit. Therefore, to further bathochromically shift the
absorption band of the organic sensitizer, such a molecular
twist should be minimized. Herein, we have designed and
synthesized a neutral NIR sensitizer based on dithieno[2,3-
a:3′,2′-c]phenazine, coded as FNE53 (Chart 2), for the
construction of efficient quasi-solid-state DSSCs. In the new
dye molecule, the two thiophene rings are chemically
connected with a single bond, which leads to a fully coplanar
structure for the central dithieno[2,3-a:3′,2′-c]phenazine core.
As a result of better conjugation and facile ICT, the maximum
absorption wavelength of sensitizer FNE53 bathochomically
shifts to 629 nm by 87 nm, compared with that of sensitizer
FNE48.32 The quasi-solid-state DSSC based on the NIR
sensitizer FNE53 exhibits a power conversion efficiency of
5.28% with a Voc of 604 mV, which is a very promising Voc value
for quasi-solid-state DSSC based on organic NIR dye.
Furthermore, another of our previously reported sensitizers,
FNE46,31 based on quinoxaline, exhibits an absorption
maximum at 520 nm in toluene solution, which well
compensates for the valley in the absorption spectrum for
sensitizer FNE53. Therefore, when FNE53 and FNE46 were

utilized as cocktail cosensitizers, the quasi-solid-state DSSC
exhibited much higher IPCE value compared to that of FNE53
and broader IPCE response compared to that of FNE46,
respectively. Consequently, a high conversion efficiency of
8.04% was achieved for the corresponding cocktail-type quasi-
solid-state DSSC under AM 1.5 radiation (100 mW cm−2),
which was enhanced by 13 and 52% compared to those of the
quasi-solid-state DSSCs based on sensitizers FNE46 and
FNE53, respectively. Moreover, this metal-free cocktail-type
quasi-solid-state DSSC exhibited good long-term stability after
continuous light soaking for 1000 h.

■ RESULTS AND DISCUSSION

Molecular Design and Synthesis. Most metal-free
organic dyes consist of a rod-like configuration, which always
induces undesirable π−π stacking and intermolecular aggrega-
tion. Therefore, the excited electrons may be self-quenched,
resulting in insufficient electron injection.33 The construction
of multidonors34−36 or multiacceptors,37−39 as well as double
D−π−A branched dyes with “H”40,41 or “X”42 shape, has
proved to be an effective method to reduce intermolecular
interactions and thus retard charge recombination rate. To
improve the light harvesting ability of X-shaped sensitizer
FNE48, a fully coplanar core dithieno[2,3-a:3′,2′-c]phenazine is
utilized in sensitizer FNE53 instead of the twisted 2,3-di(thien-
2-yl)quinoxaline in sensitizer FNE48. Moreover, four octoxyl
groups are incorporated into dye molecules to avoid the
solubility problem during the synthesis procedure. The
introduction of four linear alkyl chains is also beneficial to
the inhibition of intermolecular aggregation and the decreasing
of the charge recombination rate. Furthermore, according to
our previous results, a broader and more intense charge transfer
band is observed for sensitizer FNE48 with a single anchoring
group in comparison to the other sensitizer containing double
anchoring groups, which results in a higher light harvesting
ability and a higher energy conversion efficiency.32 Therefore,
in this study, only the sensitizer with the single anchoring group
was prepared and systematically investigated.
The synthetic approach to sensitizer FNE53 is depicted in

