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ABSTRACT: With respect to the electron-withdrawing
acceptors of D−A−π−A organic dyes, reports on the second
electron-donating donors for D−D−π−A organic dyes are very
limited. Both of the dyes have attracted significant attention in
the field of dye-sensitized solar cells (DSCs). In this work, four
new D−D−π−A organic dyes with dithieno[3,2-b:2′,3′-
d]pyrrole (DTP) or bis(amine) donor have been designed
and synthesized for a investigation of the influence of the
terminal electron donor in D−D−π−A organic dye-sensitized
solar cells. It is found that DTP is a promising building block as
the terminal electron donor when introduced in the
dithiophenepyrrole direction, but not just a good bridge, which exhibits several characteristics: (i) efficiently increasing the
maximum molar absorption coefficient and extending the absorption bands; (ii) showing stronger charge transfer interaction as
compared with the pyrrole direction; (iii) beneficial to photocurrent generation of DSCs employing cobalt electrolytes. DSCs
based on M45 with the Co-phen electrolyte exhibit good light-to-electric energy conversion efficiencies as high as 9.02%, with a
short circuit current density (JSC) of 15.3 mA cm−2, open circuit voltage (VOC) of 867 mV and fill factor (FF) of 0.68 under AM
1.5 illumination (100 mW cm−2). The results demonstrate that N,S-heterocycles such as DTP unit could be promising
candidates for application in highly efficient DSCs employing cobalt electrolyte.

KEYWORDS: dye-sensitized solar cells, D−D−π−A organic dyes, electron donor, dithieno[3,2-b:2′,3′-d]pyrrole,
photovoltaic performance

■ INTRODUCTION

Dye-sensitized solar cells (DSCs), a hybrid organic−inorganic
system, are considered one of the most promising photovoltaic
devices due to their low manufacturin cost, excellent photo-
voltaic performance and high versatility.1−28 A recent break-
through in DSC research has been the successful application of
transition-metal complexes such as cobalt(II/III) polypyridyl
redox couples as alternatives, replacing formerly used corrosive
iodine/iodide electrolytes while maintaining impressive energy
conversion efficiencies.29−33 Using a zinc porphyrin dye SM315
with the cobalt(II/III) redox shuttle resulted in dye-sensitized
solar cells that exhibit a high open-circuit voltage of 0.91 V,
short-circuit current density of 18.1 mA cm−2, fill factor of 0.78
and a power conversion efficiency (PCE) of 13%.33 Meanwhile,
much effort has also been devoted to the design and synthesis

of metal free organic dyes toward cobalt electrolytes, which
currently reach more than 12% PCE.34−37

Generally, metal-free organic sensitizers are constituted by
donor (D), π-bridge (π) and acceptor (A) moieties, so-called
D−π−A character, which induces the intramolecular charge
transfer (ICT) from subunit A to D through the π-bridge when
a dye absorbs light.3 This recognition has translated into a great
deal of effort in designing different kinds of organic dyes based
on this basic mode. Apart from the D−π−A configuration,
other typical modes such as D−D−π−A and D−A−π−A have
also been developed and attracted more attention (Figure 1).
Ning et al. found that the introduction of starburst triarylamine
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group to form the D−D−π−A configuration brought about
superior performance over the simple D−π−A configuration, in
terms of bathochromically extended absorption spectra,
enhanced molar extinction coefficients and better thermo-
stability.38 On the other hand, the D−A−π−A configuration
displays several advantages such as tuning of the molecular
energy levels, red-shift of the charge-transfer absorption band,
and distinct improvement of photovoltaic performance and

stability.39 The D−A−π−A strategy to organic dyes has been
developed and well-studied in Lin’s, Zhu’s, Wang’s, Hua’s and
other groups.39 To date, many electron-withdrawing acceptors
such as benzothiadiazole,40−42 benzotriazole,43 2H-[1,2,3]-
triazolo[4,5-c]pyridine,44 [1,2,5]thiadiazolo[3,4-c]pyridine,45

quinoxaline,46−48 phthalimide,49 diketopyrrolopyrrole,50

pyrido[3,4-b]pyrazine,51 thienopyrazine,52 thiazolo[5,4-d]-
thiazole,53,54 bithiazole,55 fluoro-substituted phenyl56 and
disubstituted cyclopenta[1,2-b:5,4-b′]dithiophene57 have been
introduced as the auxiliary acceptor in D−A−π−A organic
dyes, resulting in novel organic dyes with promising perform-
ance. By contrast, reports on exploration of new electron-
donating donors (carbazole,25,58−62 phenothiazine,63,64 naph-
thylphenylamino,65 triarylamine66−68) for D−D−π−A organic
dyes are very limited. There is much room left for further
development of D−D−π−A organic dyes by incorporating of
different terminal electron donor.
With this in mind, we incorporate the N,N-difluorenebenzen-

amine (DFBA), N,N-dihexylbenzenamine (DHBA), benzene-
hexyldithieno[3,2-b:2′,3′-d]pyrrole (DTP) (BZ-HDTP) and
benzene-substituted DTP (BZDTP) as the terminal electron
donors to construct four novel D−D−π−A organic dyes
(M43−46, see Figure 2). In particular, the DTP unit was
introduced as electron donor in two perpendicular directions,
i.e., the dithiophenepyrrole direction (M45) or the pyrrole
direction (M46). As shown in Figure 1, carbazole and
phenothiazine can also be incorporated in two different
directions at the end of the organic dyes. Nevertheless, to the
best of knowledge, reports on influence of the donor direction
(carbazole/phenothiazine) on the performance of the D−
D−π−A dyes are lacking. It is expected that these electron
donors could have a major impact on the photophysical,
electrochemical properties and photovoltaic parameters of dyes,
which will be further scrutinized via a joint photophysical and
electrical analysis.

Figure 1. Configuration of D−π−A, D−D−π−A and D−A−π−A
organic dyes as well as the typical building blocks for the terminal
donor and the auxiliary acceptor.

Figure 2. Chemical structures of the M43−46.
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■ EXPERIMENTAL SECTION
Materials and Instruments. The synthetic routes for the five dyes

are shown in Scheme 1. Pd2(dba)3, Xphos, BINAP, t-BuONa and
cyanocertic acid were purchased from Energy Chemical (China). 4-
tert-Butylpyridine (TBP) and lithium bis(trifluoromethanesulfonyl)-
imide (LiTFSI) were purchased from Aldrich. N,N-Dimethylforma-
mide was dried over and distilled from CaH2 under an atmosphere of
nitrogen. Phosphorus oxychloride was freshly distilled before use.
Dichloromethane was distilled from calcium hydride under nitrogen
atmosphere. All other solvents and chemicals used in this work were
analytical grade and used without further purification.

