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a b s t r a c t

A series of new metal-free organic dyes with either a boron dipyrromethene (BODIPY)-phenylene or
-thiophene as a p-conjugated bridge have been synthesized for application in dye-sensitized solar cells.
The photophysical and electrochemical properties of these dyes were investigated and their performance
as sensitizers in dye-sensitized solar cells has been measured. The structureeproperty relationship
shows that the introduction of a methoxy group as the donor and a BODIPY-thiophene unit as the p-
conjugated bridge are favorable to improve the efficiency of DSSCs. A combination of a methoxy modified
donor and BODIPY-thiophene bridge possesses a stronger electron-donating ability and longer wave-
length absorption band, and as a sensitizer reveals the best properties of DSSCs, whose conversion
efficiency was 2.26%.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted considerable
scientific and industrial interest as promising candidates for new
renewable energy sources during the past decades [1e4]. DSSCs
based on Ru (II)-polypyridyl complexes photosensitizers, such as
N3, N719, and the black dye (Fig. 1), have achieved remarkable
light-to-power conversion efficiency above 10% under simulated
sunlight (AM 1.5) illumination [5e7]. Meanwhile, metal-free
organic dyes, featuring high extinction coefficients, facile molec-
ular design, simple synthesis process, lower cost and environ-
mentally friendliness in comparison to Ru (II) complexes, are also
under investigation. Many organic dyes based on donore(p-
spacer)eacceptor system, including porphyrin [8e12], perylene
[13e15], phthalocyanine [16], triarylamine [17e20], cyanine
[21,22], coumarin [23e27], hemicyaine [28,29], indoline [30e32],
tetrahydroquinoline [33,34] and phenothiazine [35] have been
investigated as sensitizers for DSSCs.

Boron dipyrromethene (BODIPY) is an interesting fluorophore
with a strong absorption coefficient in the visible and near-IR
ranges, large fluorescence quantum yield, a relatively long
excited-state lifetime and good solubility in organic solvents. Over
All rights reserved.
the past few years BODIPY dyes have attracted considerable
attention in a variety of potential applications such as biomolecule
labeling and fluorescence imaging [36e41]. BODIPY dyes are also
promising to be useful in DSSCs as photosensitizers [12,42e50]. In
most cases, the BODIPYs were functionalized with strong donor
groups at the 3- and 5-positions and a phenyl modified cyanoa-
crylic acid moiety at the 8-position. However, the acceptor at the 8-
position bearing a phenyl group is very likely to limit conjugation
and reduce electron flow from the donor to the anchor group,
because the meso-phenyl group and the BODIPY core with two
protruding methyl group at potions 1 and 7 are almost orthogonal
[43]. DSSCs with the above dyes gave only moderate cell parame-
ters and a maximal efficiency of 2.46% [49]. Recently it was found
that the bridging groups carrying lateral alkyl chains helped to form
a blocking layer to keep I�3 ions away from the TiO2 electrode
surface, so increasing the electron lifetime and open-circuit voltage
(Voc). For this reason, 8-alkyl chain-substituted BODIPYs have been
used as conjugated bridges, linking the donor and acceptor from 2-
and 6-positions to form the DepeA systems, which reveals high
conversion efficiencies, up to 1.83% [50].

In this work, we have synthesized a series of new metal-free
organic sensitizers with a 1H-phenanthro[9,10-d]imidazole
moiety as the donor, BODIPY as the conjugated bridge, and a cya-
noacrylic acid acting as the anchoring group (PB1e4), shown in
Chart 1. The four new sensitizers have been applied to nano-
crystalline TiO2-based solar cells, and reveal better photovoltaic
properties.
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Fig. 1. The structures of N3, N719 and Black dye.
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Chart 1. Molecular structures of BODIPY dyes.
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2. Experimental