Scheme 1. The synthesis of the key core, 8,11-
dibromodithieno[2,3-a:3′,2′-c]phenazine (5),43 by direct oxi-
dation ring-closure of 5,8-dibromo-2,3-di(thien-2-yl)-
quinoxaline32 is not applicable because of their similar
polarities, and it is not successful to separate the product. An
alternative straightforward approach is to begin with 3,3′-
bithiophene (1) which can be easily converted to benzo[1,2-
b:4,3-b′]dithiophene-4,5-dione (2)44 by refluxing with oxalyl
dichloride in 1,2-dichloroethane with a yield of 68%. Then, a
ring-closure reaction was carried out by condensation with 3,6-
dibromobenzene-1,2-diamine (4)45 obtained by reduction of
4,7-dibromobenzo[c][1,2,5]thiadiazole (3) with sodium bor-
ohydride in refluxing ethanol solution using acetic acid as
catalyst. Then, intermediate compound 7 was obtained via a
Stille coupling46 between bromide 5 and stannane 6.47 After
refluxing with a Vilsmeier reagent,48 the corresponding
monoaldehyde-substituted derivative 8 was produced. In the
last step, the obtained precursor was converted to the target
sensitizer FNE53 by Knövenagel condensation49 with cyano-
acetic acid through refluxing acetonitrile in the presence of
piperidine. The chemical structure of the resulting sensitizer
was verified by 1H NMR, 13C NMR, and mass spectroscopy.
The obtained NIR dye is black in the solid state and can freely

Chart 1. Molecular Models of the Cores for Sensitizers
FNE48 and FNE53
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dissolve in dichloromethane (DCM), tetrahydrofuran (THF),
or toluene to produce a deep green solution.
UV−Vis Absorption Properties. The electronic absorp-

tion spectra of sensitizers FNE53, FNE46, and FNE48 in
toluene solutions are shown in Figure 1, and the data are
summarized in Table 1. Similar to sensitizers FNE46 and
FNE48, the NIR dye FNE53 exhibits two distinct absorption
bands. The absorption band below 500 nm corresponds to the
π−π* electron transitions of the conjugated backbone, while
the other one in the lower energy region can be assigned to the
ICT interactions50 between the electron donating moiety and
the electron-withdrawing moiety.51 As shown in Figure 1, the
UV−vis absorption spectrum of sensitizer FNE53 displays an
ICT band at 629 nm, which is bathochromically shifted by 87
nm in comparison to that of sensitizer FNE48 (542 nm). This
is due to the replacement of the twisted 2,3-di(thien-2-
yl)quinoxaline unit in FNE48 by a coplanar dithieno[2,3-
a:3′,2′-c]phenazine core in FNE53, which results in the better
π-conjugation and facile ICT. Under the same conditions,
FNE46 exhibits an ICT band at 520 nm. Importantly, this
absorption band can well compensate for the valley in that
region of the UV spectrum based on sensitizer FNE53.
Therefore, organic dye FNE46 is an ideal co-adsorbent in the
DSSC based on the NIR sensitizer FNE53 to recover the dip in
the absorption spectrum.
When sensitizer FNE53 was adsorbed onto a mesoporous

TiO2 film, the absorption spectrum covers the whole visible
region and extends to the NIR region with the maximum at 621
nm (Figure 2), which is greatly beneficial for solar light

harvesting. In comparison to the ICT band for FNE48 at 536
nm, a simple fusion of the two thiophene rings on the pyrazine
derivative successfully bathochromically shifts the ICT band by
85 nm without further structural modification. Compared with
the absorption spectrum in toluene solution, the ICT band for
sensitizer FNE53 on TiO2 film hypsochomically shifts to 621
nm by only 8 nm, which is due to the deprotonation of the
carboxylic acid.31,32,52 However, the hypsochromic shift is much
smaller than those for D−π−A featured organic dyes,53

resulting from the incorporation of the auxiliary dithieno[2,3-
a:3′,2′-c]phenazine acceptor. After anchoring sensitizer onto
TiO2 surface, although the anchoring group is deprotonated,
the ICT from the electron donor to the inserted dithieno[2,3-
a:3′,2′-c]phenazine unit is not weakened significantly, and
therefore, only a slight hypsochromic shift can be observed.
This phenomenon is similar to the comparative sensitizers
FNE46 and FNE48 for which a hypsochromic shift of only 26
and 6 nm, respectively, can be observed between the spectra in
toluene solution and on titania film. The different hypsochro-
mic shifts for the absorption maxima are probably due to their
different deprotonation effect. Although sensitizers FNE46 and
FNE48 contain the same electron-donating and electron-
withdrawing groups, for sensitizer FNE46, the donor and
acceptor are linearly linked, resulting in a better conjugation.
Therefore, the deprotonation of the carboxylic acid may have a
more significant effect on the absorption maximum shift for
sensitizer FNE46 as compared to that of FNE48, which
contains a twisted conjugation structure. Moreover, the
absorption intensity for FNE53 on TiO2 film is relatively