1H NMR and 13C NMR spectra were recorded on a Bruker AM-300
or AM-400 spectrometer. The reported chemical shifts were against
TMS. High resolution mass spectra were obtained with a Micromass
GCT-TOF mass spectrometer. The melting point was taken on a RY-1
thermometer, and temperatures were uncorrected.
Synthesis of Dyes. General Synthesis Procedure of Dyes. To a

stirred solution of carbaldehyde (0.2 mmol) and cyanoacetic acid (0.3
mmol) in acetonitrile (8 mL) were added chloroform (4 mL) and
piperidine (0.6 mmol). The reaction mixture was refluxed for 8 h.
Additional cyanoacetic acid (0.2 mmol) and piperdine (0.4 mmol)
were added. The mixture was refluxed for 8 h and then acidified with 1
M hydrochloric acid aqueous solution (30 mL). The crude product
was extracted into CH2Cl2, washed with water, and dried over
anhydrous MgSO4. The solvent was evaporated, and the remaining
crude product was purified by column chromatography
(CH2Cl2:methanol = 20:1 as eluent) to give the product.
M43. Red power (yield: 87%). MP: 125−129 °C. 1H NMR (400

MHz, CDCl3+MeOD-d4): δ 8.36 (d, J = 7.38 Hz, 1H), 8.35−8.26 (m,

3H), 7.72 (s, 1H), 7.63−7.55 (m, 6H), 7.46−7.44 (m, 2H), 7.39−7.35
(m, 4H), 7.27 (s, 1H), 7.31 (s, 3H), 7.26 (s, 1H), 7.25−7.20 (m, 5H),
7.18 (d, J = 11.35 Hz, 2H), 7.13−7. 09 (m, 7H), 4.25 (t, J = 6.24 Hz,
2H), 3.00−2.84 (m, 6H), 2.10−2.00 (m, 4H), 2.02−1.96 (m, 12H),
1.29 (t, J = 4.24 Hz, 6H), 096−0.86 (m, 39H), 0.68−0.50 (m, 50H).
13C NMR (100 MHz, CDCl3): 155.17, 153.65, 153.54, 149.29, 146.15,
144.67, 144.23, 144.13, 141.03, 140.43, 140.32, 138.83, 138.34, 138.26,
138.10, 137.95, 126.54, 126.28, 125.95, 125.43, 125.30, 124.65, 123.80,
122.49, 122.17, 121.85, 121.55, 120.49, 118.89, 118.61, 117.43, 113.66,
109.59, 108.89, 55.65, 55.56, 55.51, 47.54, 43.34, 36.98, 36.80, 31.61,
31.51, 31.46, 31.40, 30.17, 29.71, 29.54, 29.49, 29.40, 29.14, 29.06,
27.04, 26.66, 24.07, 23.92, 23.77, 22.59, 22.51, 22.38. HRMS (EIS)
calcd for C131H157N4O2S2 (M + H+): 1882.1748. Found: 1882.1763.

M44. Red power (yield: 87%). MP: 114−118 °C. 1H NMR (400
MHz, CDCl3+MeOD-d4): δ 8.37−8.21 (m, 4H), 7.78 (s, 1H), 7.58 (d,
J = 8.37 Hz, 1H), 7.48−7.44 (m, 3H), 7.39−7.34 (m, 5H), 7.24−7.04
(m, 7H), 6.67 (s, 1H), 4.23 (t, J = 8.23 Hz, 2H), 3.29 (s, 2H), 3.03 (t, J
= 7.59 Hz, 2H), 2.97−2.87 (m, 6H), 2.08−1.91 (m, 8H), 1.36−1.27
(m, 21H), 1.02−0.87 (m, 46H), 0.70−0.51 (m, 30H). 13C NMR (100
MHz, CDCl3): 155.03, 153.54, 145.86, 145.17, 144.88, 144.67, 144.50,
144.31, 144.08, 140.44, 140.34, 140.23, 138.43, 138.30, 138.24, 137.90,
127.66, 126.64, 126.26, 125.92, 125.36, 124.63, 124.57, 122.87, 122.15,
121.13, 120.34, 113.53, 113.11, 104.82, 55.61, 55.53, 55.50, 53.40,
36.98, 36.82, 31.92, 31.77, 31.74, 31.56, 31.49, 31.45, 31.41, 31.37,
30.80, 30.31, 30.15, 29.69, 29.65, 29.60, 29.51, 29.47, 29.39, 29.35,
29.26, 29.10, 27.22, 27.14, 26.93, 26.88, 26.63, 25.95, 25.89, 24.76,
24.11, 24.01, 23.90, 23.77, 22.70, 22.48, 22.36, 22.28, 22.25, 18.65,
13.96. HRMS (EIS) calcd for C105H141N4O2S2 (M + H+): 1555.0429.
Found: 1555.0616.

Scheme 1. Schematic Diagram for the Synthesis of the Studied Dyes
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M45. Red power (yield: 79%). MP: 119−121 °C. 1H NMR (400
MHz, CDCl3+MeOD-d4): δ 8.37 (d, J = 7.79 Hz, 1H), 8.29 (t, J = 8.34
Hz, 3H), 7.77 (s, 1H), 7.61−7.58 (m, 4H), 7.48−7.44 (m, 2H), 7.40−
7.37 (m, 4H), 7.32 (d, J = 2.08 Hz, 1H), 7.25 (d, J = 8,83 Hz, 4H),
7.22 (s, 1H), 7.18 (s, 2H), 7.15 (d, J = 5.19 Hz, 1H), 7.01 (d, J = 5.71
Hz, 1H), 4.26−4.21 (m, 4H), 3.02−2.89 (m, 6H), 2.12−2.03 (m, 4H),
1.97−1.87 (m, 6H), 1.33−1.30 (m, 12H), 0.97−0.86 (m, 42H), 0.72−
0.68 (m, 12H), 0.62 (t, J = 7.59 Hz, 9H), 0.57−0.50 (m, 9H). 13C
NMR (100 MHz, CDCl3): 155.45, 153.63, 153.49, 146.24, 145.27,
145.14, 144.65, 144.55, 144.33, 141.25, 140.34, 140.21, 138.45, 126.54,
126.37, 126.20, 125.99, 125.58, 124.59, 123.01, 115.03, 113.84, 110.89,
106.35, 55.71, 55.59, 55.52, 47.42, 36.95, 36.79, 31.94, 31.58, 31.50,
30.38, 30.20, 29.71, 29.67, 29.48, 29.38, 29.27, 26.70, 26.65, 24.06,
23.91, 23.77, 22.52, 23.38, 22.89, 22.26, 14.13, 14.01, 13.90. HRMS
(EIS) calcd for C107H131N4O2S4 (M + H+): 1631.9155. Found:
1631.9180.
M46. Red power (yield: 81%). MP: 118−122 °C. 1H NMR (400