2.1. Reagents and instruments

Solvents for organic synthesis were reagent grade, and were
dried prior to use, and solvents for measurements of spectroscopy
are HPLC grade and used without further purification. All chemicals
were purchased from commercial sources and used as received.
NMR spectra were recorded on a Bruker AV300 spectrometer
(300 MHz for 1H NMR, 75 MHz for 13C NMR). Mass spectra were
measured on a Micromass GCT TOF and Thermo LTQ Orbitrap mass
spectrometer. FTIR spectra were acquired on a Bruker VECTOR22
infrared spectrophotometer. The absorption spectra of the dyes in
solution and adsorbed on TiO2 films (thickness 6 mm) at glass plates
were recorded with a Shimadzu UV/Vis 2450 spectrophotometer.
Absorption spectra dyes on TiO2 were obtained through placing the
dyes-adsorbing TiO2 film at sample cell and the blank TiO2 film at
reference cell, in perpendicular to the light path.

The cyclic voltammograms were determined with a CHI620D
electrochemical workstation (Shanghai Chenhua Instrument
Company Limited) using a three-electrode cell with a glassy carbon
working electrode, a Pt wire counter electrode, and a saturated
calomel reference electrode (SCE). The supporting electrolyte was
0.1 M tetra-n-butylammonium hexafluorophosphate (TBAPF6) in
dichloromethane as the solvent.

The incident photo-to-current conversion efficiency (IPCE) of
the DSSCs was measured using a 300 W Xe lamp light source with
monochromatic light in the range of 300e800 nm. The
photocurrentevoltage (JeV) characteristics of the solar cells were
carried out using a Keithley 2420 3A source meter controlled by
test-point software under solar simulator (solar AAA simulator,
oriel USA, calibrated with a standard crystalline silicon solar). The
total covered active electrode area with black mask of DSSCs was
0.25 cm2.
2.2. Synthesis procedures and characterization data of new
compounds

2.2.1. General procedure for the synthesis of 1aed
A mixture of 9,10-phenanthrenedione derivative (10.0 mmol),

either 4-bromobenzaldehyde or 2-thiophenecarboxaldehyde
(10.3 mmol) and ammonium acetate (0.2 mol) in glacial acetic
acid (100 mL) was heated to 100 �C for 1 h. After cooling, it was
quenched with dilute ammonium hydroxide solution until pH 7.
The precipitate was collected by filtration and washed with acetate
acid, dilute sodium hydrogen carbonate solution and water,
respectively. The white solid was further dried under reduced
vacuum for 2 h.
2.2.1.1. 2-(4-Bromophenyl)-1H-phenanthro[9,10-d]imidazole (1a). White
solid, yield: 98%. Rf¼ 0.80 (CH2Cl2). 1H NMR (300MHz, DMSO [D6]):
d 13.52 (s, 1 H, NH), 8.89e8.83 (m, 2 H, ArH), 8.59e8.52 (m, 2 H,
ArH), 8.26 (d, J ¼ 7.5 Hz, 2 H, ArH), 7.82 (d, J ¼ 7.6 Hz, 2 H, ArH),
7.76e7.64 (m, 4 H, ArH). 13C NMR (75 MHz, DMSO [D6]): d 148.0,
137.0, 131.9, 129.6, 128.0, 127.7, 127.1, 125.3, 123.8, 122.5, 121.9. IR
(KBr, cm�1): 1621 (m),1596 (m),1472 (s), 1434 (m),1227(s), 1171 (s),
1035 (s), 827 (m). TOFMS (EI) calcd for (Mþ) C21H13BrN2: 372.0262,
found: 372.0252.
2.2.1.2. 2-Thiophen-2-yl-1H-phenanthro[9,10-d]imidazole (1b). White
solid, yield: 91%. Rf ¼ 0.65 (CH2Cl2). 1H NMR (300 MHz, DMSO [D6]):
d 13.55 (s, 1 H, NH), 8.86 (m, 2 H, ArH), 8.49 (m, 2 H, ArH), 7.94 (dd,
J ¼ 3.7 Hz, 1.1 Hz, 1 H, ArH), 7.93e7.62 (m, 5 H, ArH), 7.28 (dd,
J ¼ 5.0 Hz, 3.7 Hz, 1 H, ArH). 13C NMR (75 MHz, DMSO [D6]): d 144.9,
133.9,128.2,127.7,127.6,127.1,125.8,125.2,123.9,121.9. IR (KBr, cm�1):
1682 (s), 1486 (s), 1454 (s), 1410 (m), 1356 (m), 1277 (m), 754 (s),
703 (s). TOFMS (EI) calcd for (Mþ) C19H12N2S: 300.0721, found:
300.0685.
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2.2.1.3. 2-(4-Bromophenyl)-6,9-dimethoxy-1H-phenanthro[9,10-d]
imidazole (1c). White solid, yield: 96%. Rf ¼ 0.60 (CH2Cl2). 1H NMR
(300 MHz, DMSO [D6]): d 13.35 (s, 1 H, NH), 8.45 (d, J ¼ 8.1 Hz, 2 H,
ArH), 8.23e8.20 (m, 4 H, ArH), 7.80 (d, J¼ 8.4 Hz, 2 H, ArH), 7.41 (m,
2 H, ArH), 4.02 (s, 6 H, OCH3). 13C NMR (75 MHz, DMSO [D6]):
d 157.6, 147.4, 132.3, 130.2, 129.2, 128.2, 123.9, 122.5, 116.9, 107.1,
56.0. IR (KBr, cm�1): 1623 (m), 1597 (m), 1470 (s), 1434 (m), 1406
(m), 1222 (s), 1172 (s), 1032 (s), 822 (m). TOFMS (EI) calcd for (Mþ)
C23H17BrN2O2: 432.0473, found: 432.0485.