Chart 2. Chemical Structures of Sensitizers FNE48, FNE53, and FNE46
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lower than those for FNE48 and FNE46, which stems from the
reduced dye adsorption amount on the TiO2 surface. Under the
same conditions, the surface concentration is 1.56 × 10−8 mol
cm−2 μm−1 for sensitizer FNE46 and 0.77 × 10−8 mol cm−2

μm−1 for sensitizer FNE48, while that of FNE53 significantly
decreases to 0.43 × 10−8 mol cm−2 μm−1. Therefore, when
cocktail dyes of FNE46 and FNE53 were coadsorbed on TiO2

film, the absorption spectra exhibit a major absorption band
around 500 nm and a weak shoulder around 670 nm.

Electrochemical Properties. Cyclic voltammetry (CV)
was employed to investigate the electrochemical properties of
sensitizer FNE53 (Figure S1, Supporting Information). The
first oxidation potential, which corresponds to the HOMO level
of sensitizer FNE53, is determined to be 0.86 V (vs NHE, the
same below). Under the same condition, sensitizer FNE46
displays a HOMO level at 0.88 V, which is similar to that for
sensitizer FNE53 and originates from the fact that both

Scheme 1. Synthetic Route for Sensitizer FNE53

Figure 1. UV−vis absorption spectra of sensitizers FNE46, FNE48,
and FNE53 in toluene solutions.

Table 1. UV−Vis Absorption and Electrochemical Properties
of Sensitizers FNE46, FNE48, and FNE53

dye
λmax

(nm)a
ε

(M−1 cm−1)a

λmax on
TiO2
(nm)

HOMO
(V)b

E0−0
(eV)

LUMO
(V)b

FNE48 542 1.7 × 104 536 0.81 1.84 −1.03
FNE53 629 1.6 × 104 621 0.86 1.60 −0.74
FNE46 520 2.5 × 104 494 0.88 1.93 −1.05

aAbsorption peaks (λmax) and molar extinction coefficients (ε) were
measured in toluene solutions (∼10−5 M). bThe potentials (vs NHE,
the same below) were calibrated with ferrocene.
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sensitizers consist of the same donor unit. The HOMO levels
are more positive than the redox potential of the I−/I3

− redox
couple (∼0.4 V), suggesting that the oxidized organic dyes can
be thermodynamically regenerated during the operation.54

Estimated from eq 1:55

= −E E ELUMO HOMO g
opt

(1)

where Eg
opt is the optical band gap derived from the wavelength

at 10% maximum absorption intensity for the dye-loaded TiO2
film,56 the LUMO levels of dyes FNE53 and FNE46 are
calculated to be −0.74 and −1.05 V, respectively. As compared
with sensitizer FNE46 with quinoxaline moiety, sensitizer
FNE53 containing dithieno[2,3-a:3′,2′-c]phenazine unit has
downward shifted the LUMO level from −1.05 to −0.74 V.
This indicates that the dithieno[2,3-a:3′,2′-c]phenazine unit has
a much stronger electron withdrawing ability as compared to
the quinoxaline unit. However, the positively shifted LUMO
level resulted in a decreased driving force for electron injection
from the excited state of the organic sensitizers to the TiO2
films.
Molecular Orbital Calculations. To investigate the