MHz, CDCl3+MeOD-d4): δ 8.36 (d, J = 6.57 Hz, 1H), 8.27 (d, J =
8.57 Hz, 1H), 8.24−8.16 (m, 2H), 7.65 (s, 1H), 7.54 (d, J = 8.56 Hz,
1H), 7.47 (d, J = 8.76 Hz, 2H), 7.44−7.42 (m, 3H), 7.36−7.32 (m,
6H), 7.26−7.00 (m, 8H), 6.62 (d, J = 8.26 Hz, 1H), 4.25 (t, J = 6.88
Hz, 2H), 2.96−2.89 (m, 6H), 2.07−1.99 (m, 4H), 1.93−1.85 (m, 4H),
1.33−1.26 (m, 6H), 0.95−0.84 (m, 39H), 0.66−0.49 (m, 30H). 13C
NMR (100 MHz, CDCl3): 155.45, 153.63, 153.49, 146.24, 145.27,
145.14, 144.65, 144.55, 144.33, 141.25, 140.34, 140.21, 138.45, 138.31,
137.89, 130.58, 128.82, 126.55, 126.37, 126.20, 125.99, 125.58, 124.59,
123.01, 122.21, 115.03, 113.84, 110.89, 106.35, 55.71, 55.59, 55.52,
47.42, 36.95, 36.79, 31.94, 31.58, 31.50, 31.45, 30.38, 30.20, 29.71,
29.67, 29.48, 29.38, 29.27, 26.70, 26.65, 24.06, 23.91, 23.77, 22.52,
22.38, 22.28, 22.26, 14.13, 14.01, 13.90. HRMS (EIS) calcd for
C101H119N4O2S4 (M + H+): 1547.8215. Found: 1547.8218.
General Synthesis Procedure of Compounds 3a−c and 6. To a

100 mL two-neck round-bottomed flask were added 20 mL anhydrous
toluene, compounds 1a−c (400.0 mg, 0.36 mmol), compound 2
(230.1 mg, 0.54 mmol), anhydrous sodium tert-butoxide (100.6 mg,
1.08 mmol), tris(dibenzylideneacetone) dipalladium (16.4 mg, 18.00
μmol) and XPhos (17.2 mg, 36.01 μmol). The mixture was refluxed
for 24 h in the dark under argon. After the solution cooled to room
temperature, H2O and ethyl acetate were added. The organic layer was
separated and dried in Na2SO4. The solvent was evaporated and the
remaining crude product was purified by column chromatography
(PE:EA = 20:1 as eluent).
3a. Brown solid (yield: 59%). MP: 72−74 °C. 1H NMR (400 MHz,

CDCl3): δ 9.89 (s, 1H), 8.38 (d, J = 7.15 Hz, 1H), 8.33 (d, J = 7.94
Hz, 1H), 8.29 (d, J = 8.61 Hz, 1H), 7.65 (q, J = 7.33 Hz, 4H), 7.62 (d,
J = 4.95 Hz, 2H), 7.59 (s, 1H), 7.48 (t, J = 2.12 Hz, 2H), 7.45−7.39
(m, 4H), 7.35 (t, J = 7.40 Hz, 6H), 7.30 (s, 1H), 7.27 (s, 3H), 7.24 (d,
J = 1.77 Hz, 1H), 7.21 (s, 1H), 7.18 (d, J = 5.50 Hz, 4H), 7.16 (s, J =
1.27 Hz, 2H), 7.14 (d, J = 1.43 Hz, 1H), 4.26 (t, J = 7.03 Hz, 2H),
3.01−2.90 (m, 6H), 2.13−2.00 (m, 4H), 1.99−1.86 (m, 12H), 1.36−
1.31(m, 6H), 1.01−0.91 (m, 39H), 0.83−0.73 (m, 18H), 0.73−0.60
(m, 24H), 0.54 (q, J = 15.10 Hz, 8H). 13C NMR (100 MHz, CDCl3):
δ 182.72, 153.67, 153.48, 152.11, 150.49, 149.77, 144.64, 144.42,
144.24, 143.83, 140.96, 140.39, 140.27, 139.75, 138.42, 138.29, 136.00,
126.83, 124.68, 124.58, 123.80, 122.79, 122.57, 122.34, 122.16, 120.36,
119.05, 118.40, 105.36, 55.66, 55.59, 55.53, 55.25, 47.50, 42.69, 36.97,
36.85, 31.56, 31.51, 31.46, 31.41, 30.27, 29.52, 29.49, 29.41, 26.70,
24.04, 23.92, 23.77, 22.51, 22.34, 22.27, 17.35, 14.60, 14.01, 13.98,
13.96, 13.91. HRMS (EIS) calcd for C128H156N3OS2 (M + H+):
1816.1722. Found: 1816.1733.
3b. Brown solid (yield: 68%). MP: 71−75 °C. 1H NMR (400 MHz,

CDCl3): δ 9.88 (s, 1H), 8.38 (d, J = 7.24 Hz, 1H), 8.32 (d, J = 6.43
Hz, 1H), 8.29 (d, J = 8.37 Hz, 1H), 7.65 (q, J = 4.84 Hz, 1H), 7.53 (d,
J = 8.68 Hz, 2H), 7.46 (q, J = 7.20 Hz, 3H), 7.41−7.35 (m, 4H), 7.19−
7.10 (m, 6H), 6.66 (d, J = 8.42 Hz, 2H), 4.25 (t, J = 7.00 Hz, 2H), 3.30
(s, 4H), 3.00−2.88 (m, 6H), 2.13−2.00 (m, 4H), 1.96−1.90 (m, 4H),
1.37−1.33 (m, 21H), 1.03−0.88 (m, 46H), 0.71−0.52 (m, 30H). 13C
NMR (100 MHz, CDCl3): 182.60, 153.68, 153.56, 149.92, 149.73,
148.22, 147.76, 147.52, 145.82, 145.46, 145.27, 144.64, 144.05, 143.86,
143.74, 140.46, 140.38, 138.32, 138.25, 135.04, 127.88, 126.37, 126.28,

125.94, 125.37, 124.64, 124.59, 123.87, 122.16, 121.66, 121.11, 119.03,
117.16, 113.32, 112.55, 104.93, 55.62, 55.56, 55.51, 53.81, 51.33,
47.47, 37.00, 36.85, 31.79, 31.58, 31.52, 31.48, 31.41, 30.26, 29.53,
29.49, 29.42, 26.92, 26.70, 24.03, 23.92, 23.79, 22.74, 22.51, 22.38,
22.30, 22.27, 14.13, 14.07, 13.90. HRMS (EIS) calcd for
C104H140N3OS2 (M + H+): 1488.0471. Found: 1488.0568.