2.2.1.4. 6,9-Dimethoxy-2-thiophen-2-yl-1H-phenanthro[9,10-d]imi-
dazole (1d). White solid, yield: 90%. Rf ¼ 0.50 (CH2Cl2). 1H NMR
(300 MHz, DMSO [D6]): d 13.33 (s, 1 H, NH), 8.38 (d, J ¼ 9.0 Hz, 2 H,
ArH), 8.22 (s, 2 H, ArH), 7.86 (dd, J ¼ 3.6 Hz, 1.2 Hz, 1 H, ArH), 7.68
(dd, J ¼ 5.0 Hz, 1.1 Hz, 1 H, ArH), 7.40 (m, 2 H, ArH), 7.26 (dd,
J ¼ 5.0 Hz, 3.7 Hz, 1 H, ArH), 4.03 (s, 6 H, OCH3). 13C NMR (75 MHz,
DMSO [D6]): d 157.0, 143.9, 134.2, 128.7, 128.1, 127.2, 125.2, 123.3,
116.4, 106.6, 55.5. IR (KBr, cm�1): 1624 (m), 1579 (m), 1466 (s), 1408
(m), 1232 (s), 1203 (s), 1174 (s), 1031 (m), 834 (m). TOFMS (EI) calcd
for (Mþ) C21H16N2O2S: 360.0932, found: 360.0887.

2.2.2. General procedure for the synthesis of 2aed
1H-phenanthro[9,10-d]imidazole derivative (2.0 mmol) and

NaOH (8.0 mmol) were added into DMSO (5 mL). The mixture was
stirred at room temperature for 2 h. After addition of n-octyl
bromide (3.0 mmol), the reaction was stirred at room temperature
for another 25 min. The temperature was increased to 85 �C, and
the reaction mixture was stirred at this temperature overnight. The
mixture was diluted with water, extracted with CH2Cl2. The
combined organic solutionwas dried (MgSO4), and concentrated in
vacuo. The residue was further purified by trituration with petro-
leum ether to give a solid.