geometrical and electronic properties of the NIR sensitizer
FNE53, density functional calculations were conducted using
the Gaussian 03 program package at the B3LYP/6-31G(d)
level.57 The frontier molecular orbitals (Figure S2, Supporting
Information) revealed that the HOMO is distributed along the
double D-π system, whereas the LUMO is evenly delocalized
across the dithieno[2,3-a:3′,2′-c]phenazine and cyanoacrylic
acid units. The overlapping distribution of the HOMO and
LUMO orbitals on the dithieno[2,3-a:3′,2′-c]phenazine unit
indirectly suggests that the dithieno[2,3-a:3′,2′-c]phenazine
unit facilitates the electron transfer from the triarylamine donor
to the anchor group (i.e., cyanoacrylic acid unit).
Solar Cell Performance. Quasi-solid-state DSSCs based on

FNE53 and FNE46 were fabricated using a quasi-solid-state gel
electrolyte containing 0.1 M LiI, 0.1 M I2, 0.1 M 4-tert-
butylpyridine (TBP), 0.6 M 1,2-dimethyl-3-propylimidazolium
iodide (DMPImI), and 5 wt % poly(vinylidenefluoride-co-
hexafluoropropylene) in 3-methoxypropionitrile (MPN). The
current density−voltage (J−V) curves measured under 100
mW cm−2 simulated AM1.5G solar light are shown in Figure 3a
and the detailed photovoltaic parameters are presented in Table
2. Sensitizer FNE53 based quasi-solid-state DSSC produced a
Jsc of 13.45 mA cm−2, a Voc of 604 mV, and a fill factor (FF) of
0.65, respectively, corresponding to an efficiency (η) of 5.28%.
Although sensitizer FNE53 exhibited a broader absorption
spectrum extending to the NIR region, the relatively poor
DSSC performance is probably due to the low photogenerated

current induced by the weaker driving force for the electron
injection from the excited organic dyes into the TiO2 film.
To fully utilize the advantage of panchromatic light

harvesting property for sensitizer FNE53, cocktail-type quasi-
solid-state DSSCs cosensitized by FNE46 and FNE53 were
fabricated sine these two metal-free organic sensitizers have
complementary absorption properties. The cosensitized work-
ing electrolytes were constructed by immersing TiO2 films in a
toluene solution containing sensitizers FNE53 and FNE46 at
room temperature for complete dye adsorption. To achieve the
best DSSC performance, we optimized the molar ratio between
cosensitizers FNE53 and FNE46, and the performance data are
summarized in Table 2. As shown in Figure 3a, the cosensitized
quasi-solid-state DSSC based on sensitizers FNE46 and FNE53
with a molar ratio of 8:2 achieved the best DSSC performance,
which provided a Jsc of 18.12 mA cm−2, a Voc of 634 mV, and an
FF of 0.70, respectively, corresponding to an η of 8.04%. This
performance was substantially better than that of the DSSC
based on FNE46 alone (Table 2). The Jsc value increased from
16.38 mA cm−2 for FNE46-based DSSC to 18.12 mA cm−2 for

Figure 2. UV−vis absorption spectra of sensitizers FNE46, FNE48,
and FNE53 on TiO2 films.

Figure 3. (a) J−V curves and (b) IPCE spectra for FNE46, FNE53,
and their cosensitized quasi-solid-state DSSCs.

Table 2. Photovoltaic Parameters of the Cocktail-Type
Quasi-Solid-State DSSCs based on Sensitizers FNE46 and
FNE53 with Different Ratios

DSSC

molar
ratio of
FNE46/
FNE53 Voc (mV) Jsc (mA cm−2) FF (%) η (%)