3c. Brown solid (yield: 68%). MP: 72−73 °C. 1H NMR (400 MHz,
CDCl3): δ 9.89 (s, 1H), 8.38 (d, J = 7.66 Hz, 1H), 8.31 (d, J = 8.28
Hz, 2H), 7.69 (d, J = 7.09 Hz, 1H), 7.66 (s, 1H), 7.61 (q, J = 8.78 Hz,
4H), 7.49−7.43 (m, 3H), 7.42−7.36 (m, 4H), 7.33 (d, J = 2.19 Hz,
1H), 7.27 (s, 1H), 7.25 (d, J = 2.31 Hz, 2H), 7.23 (s, 1H), 7.20 (s,
1H), 7.16 (d, J = 4.99 Hz, 1H), 7.03 (d, J = 5.35 Hz, 1H), 4.28−4.22
(m, 4H), 3.01−2.88 (m, 6H), 2.14−2.03 (m, 4H), 1.98−1.89 (m, 6H),
1.37−1.33 (m, 12H), 0.99−0.88 (m, 42H), 0.72−0.67 (m, 11H), 0.63
(t, J = 6.32 Hz, 10H), 0.57−0.52 (m, 9H). 13C NMR (100 MHz,
CDCl3): 182.70, 155.43, 153.65, 149.72, 147.73, 147.50, 146.33,
145.28, 144.67, 144.33, 143.89, 141.29, 140.35, 140.29, 149.23, 139.85,
138.46, 138.32, 137.91, 136.37, 130.59, 129.08, 128.76, 128.21, 126.59,
126.36, 125.98, 125.80, 125.58, 124.68, 124.58, 124.51, 123.77, 123.49,
123.02, 122.81, 122.22, 118.561, 15.04, 113.86, 113.75, 110.89, 106.69,
105.58, 58.46, 55.72, 55.60, 55.54, 47.50, 47.44, 36.96, 36.82, 31.57,
31.50, 31.43, 31.39,30.36, 30.61, 129.49, 29.46, 29.38, 26.69, 24.06,
23.91, 23.76, 22.51, 22.49, 22.39, 22.28, 22.25, 18.43, 13.98, 13.88.
HRMS (EIS) calcd for C104H130N3OS4 (M + H+): 1564.9097. Found:
1564.9098.

6. Orange solid (yield: 76%). MP: 82−83 °C. 1H NMR (400 MHz,
CDCl3): δ 9.90 (s, 1H), 8.39 (t, J = 7.09 Hz, 2H), 8.31 (d, J = 7.76 Hz,
1H), 8.14 (d, J = 9.21 Hz, 2H), 7.71 (s, 1H), 7.69 (s, 1H), 7.67 (s,
1H), 7.51−7.46 (m, 2H), 7.43−7.38 (m, 4H), 7.33 (q, J = 13.71 Hz,
2H), 7.31 (s, 1H), 7.26 (s, 1H), 7.21 (q, J = 8.36 Hz, 1H), 7.17 (d, J =
9.29 Hz, 2H), 4.28 (t, J = 6.79 Hz, 2H), 3.01−2.87 (m, 6H), 2.1−2.08
(m, 4H), 2.00−1.91 (m, 4H), 1.42−1.33 (m, 6H), 1.06−0.80 (m,
39H), 0.68 (q, J = 12.87 Hz, 12H), 0.63 (t, J = 6. 97, Hz, 8H), 0.58−
0.50 (m, 10H). 13C NMR (100 MHz, CDCl3): 161.96, 153.64, 153.39,
153.31, 145.25, 145.14, 144.97, 144.74, 142.54, 140.54, 140.48, 140.20,
140.03, 126.31, 126.06, 125.93, 125.47, 125.13, 124.73, 124.55, 124.19,
123.42, 122.29, 122.19, 121.64, 118.84, 110.89, 107.07, 55.85, 55.71,
55.60, 47.45, 36.94, 36.91, 36.78, 31.51, 31.47, 31.40, 30.33, 29.42,
29.31, 28.84, 26.67, 24.07, 23.91, 23.76, 22.47, 22.28, 13.91, 13.87,
13.82. HRMS (EIS) calcd for C90H114N3O3S2 (M + H+): 1348.8302.
Found: 1348.8356.

Synthesis of Compound 9. Compound 6 (500 mg, 0.376 mmol)
was dissolved in 100 mL of absolute THF, then 10% Pd/C (40.01 mg,
37.6 μmol) catalyst was added. The reaction mixture was purged with
hydrogen and stirred at room temperature for 3 days. At the end of the
reaction, the mixture was filtered and the filtrate was concentrated
under reduced pressure. Then the precipitate were filtered and dried
under vacuum. Compound 7 was obtained as a brown oil (488.5 mg,
yield: 96.7%) without purification.