2.2.2.1. 2-(4-Bromophenyl)-1-octyl-1H-phenanthro[9,10-d]imidazole
(2a). White solid, yield: 90%. Rf ¼ 0.50 (CH2Cl2/petroleum ether
2:1). 1H NMR (300 MHz, CDCl3): d 8.85 (d, J ¼ 7.8 Hz, 1 H, ArH), 8.77
(d, J ¼ 7.8 Hz, 1 H, ArH), 8.71 (d, J ¼ 8.1 Hz, 1 H, ArH), 8.26 (d,
J ¼ 7.8 Hz, 1 H, ArH), 7.73e7.61 (m, 8 H, ArH), 4.59 (t, J ¼ 7.5 Hz, 2 H,
CH2), 1.94e1.87 (m, 2 H, CH2), 1.24e1.78 (m, 10 H, CH2), 0.85 (t,
J ¼ 6.9 Hz, 3 H, CH3). 13C NMR (75 MHz, CDCl3): d 151.4, 138.1, 132.0,
131.6, 130.1, 129.2, 128.2, 127.3, 126.8, 126.3, 125.6, 124.9, 124.4,
124.0, 123.4, 123.1, 122.6, 120.7, 46.9, 31.7, 30.2, 29.1, 28.9, 26.2, 22.7,
14.2. IR (KBr, cm�1): 2925 (s), 1530 (m), 1466 (s), 1397 (m), 1359 (s),
1009 (m), 753 (s), 722 (s). TOFMS (EI) calcd for (Mþ) C29H29BrN2:
484.1514, found: 484.1511.

2.2.2.2. 1-Octyl-2-thiophen-2-yl-1H-phenanthro[9,10-d]imidazole
(2b). White solid, yield: 82%. Rf ¼ 0.49 (CH2Cl2/petroleum ether
2:1). 1H NMR (300 MHz, CDCl3): d 8.84e8.79 (m, 2 H, ArH), 8.68 (d,
J¼ 8.1 Hz, 1 H, ArH), 8.24 (d, J¼ 8.1 Hz, 1 H, ArH), 7.72e7.53 (m, 6 H,
ArH), 7.24e7.21 (m,1 H, ArH), 4.71 (t, J¼ 7.8 Hz, 2 H, CH2), 2.11e2.01
(m, 2 H, CH2), 1.43e1.26 (m, 10 H, CH2), 0.87 (t, J ¼ 6.5 Hz, 3 H, CH3).
13C NMR (75 MHz, CDCl3): d 145.8, 138.0, 132.5, 129.1, 128.1, 128.0,
127.6, 127.3, 127.2, 126.7, 126.5, 125.5, 124.7, 124.3, 123.1, 123.0,
122.8, 120.4, 46.8, 31.8, 30.3, 29.2, 28.9, 26.4, 22.7, 14.2. IR (KBr,
cm�1): 2921 (s), 1606 (m), 1521 (m),1478 (s), 1448 (s), 1362 (s), 1359
(s), 851 (m), 756 (s), 689 (s). TOFMS (EI) calcd for (Mþ) C27H28N2S:
412.1973, found: 412.1957.

2.2.2.3. 2-(4-Bromophenyl)-6,9-dimethoxy-1-octyl-1H-phenanthro
[9,10-d]imidazole (2c). White solid, yield: 93%. Rf ¼ 0.31 (CH2Cl2/
petroleum ether 2:1). 1H NMR (300 MHz, CDCl3): d 8.74 (d,
J ¼ 9.0 Hz, 1 H, ArH), 8.15 (d, J ¼ 9.0 Hz, 1 H, ArH), 8.01 (s, 1 H, ArH),
7.87 (s, 1 H, ArH), 7.68 (m, 4 H, ArH), 7.33 (d, J ¼ 9.0 Hz, 1 H, ArH),
7.18 (m, 1 H, ArH), 4.67 (t, J ¼ 7.5 Hz, 2 H, CH2), 4.06 (s, 3 H, OCH3),
3.99 (s, 3 H, OCH3), 1.83 (m, 2 H, CH2), 1.11 (m, 10 H, CH2), 0.82 (t,
J¼ 6.9 Hz, 3 H, CH3). 13C NMR (75 MHz, CDCl3): d 157.6, 156.6, 150.4,
136.7, 131.9, 131.5, 130.3, 130.1, 128.9, 125.2, 124.1, 123.7, 122.1, 118.0,
116.2, 115.6, 107.1, 105.9, 55.6, 55.5, 46.7, 31.7, 30.1, 29.1, 28.9, 26.2,
22.6, 14.1. IR (KBr, cm�1): 2929 (s), 1620 (m), 1588 (m), 1465 (s),
1365 (m), 1230 (s), 1049 (m), 823 (m). TOFMS (EI) calcd for (Mþ)
C31H33BrN2O2: 544.1725, found: 544.1718.