1 10:0 631 ± 2 16.38 ± 0.26 69 ± 1 7.03 ± 0.10
2 9:1 636 ± 4 17.18 ± 0.11 69 ± 1 7.46 ± 0.08
3 8:2 634 ± 5 18.12 ± 0.17 70 ± 1 8.00 ± 0.04
4 7:3 630 ± 5 16.20 ± 0.22 70 ± 1 6.98 ± 0.16
5 5:5 617 ± 8 16.01 ± 0.31 70 ± 1 6.70 ± 0.21
6 0:10 604 ± 3 13.45 ± 0.13 65 ± 1 5.19 ± 0.09
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the cocktail-type quasi-solid-state DSSC; meanwhile, the Voc

and FF values remained about the same, and consequently, the
overall conversion efficiency was improved by 13%. These
results indicate that the ratio of cocktail dyes loaded on the
TiO2 films has significant effect on the performance of the
cosensitized DSSCs.
To understand the different Jsc values, action spectra of the

incident photon-to-current conversion efficiencies as a function
of incident wavelength for the quasi-solid-state DSSCs are
recorded and shown in Figure 3b. The quasi-solid-state DSSC
based on sensitizer FNE53 alone exhibits much broader IPCE
spectrum covering the whole visible region and partial NIR
region with the threshold over 850 nm, which is much broader
than that for the DSSC based on FNE46 and consistent with
their absorption spectra. However, the maximum IPCE value
for DSSC based on the sensitizer FNE53 is much lower than
that for FNE46, which is in good agreement with the tendency
of the LUMO levels for the corresponding organic dyes. A
more positive LUMO level may induce an insufficient electron
injection driving force, which resulted in a lower IPCE value. As
shown in Figure 3b, when the content of FNE53 increased, the
IPCE response region continuously widened due to the wider
photo response region of sensitizer FNE53. While the
maximum IPCE value first increased slightly when the content
ratio of FNE46/FNE53 changed from 10:0 to 9:1, and further
to 8:2, which may be due to reduced electron loss from charge
recombination. However, upon further increasing FNE53
content, the maximum IPCE value dramatically decreased,
probably due to the reduced dye loading amount on the TiO2

films.
The other key performance parameter, Voc, is related to the

conduction band position of TiO2 and the charge recombina-
tion rate in quasi-solid-state DSSCs.58 To understand the
difference Voc values for the resulting quasi-solid-state DSSCs,
the CB position of the dye-loaded TiO2 films were investigated
through charge extraction and intensity modulated photo-
voltage spectroscopy (IMVS) measurements.59 According to
the method developed by Frank and co-workers,60 the
movement of CB contributed to the change in Voc at constant
photoinduced charge density (Q), which was measured with
charge extraction technique under illumination of a white light
from LED.61 A higher Voc at constant Q indicates an upward
(or negative) shift of the CB edge, and vice versa. Figure 4
shows the relation between Voc and Q at open circuit for the
quasi-solid-state DSSCs. It can be found that for quasi-solid-
state DSSCs sensitized with FNE53 or FNE46 alone, or
cosensitized with FNE53 and FNE46, the Voc increases linearly

with the logarithm of Q, and all the curves have almost identical
slope (78 mV) according to eq 2:59

∝V m nln( )oc c (2)

where n is the electron density. At fixed Q, the same Voc values
for all the DSSCs indicates that the cosensitizer has no
influence on the movement of TiO2 conduction band.
Although the NIR sensitizer FNE53-based DSSC produced a

very promising Voc value for the quasi-solid state DSSCs based
on organic NIR dyes, it can still be found that the Voc value
increased from 604 mV for FNE53-sensitized DSSC to 631 mV
for FNE46-based DSSC, and further to 634 mV for FNE53/
FNE46-cosensitized DSSC. This should be attributed to the
repression of charge recombination, which is related to electron
lifetime (τ).62 The electron lifetime was measured by IMVS and
obtained from the frequency at the top of the semicircle ( fmin)
according to eq 3:59

τ π= −f(2 )min
1

(3)