To a 100 mL two-neck round-bottomed flask were added 20 mL of
anhydrous toluene, compound 7 (400 mg, 0.308 mmol), compound 8
(99.73 mg, 0.308 mmol), anhydrous sodium tert-butoxide (88.74 mg,
0.924 mmol), tris(dibenzylideneacetone)dipalladium (9.8 mg, 10.78
μmol) and BINAP (19.2 mg, 30.8 μmol). The reaction mixture was
stirred and refluxed at Ar atmosphere overnight. The solvent was
evaporated, and the remaining crude product was purified by column
chromatography (PE:EA = 20:1 as eluent) to give the product. Orange
solid (145 mg, yield: 35%). MP: 79−81 °C. 1H NMR (400 MHz,
CDCl3): δ 9.88 (s, 1H), 8.39 (d, J = 7.19 Hz, 1H), 8.31 (d, J = 6.39
Hz, 1H), 8.24 (d, J = 9.35 Hz, 1H), 7.65 (s, 1H), 7.54 (d, J = 8.63 Hz,
2H), 7.49−7.46 (m, 2H), 7.41−7.37 (m, 7H), 7.23 (s, 1H), 7.20 (t, J =
5.40 Hz, 3H), 7.16 (d, J = 1.80 Hz, 2H), 7.14 (s, 1H), 7.11 (d, J = 5.40
Hz, 1H), 6.95 (d, J = 8.99 Hz, 2H), 4.28 (t, J = 6.83 Hz, 2H), 3.00−
2.91 (m, 6H), 2.10−2.01 (m, 4H), 2.00−1.91 (m, 4H), 1.44−1.32 (m,
6H), 1.01−0.88 (m, 39H), 0.68 (t, J = 7.19 Hz, 12H), 0.62 (t, J = 7.19
Hz, 10H), 0.55−0.52 (m, 8H). 13C NMR (100 MHz, CDCl3): 177.67,
153.64, 151.51, 144.62, 144.09, 143.77, 140.33, 138.32, 135.82, 134.36,
130.89, 128.25, 127.75, 126.3, 125.92, 125.50, 124.63, 124.56, 123.97,
122.15, 119.04, 115.88, 103.91, 98.44, 55.54, 55.50, 47.47, 36.96,
36.80, 34.22, 33.25, 32.32, 31.91, 31.62, 31.53, 31.50, 31.43, 31.37,
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30.32, 30.23, 29.68, 29.65, 29.45, 27.77, 26.67, 24.00, 23.89, 23.75,
23.38, 22.67, 22.46, 22.32, 22.25, 22.23, 22.16, 13.95. HRMS (EIS)
calcd for C98H118N3OS4 (M + H+): 1480.8158. Found: 1480.8130.
Optical and Electrochemical Measurements. The absorption

spectra of dyes and sensitized films were measured by SHIMADZU
UV-2600 spectrophotometer. Fluorescence measurements were
carried out with a HITACHI F-4500 fluorescence spectrophotometer.
Cyclic voltammetry (CV) measurements for sensitized films were

performed on a Zennium electrochemical workstation (ZAHNER,
Germany), with sensitized electrodes as the working electrode, Pt-
wires as the counter electrode and an Ag/AgCl electrode as the
reference electrode at a scan rate of 10 mV s−1. Tetrabutylammonium
perchlorate (TBAP, 0.1 M) and MeCN were used as the supporting
electrolyte and solvent, respectively. The results were calibrated using
ferrocene as the standard.
Charge densities at open circuit and intensity modulated photo-

voltage spectroscopy (IMVS) were performed on a Zennium
electrochemical workstation (ZAHNER, Germany), which includes a
green light emitting diode (LED, 532 nm) and the corresponding
control system. The intensity-modulated spectra were measured at
room temperature with light intensity ranging from 5 to 75 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.
Fabrication and Characterization of DSCs. A double layer

titania film made via screen-printing on a precleaned fluorine-doped
tin oxide (FTO) conducting glass (Nippon Sheet Glass, Hyogo, Japan,
sheet resistance of 14 Ω/sq) was deployed as the negative electrode of
DSCs. A 3 μm-thick translucent layer of 25 nm sized titania particles
was first deposited on a FTO glass and further covered with a 4 μm-
thick light scattering layer of 200 nm sized titania particles (DHS-
SLP1, Heptachroma, China). The film was dried in air at 120 °C for
30 min and calcined at 500 °C for 30 min under flowing oxygen before
cooling to room temperature. The heated electrodes were impregnated
with a 0.05 M titanium tetrachloride solution in a water-saturated
desiccator at 70 °C for 30 min and fired again. The TiO2 electrode was
stained by immersing it into a 0.3 mM dye solution in a mixture of
DCM/EtOH (v/v, 1:1) and kept at room temperature for 24 h to
complete the sensitizer uptake. Then the sensitized electrodes were
rinsed with dry ethanol and dried by a dry air flow. Pt catalyst was

deposited on the FTO glass by coating with a drop of H2PtCl6
solution (40 mM in ethanol) with the heat treatment at 395 °C for 15
min to give photoanode. The sensitized electrode and Pt-counter
electrode were assembled into a sandwich type cell by a 25 μm-thick
Surlyn (DuPont) hot-melt gasket and sealed up by heating. Electrolyte
Co-phen: 0.25 M [Co(II) (phen)3](PF6)2, 0.05 M [Co(III)
(phen)3](PF6)3, 0.5 M TBP and 0.1 M LiTFSI in acetonitrile.

The photocurrent−voltage (J−V) characteristics of the solar cells
were carried out using a Keithley 2400 digital source meter controlled
by a computer and a standard AM1.5 solar simulator, Oriel 91160-
1000 (300 W) solar simulator 2 × 2 beam. The light intensity was
calibrated by an Oriel reference solar cell. A metal mask with an
aperture area of 0.19 cm2 was covered on a testing cell during all
measurements. The action spectra of monochromatic incident photon-
to-current conversion efficiency (IPCE) for solar cell were performed
by using a commercial setup (QTest Station 2000 IPCE Measurement
System, CROWNTECH, USA).

■ RESULTS AND DISCUSSION

Synthesis of Sensitizers. As depicted in Scheme 1, M43,
M44, M45 and M46 were prepared according to a previously
reported procedure of the Buchwald−Hartwig cross-coupling
of a secondary amine (1a−c and 5) with a bromine substituted
aromatic aldehyde (2), and the Knoevenagel condensation.
Note that the Buchwald−Hartwig amination of bromine
substituted aromatic aldehyde 2 must be carried out before
Buchwald−Hartwig amination of 3,3′-dibromo-2,2′-bithio-
phene for facile synthesis of compound 9.

Photophysical Properties. The electronic absorption
spectra of diluted CH2Cl2 solutions of these dyes were
recorded to evaluate the photophysical properties of dyes,
and the corresponding properties are summarized in Table 1.
As depicted in Figure 3a, the major absorption peaks for M43,
M44, M45 and M46 are at 529, 535, 521 and 510 nm,
respectively. A red-shifted maximum absorption wavelength
along with enhanced maximum molar absorption coefficient
(ε) 79.6 × 103 M−1 cm−1 at 521 nm was measured for the M45

Table 1. Optical Properties and Electrochemical Properties of the Dyes

dye λmax (nm)
a ε (103 M−1cm−1) E0−0 (eV)

b HOMO (V) vs NHEc HOMO (V)d LUMO (V) vs NHEe

M43 529 60300 2.10 0.81 −4.76 −1.29
M44 535 58400 2.10 0.64 −4.71 −1.46
M45 521 79600 2.16 0.92 −4.87 −1.24
M46 510 69300 2.17 1.03 −5.14 −1.14

aThe absorption spectra in DCM. bE0−0 values were estimated from the intersections of normalized absorption and emission spectra (λint): E0−0 =
1240/λint. Normalized absorption and emission spectra of the dyes in dichloromethane can be found in Figure S1 in the Supporting Information.
cHOMO was recorded by cyclic voltammograms of the dye-loaded TiO2 film.

dTheoretical HOMO data calculated at the B3LYP/6-31G level of the
dyes in a vacuum. eLUMO was calculated from HOMO − E0−0.

Figure 3. Absorption spectra of the dyes in dichloromethane (a) and the dyes sensitized film (b).
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dye, compared to that of 69.3 × 103 M−1 cm−1 at 510 nm for
M46. Clearly, the introduction of a DTP electron donor in the
dithiophenepyrrole direction leads to a broadening of the
absorption in comparison to the pyrrole direction. So we think
the conjugation is more delocalized in the dithiophenepyrrole
direction in comparison to the pyrrole direction, which results
in stronger charge transfer interactions in M45 and enhanced
maximum molar absorption coefficient. In spite of the slight
blue shift of maximum absorption wavelength in comparison
with the M43/44, the M45 dye exhibits a stronger and broader
absorption.
The absorption spectra of dyes on 3 μm-thick TiO2 films are

shown in Figure 3b. Compared with the absorption spectrum in
DCM solution, the ICT band for these sensitizers are blue-
shifted (39, 41, 59 and 23 nm for M43, M44, M45 and M46,
respectively), which is due to the deprotonation of the
carboxylic acid.43 In particular, the ICT band for M45
sensitized film hypsochomically shifts to 462 nm by 59 nm,
which is larger than that those of M43/44. A possible reason for
this observation is that M43/44 have a stronger amine donor
due to the presence of mutually trans amine groups, which
increases the donor strength and countervails the deprotona-
tion effect when anchoring sensitizers onto nanocrystalline
TiO2 surface. Nevertheless, the hypsochomically shift of M46
sensitized film is only 23 nm, indicative of the DTP conjugation
in the dithiophenepyrrole direction is more efficient than that
of the pyrrole direction. Note that M45 has a higher absorbing
intensity when compared to that of other dyes, which would
facilitate the light harvesting of DSCs. Although M43 displays a
lower absorbing intensity, primarily owing to relatively low dye
load amounts. The measured dye load amounts of M43, M44,
M45 and M46 are estimated to be 2.7 × 10−8, 3.4 × 10−8, 3.7 ×
10−8 and 3.9 × 10−8 mol cm−2, respectively.
We further recorded the wavelength dependent light-

harvesting efficiencies of dye-grafted titania films (Figure 4),

which was also immersed in a tris(1,10-phenanthroline) cobalt
(Co-phen) electrolyte. For its detailed composition, see the
Experimental Section. For the herein studied DTP electron
donor, it is noted that the introduction of a DTP electron
donor in the dithiophenepyrrole direction (M45) is effective in
promoting a broad absorption spectral response fill the valley
between 375 and 500 nm. By contrast, other dyes sensitized
films lack absorptions in this region. Moreover, M45 sensitized
film displays a comparable absorption at 550−700 nm with

respect to those of other dyes. It is therefore a convenient
sensitizer for cobalt cells using relatively thin (2−5 μm) TiO2
films. The observed onset of absorption of M44 sensitized films
was slightly red-shifted as compared with those for other dyes,
in agreement with the results of solution absorption measure-
ments.
To determine if there was any difference in electron donor

conjugation for M45 and M46, we carried out quantum
calculation with the density functional theory (DFT).
Optimized ground-state molecular geometries of M45 and
M46 were shown in Figure 5a. M46 possesses a large dihedral

angle of 45.9° between the phenyl and DTP units due to the
steric hindrance, whereas the corresponding dihedral angle in
M45 was only 20.5° along with the conjugation alternation
from the pyrrole direction to the dithiophenepyrrole direction.
Therefore, the conjugation of the DTP donor with arylamine is
more delocalized in the dithiophenepyrrole direction in
comparison to the pyrrole direction, which results in stronger
charge transfer interactions in M45 and bathochromically
shifted the absorption band.
To gain insight into the charge transfer in both dyes, DFT

calculations and time-dependent DFT (TDDFT) calculations
of the excited states were performed. We optimized the
molecular structure of M43−46 in the vacuo, and the isodensity
surface plots of HOMO and LUMO are presented in Figure S2.
For all these four dyes stem completely or mainly from the
charge transfer transition from HOMO to LUMO. For M45,
the HOMO is delocalized throughout the entire molecule, with
maximum components on the triarylamine unit and the DTP
donor; however the contribution from the DTP donor in M46
is much less than that of M45 (Figure 5b), which further
confirm the charge transfer interactions difference in M45 and
M46.

Electrochemical Properties. Electrochemical properties of
the four dye-sensitized TiO2 films were investigated by cyclic
voltammetry (CV) in acetonitrile solution containing 0.1 M
tetrabutylammonium perchlorate (TBAP, 0.1 M) as the
supporting electrolyte (Figure 6a−c). The derived energy
levels are tabulated in Table 1. The potential was externally
calibrated by ferrocenium/ferrocene (Fc+/Fc) couple, and then

Figure 4. Light-harvesting efficiencies plotted vs wavelength (λ) for
the 3 μm thick, dye-grafted mesoporous titania films immersed in a
Co-phen electrolyte.

Figure 5. Optimized ground-state molecular geometries (a) and
HOMO orbitals (b) of M45 and M46.
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was calculated vs the normal hydrogen electrode (NHE)
electrode (E1/2 (Fc

+/Fc) = 0.63 V vs NHE). The first oxidation
potential, which corresponds to the highest occupied molecular
orbital (HOMO) level of M43, M44, M45 and M46 sensitized
films are determined to be 0.81, 0.64, 0.92 and 1.03 V (vs
NHE), respectively. With the aid of density functional theory
(DFT) calculation, we obtained the calculated HOMO values
of the four dyes, which increases in the order of M46 < M45 <
M43 < M44 (see Table 1). A sequence that is consistent with
the result of CV measurements.
Apparently, as shown in Figure 6b, the DPT donor has a

more profound influence on the HOMO downward movement

than those of attaching the bis(amine) moieties. Furthermore,
it is noted that the DTP electron donor bringing for a broader
LUMO/HOMO energy gap of 2.16 and 2.17 eV for M45 and
M46, respectively. Recent studies have shown that the
photocurrent of DSCs based on CoII/III polypyridyl electro-
lytes is dependent on the driving force for regeneration
(ΔGreg).