Figure 5 shows the electron lifetime as a function of charge
density at open circuit. The electron lifetime for a certain DSSC

decreases with charge density following a power law relation
with the same slope, suggesting the same charge recombination
mechanism in the three quasi-solid-state DSSCs. At a fixed
charge density, the electron lifetime for the quasi-solid-state
DSSCs sensitized with FNE46 or cosensitized with FNE53 and
FNE46 is larger than that of FNE53-based DSSC by around
1.6-fold. This suggests that the charge recombination between
electrons in TiO2 film and electron acceptors in the electrolyte
is reduced. Therefore, more charge is accumulated in TiO2, and
the Fermi level moves upward, resulting in a larger Voc value.
Voc solely originated from the suppression of charge
recombination varies as electron density (n) or charge density
(Q) changes, which follows eq 4:59

Δ = =V m
n
n

m
Q
Q

ln lnoc c
2

1
c

2

1 (4)

Under 100 W m−2 white LED light, the extracted charge
densities are 181, 254, and 256 μC cm−2 for FNE46, FNE53,
and their cosensitized DSSCs, respectively. According to eq 4,
the Voc gain from FNE53 sensitized DSSC to FNE46 sensitized
DSSC or to their cosensitized DSSC is calculated to be 26 and
27 mV, respectively, which is in good agreement with the
experimentally observed Voc enhancement (27 and 30 mV,
respectively) for the corresponding quasi-solid-state DSSCs.
For future practical applications, it is quite important for

DSSC devices to achieve a long lifetime. Because quasi-solid-
Figure 4. Charge density at open circuit as a function of Voc for the
quasi-solid-state DSSCs.

Figure 5. Electron lifetime as a function of charge density at open
circuit for the quasi-solid-state DSSCs.
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state gel electrolytes24 are not flowing or volatile, the related
quasi-solid-state DSSCs have shown much better stability. To
investigate the stability of the resulting cosensitized quasi-solid-
state DSSC, the photovoltaic performance parameters of the
cosensitized quasi-solid-state DSSC are evaluated under one
sun soaking and the date are shown in Figure 6. It can be found

that the Jsc, Voc, and FF values slightly changed within 5%. And
most importantly, the power conversion efficiency remained
98% of the initial value after 1000 h of one sun soaking, which
indicates that the quasi-solid-state DSSCs based on the
cosensitizers demonstrate good long-term stability.

■ CONCLUSIONS
In summary, a novel NIR organic sensitizer FNE53 containing
a strong electron-withdrawing unit, dithieno[2,3-a:3′,2′-c]-
phenazine, has been designed and synthesized. The absorption
spectrum of sensitizer FNE53 covers the whole visible region
and extends to the NIR region, which exhibits complementary
absorption profile to another quinoxaline-based organic dye
FNE46. When FNE46 and FNE53 were used as cosensitizers
for metal-free cocktail-type quasi-solid-state DSSCs, the DSSC
exhibited a much higher IPCE value compared to that of the
DSSC based on sensitizer FNE53 and broader IPCE response
in comparison to that of the DSSC based on sensitizer FNE46,
respectively. By optimizing the molar ratio between the two
cocktail dyes, a highest energy conversion efficiency of 8.04%
was achieved in a cocktail-type quasi-solid-state DSSC
cosensitized with FNE46 and FNE53, which also exhibited
good long-term stability after continuous light soaking for 1000
h.

■ EXPERIMENTAL SECTION
Materials and Reagents. 3-Bromothiophene, benzothiadiazole,

oxalyl chloride, and cyanoacetic acid were purchased from J&K
Chemical, Ltd. (Beijing, China). Organic solvents were purified using
the standard process. Other chemicals were used as received from
commercial sources without further purification. Transparent con-
ductive glass (F-doped SnO2, FTO, 15 Ω/square, transmittance of
80%, Nippon Sheet Glass Co., Japan) was used as the substrate for the
fabrication of TiO2 thin film electrode.
Synthesis. The synthetic route of the sensitizer FNE53 is shown in

Scheme 1. Compounds 2,39 4,45 5,43 and 647 were synthesized
according to the procedure in the literature.
Synthesis of Compound 7. Under a nitrogen atmosphere, a

mixture of compound 5 (350 mg, 0.78 mmol), compound 6 (2.04 g,
2.33 mmol), and Pd(PPh3)2Cl2 (50 mg, 0.07 mmol) in N,N-
dimethylformamide (DMF, 30 mL) was stirred and heated at 90 °C

for 15 h. After the solvent was evaporated, the crude product was
purified by flash column chromatography (silica gel, DCM/PE = 1:2).
Black solid 7 was obtained with a yield of 58% (650 mg). 1H NMR
(400 MHz, THF-d8, δ): 8.06 (s, 2H), 7.85−7.83 (d, 2H, J = 5.0 Hz),
7.75 (s, 2H), 7.67−7.66 (d, 2H, J = 5.0 Hz), 7.54−7.52 (d, 4H, J = 7.7
Hz), 7.17 (s, 2H), 6.99−6.97 (d, 8H, J = 7.7 Hz), 6.85−6.84 (d, 4H, J
= 7.6 Hz), 6.78−6.76 (d, 8H, J = 7.4 Hz), 3.85 (t, 8H, J = 6.0 Hz),
1.71−1.64 (m, 8H), 1.40−1.36 (m, 8H), 1.26−1.22 (m, 32H), 0.82−
0.79 (m, 12H). 13C NMR (100 MHz, THF-d8, δ): 157.9, 150.2, 149.4,
142.7, 139.3, 138.9, 138.6, 137.1, 133.1, 131.9, 129.3, 128.7, 128.5,
127.9, 126.72, 126.69, 124.8, 122.8, 122.4, 117.1, 69.9, 34.0, 31.57,
31.55, 31.5, 28.3, 24.7, 15.7.

Synthesis of Compound 8. Under a nitrogen atmosphere,
compound 7 (300 mg, 0.21 mmol) and DMF (24 mg, 0.33 mmol)
were dissolved in 30 mL of chloroform (CHCl3). To this solution,
phosphorus oxychloride (64 mg, 0.42 mmol) was added slowly. The
mixture was stirred for 20 min at room temperature and then heated to
80 °C for 12 h. After cooling to room temperature, 60 mL saturated
sodium acetate solution was added to the green reaction solution and
stirred for 30 min. The mixture was poured into ice water (50 mL) and
neutralized (pH = 7) through the addition of sodium hydroxide
solution. The product was extracted with DCM three times. The
combined organic solution was washed with sodium bicarbonate and
brine and dried over anhydrous sodium sulfate. After the solvent was
removed, the residue was purified by flash column chromatography
(silica gel, DCM/PE = 1:1). Black solid 8 was obtained with a yield of
42% (130 mg). 1H NMR (400 MHz, THF-d8, δ): 9.72 (s, 1H), 7.73−
7.70 (m, 2H), 7.63−7.61 (s, 1H, J = 8.0 Hz), 7.56−7.54 (d, 1H, J = 4.9
Hz), 7.51−7.50 (d, 1H, J = 4.8 Hz), 7.40−7.36 (m, 3H), 7.30−7.28 (d,
2H, J = 4.9 Hz), 7.25−7.23 (d, 2H, J = 8.3 Hz), 7.02−6.93 (m, 9H),
6.84−6.76 (m, 12H), 3.87−3.84 (m, 8H), 1.72−1.65 (m, 8H), 1.41−
1.39 (m, 8H), 1.27−1.18 (m, 32H), 0.81−0.80 (m, 12H). 13C NMR
(100 MHz, THF-d8, δ): 186.6, 159.6, 158.4, 157.9, 151.7, 150.1, 149.7,
142.7, 142.0, 139.1, 139.0, 138.9, 138.74, 138.72, 138.69, 138.3, 138.1,
137.0, 136.9, 136.6, 133.1, 132.7, 132.5, 131.62, 131.61, 130.3, 129.3,
129.2, 128.8, 128.7, 127.9, 127.3, 126.3, 125.7, 125.5, 124.6, 122.7,
122.3, 120.9, 117.3, 117.1, 69.9, 34.0, 31.6, 31.54, 31.47, 28.3, 24.7,
15.7.