69 Therefore, in view of the HOMO level, introduction
of bis(amine) such as DFBA or DHBA unit has a negative
effect on dye regeneration and the photocurrent of the cobalt
cells. Furthermore, it can be found that both the first and the
second oxidative potential values of M46 are higher than those
for M45. Because higher electron density of electron donor

Figure 6. (a) CV of dyes sensitized films in MeCN with 0.1 M TBAP as the supporting electrolyte (CVs of those dyes in solutions can be found in
Figure S3). (b) CV of M44 sensitized film. (c) CV of M46 sensitized film. (d) HOMO, LUMO and energy gap of studied dyes based on CV
measurements.

Figure 7. IPCE action spectra (a) and the J−V curves (b) of the studied devices employing the Co-phen electrolyte.
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results in a lower oxidative potential, this result suggested a
stronger charge transfer interactions of M45 as compared to
that of the M46, which is consistent with the preceding
absorption spectra data and computational analysis.
Photovoltaic Performance. We further carried out the

incident photon-to-collected electron conversion efficiency
(IPCE) measurement of a dye-coated titania film in
conjunction with a Co-phen electrolyte. As depicted in Figure
7a, the M46 sensitized device exhibits lower than 56% IPCEs in
the wavelength range from 350 to 700 nm, whereas the
noticeably enhanced IPCEs of the M45 cell in the whole visible
region clearly embody the merit of introduction of DTP
electron donor in the dithiophenepyrrole direction. The
maximum IPCE value for DSC based on the sensitizer M43
is much lower than that for M45, which should be mainly
attributed to the low dye load amounts as a result of bulky
structure of DFBA. Moreover, a more negative HOMO level
(0.11 V vs NHE relative to M45) may induce an insufficient
driving force for the dye regeneration. Consequently, M43
sensitized DSCs tends to have a lower IPCE as compared to
that of M45. Finally, the relatively low IPCE values observed
for the M44 sensitized cells were likely related to the strong
charge recombination between the injected electron and the
oxidized dyes and/or cobalt(III) ions in electrolyte (see
electron lifetime measurements). It should be noted that the
HOMO level of dyes may have a significant influence on the
charge recombination in DSCs. M44 has the highest HOMO
level among all, which disfavors the dye regeneration and may
result in recombination of the injected electrons with the
oxidized dyes. In good agreement with the absorption spectra
(Figure 3 and Figure 4), M45 presented higher IPCEs than
those of M43 and M44 below 450 nm.
The current−voltage (J−V) characteristics of these devices

under simulated one-sun illumination (AM 1.5 G, 100 mW
cm−2) are presented in Figure 7b, and the corresponding
photovoltaic data are summarized in Table 2. The short-circuit

photocurrent density (JSC), open circuit photovoltage (VOC)
and fill factor (FF) of the M46 cell are 7.97 mA cm−2, 760 mV
and 0.71, respectively, affording a power conversion efficiency
(PCE) of 4.30%. By contrast, a notably improved JSXC of 15.3
mA cm−2 concomitant with an increased VOC of 867 mV was
achieved with the M45 dye, contributing to a very promising
efficiency as high as 9.02%. The key observation here is that a
subtle modification of the electron donor direction of DTP unit
induces strikingly large JSC and VOXC improvements. Under the
same conditions, M43 and M44 yield PCEs of 6.97% and
2.95%, respectively. Evidently, electron donor of these dyes
significantly influenced the photovoltaic properties of the dyes.

Note that, M45 affords much higher photocurrent as compared
that of M43/44, indicating that DTP is a powerful electron
donor can successfully obtain a high photocurrent for the cobalt
cells. To enable comparison with prior work by other groups,
we recorded the J−V curves of C241 (the structure can be
found in Figure S4 in the Supporting Information) sensitized
DSCs. The dye reported by Wang and co-workers70 gave a
PCE of 7.44% under the same conditions (Table 2).
Because the stability is extremely important for the dyes, the

stability tests of the studied dyes were carried out for a few
days. Figure S5 shows the variations of photovoltaic parameters
(JSC, VOC, FF and PCE) with aging time for the DSCs
employing the liquid Co-phen electrolyte. Under visible-light
soaking, the PCEs of M43, M44, M45 and M46 sensitized cells
decreased by 29.8%, 51.8%, 16.2% and 32.4%, respectively, after
120 h. Apparently, the photostability of M45 is better than
other dyes. By contrast, M44 is less stable; and its poor
efficiency may suffer from this.
To understand the discrepancy in photocurrent of these

dyes, nanosecond-to-millisecond transient absorption measure-
ments (Figure 8) were further executed. The wavelengths of
pump pulses are 540 nm for the M45 samples. The pump
wavelengths are selected in terms of a 0.5 optical density of the
testing sample, and the pulse fluence is kept at 21.8 μJ cm−2 to
afford an alike distribution profile of excitons. The solid lines
are fittings of normalized absorption (ΔA) via the stretched
exponential decay function of ΔA ∝ A0 exp[−(t/τ)α], where A0
is the pre-exponential factor, α is the stretching parameter and τ
is the characteristic time. By use of the gamma function Γ(x),
the averaged-times of these charge transfer reactions were
derived through τa = (τ/α)Γ(1/α). The transient absorption of
the oxidized dyes indicates the decay rates of oxidized dye
caused either by regeneration or electron recombination. From
the transient absorption traces of DSCs employing the Co-
phen and inert electrolyte, the average time constants can be
derived through stretched exponential fitting. The regeneration
efficiency (ηreg) was estimated by using the determined
averaged-times (τa, i.e., τredox and τinert) with eq 1:69

η
τ
τ

= −1reg
redox

inert (1)

The regeneration efficiency of the M43, M45 and M46
sensitized DSCs are calculated to be 80%, 95% and 59%,
respectively. Clearly, high regeneration efficiency of M43 and
M45 contributed to their good photocurrents. In addition, the
low regeneration efficiency of M46 should be responsible for
the moderate JSC values because of enhanced recombination
reaction. Unfortunately, we could not obtain the regeneration
efficiency of the M44, because the τredox of M44 is larger than
τinert. As a matter of fact, sometimes this problem can be found
for other organic dyes during measurements, and the reasons
are not clear.
In spite of that, we suspect that the regeneration efficiency of

M44 should be lower than other dyes. The validity of this
deduction could be further examined by investigating the effect
of driving force for regeneration on the photocurrent
performance of these dyes. [Co(bpy)3]

2+/3+ (0.56 V vs NHE)
and [Co(dmbpy)3]

2+/3+ (0.43 V vs NHE) with higher with
more negative redox potentials were employed as the
electrolyte, and the detailed parameters are presented in
Table S1. As expected, the JSC value increased with increasing of
driving force for regeneration. However, M43−46 sensitized
devices increased in different degrees. As Figure S6 presents, for

Table 2. Photovoltaic parameters for DSCs employing the
Co-phen electrolyte.a

dye JSC (mA cm−2) VOC (mV) FF PCE (%)

M43 11.2 ± 0.3 915 ± 8 0.68 ± 0.01 6.97 ± 0.3
M44 5.6 ± 0.3 765 ± 5 0.69 ± 0.01 2.95 ± 0.3
M45 15.3 ± 0.3 867 ± 10 0.68 ± 0.01 9.02 ± 0.2
M46 7.97 ± 0.4 760 ± 9 0.71 ± 0.01 4.30 ± 0.3
C241 13.0 ± 0.4 830 ± 10 0.69 ± 0.01 7.44 ± 0.2

aIrradiating light: AM 1.5G (100 mW cm−2). The photovoltaic
parameters are averaged values obtained from analysis of the J−V
curves of three identical working electrodes for each device fabricated
and characterized under the same experimental conditions.
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the M44-based devices, electrolyte alteration from Co-phen to
Co-bpy/Co-dmbpy has caused a remarkably enhanced charge
photogeneration; whereas M43 and M45 confers a moderate
increase in photocurrent. This result indicates that the JSC
performance of M44 is strongly dependent on the driving force
for regeneration. In other words, the regeneration efficiency of
M44 is low in the Co-phen system.
Apparently, the electron donor also has a distinct impact on

the photovoltage of the devices. Surprisingly, the superior
performance of BZ-HDTP as a donor relative to BZDTP in
terms of the VOC is particularly noteworthy. It is well
documented that for DSCs with an invariable redox electrolyte
their VOC values under light are intimately related to the
electron quasi-Fermi levels (EF,n) of titania, which are
determined by the density of photoinjected electrons in titania

and/or the conduction band edge (ECB) of titania.15 To
examine the dynamic origins of the change in VOC, we
performed charge-extraction and transient photovoltage decay
measurements. As illustrated in Figure 9a, at fixed extracted
charge density (dn), the VOC values of M43−46 sensitized
devices are very close, which indicates that the conduction-band
edge (Ec) of these dye-sensitized films are nearly unchanged.
Figure 9b shows the electron lifetime (τ) as a function of

extracted charge density at open circuit for the cobalt cells. For
M46, a shorter electron lifetime has been measured compared
to devices incorporating M45, giving a clear clue regarding its
smaller photovoltage and photocurrent. At a fixed Q (1.92 ×
1018 cm3), the τ value for M45-based DSCs is larger than that
of M46-based DSCs by around 1.6-fold. This indicates that
charge recombination between injection electrons the oxidized

Figure 8. Absorption decays at a probe wavelength of 785 nm upon 5 ns laser excitation for the 4.2 μm-thick, mesoporous titania films grafted with
M43 (a), M44 (b), M45 (c) and M46 (d), which are also immersed in the inert electrolyte and the Co-phen electrolyte.

Figure 9. (a) Charge density at open circuit and (b) electron lifetime as a function of charge density for DSCs.
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dyes and/or cobalt(III) ions in electrolyte in the M46 cells is
stronger than those of the M45 cells. The significantly
attenuated rates of charge-recombination gave birth to an 107
mV increase in VOC at an irradiance of 100 mW cm−2 simulated
AM 1.5 sunlight from 760 mV for M46 to 867 mV for M45.
Meanwhile, the controlled charge recombination contributes to
JSC because of the improved charge collection efficiency at the
photoanode, leading to a photocurrent increase of 91.9% as
compared to the M46. Furthermore, the dye alteration from
M45 to M43 has caused a 2.4-fold increased electron lifetime.
Therefore, it is concluded that the observed enhancement of
VOC from M45 to M43 dye is attributed to the effect of retarded
charge recombination.
The superiority of M45 with respective to M46 regarding

reduction of charge recombination can be understood from the
structure of the molecule. The most apparent structure
difference of M45 from M46 is the DTP donor of the
molecule. As illustrated in Figure 10, the DTP “arm” in the

yellow region for M45 (10.74 Å) is longer than that of the M46
(6.45 Å), regarding the side view of the molecule. Importantly,
M45 possess a long alkyl chain in its DTP donor, whereas M46
lacks the alkyl chain in this part. Note that the significant effect
of alkyl chains on controlling the rate of recombining
photoinjected electrons with holes of the electrolyte and/or
the oxidized state of dye molecules is widely recognized.2,3,43,50

Thus, the bulkier structure of M45 increases the steric
hindrance, which blocks the approach of the oxidized dyes
and/or cobalt(III) ions in electrolyte to TiO2 film.

■ CONCLUSIONS
In summary, we incorporated dithieno[3,2-b:2′,3′-d]pyrrole
and two bis(amine) units as the terminal donor to develop
novel D−D−π−A organic sensitizers. The introduction of DTP
in the dithiophenepyrrole direction has several advantages, such
as increasing the maximum molar absorption coefficient and
extending the absorption bands, enhancing charge transfer
interaction and beneficial to photocurrent generation. In
conjunction with the Co-phen electrolyte, M45 yielded PCEs
of 9.02% at the 100 mW cm−2, simulated AM1.5 conditions.
The outstanding IPCE response and high energy conversion
efficiency of M45 sensitized cobalt cells indicates that the N,S-
heterocycles such as DTP unit could be a promising candidate
for application in highly efficient D−D−π−A organic
sensitizers. Also, these results trigger new ideas for designing

more promising highly efficient dyes toward the cobalt
electrolytes.
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Rothlisberger, U.; Graẗzel, M.; Nazeeruddin, M. K.; Frey, J. Molecular
Engineering of a Fluorene Donor for Dye-Sensitized Solar Cells.
Chem. Mater. 2013, 25, 2733−2739.
(22) Nguyen, W. H.; Bailie, C. D.; Burschka, J.; Moehl, T.; Graẗzel,
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