Synthesis of FNE53. Under a nitrogen atmosphere, a mixture of
compound 8 (80 mg, 0.05 mmol) and cyanoacetic acid (14 mg, 0.16
mmol) in a solution of acetonitrile (6 mL) and CHCl3 (6 mL) was
refluxed in the presence of piperidine (0.05 mL) for 8 h. After cooling
to room temperature, poured into water and extracted with DCM, the
combined organic solution was washed with brine and dried over
anhydrous sodium sulfate. After the solvent was evaporated, the crude
product was purified by flash column chromatography (silica gel,
DCM/MeOH = 10:1). Black solid FNE53 was obtained with a yield of
77% (65 mg). 1H NMR (400 MHz, THF-d8, δ): 8.47 (s, 1H), 8.21 (s,
1H), 7.77−7.57 (m, 4H), 7.37−7.27 (m, 7H), 7.00−6.98 (m, 9H),
6.79−6.77 (m, 12H), 3.89−3.81 (m, 8H), 1.72−1.67 (m, 8H), 1.42−
1.40 (m, 8H), 1.29−1.14 (m, 32H), 0.81−0.72 (m, 12H). 13C NMR
(100 MHz, THF-d8, δ): 156.6, 156.5, 156.0, 148.4, 148.3, 147.8, 140.9,
140.3, 137.3, 137.1, 137.04, 136.98, 136.9, 135.2, 134.7, 130.7, 130.6,
129.7, 127.7, 127.6, 127.5, 126.7, 126.1, 123.1, 120.58, 120.56, 118.9,
115.4, 115.3, 68.1, 32.1, 29.8, 29.7, 29.5, 26.4, 22.8, 13.7. Elemental
analysis: calcd for C96H103N5O6S4 (%), C, 74.33; H, 6.69; N, 4.51;
found, C, 71.86; H, 6.94; N, 4.32. HRMS (ESI, m/z): calcd for
C96H102N5O6S4 [(M − H)−], 1549.6746; found, 1549.6717.

Characterizations. UV−vis absorption spectra of dye solutions
and dye-loaded films were measured using a Shimadzu UV-2550PC
spectrometer. The film thickness was measured with a surface profiler
(Veeco Dektak 150). CV measurements were carried out with a
CHI660E electrochemical workstation using a typical three-electrode
electrochemical cell in a 0.1 M solution of tetrabutylammonium
hexafluorophosphate in dry acetonitrile with a scan rate of 50 mV/s−1.
Dye-adsorbed TiO2 on conductive glass was used as the working
electrode, a Pt wire was used as the counter electrode, and an Ag/Ag+

electrode was used as the reference electrode. The potential of the
reference electrode was calibrated by ferrocene, and all potentials
mentioned in this work are against normal hydrogen electrode (NHE).

Figure 6. Evolutions of photovoltaic performance parameters for
quasi-solid-state DSSC cosensitized with FNE46 and FNE53 under
one sun soaking.
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DSSC Fabrication and Photovoltaic Measurements. The
quasi-solid-state DSSCs were fabricated according to our previously
reported methods.31,63 The current density−voltage (J−V) character-
istics of the DSSCs were measured using a Keithley 2400 source meter
under the illumination of AM1.5G simulated solar light (Oriel-91193
equipped with a 1000 W Xe lamp and an AM1.5 filter). The incident
light intensity was calibrated with a standard silicon solar cell
(Newport 91150). IMVS analysis and charge extraction were carried
out on an electrochemical workstation (Zahner XPOT, Germany).
The intensity modulated spectra were measured at room temperature
with white light intensity ranging from 20 to 120 W m−2, in
modulation frequency ranging from 0.1 Hz to 10 kHz, and with
modulation amplitude less than 5% of the light intensity. Action
spectra of the incident monochromatic photon-to-electron conversion
efficiency (IPCE) for the solar cells were obtained with an Oriel-74125
system (Oriel Instruments).
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