2.2.2.4. 6,9-Dimethoxy-1-octyl-2-thiophen-2-yl-1H-phenanthro
[9,10-d]imidazole (2d). white solid, yield: 84%. Rf ¼ 0.30 (CH2Cl2/
petroleum ether 2:1). 1H NMR (300 MHz, CDCl3): d 8.68 (d,
J ¼ 8.8 Hz, 1 H, ArH), 8.10e8.08 (m, 2 H, ArH), 7.95 (s, 1 H, ArH), 7.51
(dd, J ¼ 5.1 Hz, 0.9 Hz, 1 H, ArH), 7.48 (d, J ¼ 3.6 Hz, 1 H, ArH), 7.33
(dd, J ¼ 8.8 Hz, 2.4 Hz, 1 H, ArH), 7.28e7.25 (m, 1 H, ArH), 7.20 (dd,
J¼ 5.0 Hz, 3.6 Hz, 1 H, ArH), 4.60 (t, J¼ 7.8 Hz, 2 H, CH2), 4.01 (s, 3 H,
OCH3), 4.00 (s, 3 H, OCH3), 2.01e1.95 (m, 2 H, CH2), 1.45e1.35 (m,
10 H, CH2), 0.87 (t, J ¼ 6.6 Hz, 3 H, CH3). 13C NMR (75 MHz, CDCl3):
d 157.6, 156.6, 144.8, 136.5, 132.4, 130.3, 128.9, 128.1, 127.8, 127.6,
125.5, 124.3, 121.9, 121.8, 117.8, 116.2, 115.5, 107.2, 105.8, 55.5, 55.4,
46.6, 31.7, 30.3, 29.1, 29.0, 26.4, 22.6, 14.1. IR (KBr, cm�1): 2923 (s),
1617 (m), 1579 (m), 1479 (s), 1366 (m), 1235 (s), 841 (m). TOFMS (EI)
calcd for (Mþ) C29H32N2O2S: 472.2185, found: 472.2167.

2.2.3. General procedure for the preparation of 3aed
1-Alkyl-1H-phenanthro[9,10-d]imidazole derivative (4.0 mmol)

was dissolved in anhydrous THF (12 mL) under N2 and cooled
to�78 �C. n-BuLi (4.8 mmol) was added. The mixture was stirred at
this temperature for 1 h, then (CH3O)3B (12.0mmol) was added and
the mixture was left to stand for 16 h. HCl (20%, 10 mL) was added,
and stirring was continued for 0.5 h. The solid was obtained by slow
diffusion of water into the THF solution at room temperature. The
precipitate was collected by filtration and washed with water
(3�100mL) and light petroleum (20mL), respectively. The product
was further dried under reduced vacuum for 2 h and the solid is
pure enough for the next reaction.

2.2.3.1. 4-(1-Octyl-1H-phenanthro[9,10-d]imidazol-2-yl)-phenyl-
boronic acid (3a). White solid, yield: 90%. Rf ¼ 0.70 (CH2Cl2/CH3OH
10:1). 1H NMR (300 MHz, DMSO [D6]): d 9.07 (d, J ¼ 7.2 Hz, 1 H,
ArH), 8.97 (d, J ¼ 7.6 Hz, 1 H, ArH), 8.67 (d, J ¼ 7.1 Hz, 1 H, ArH), 8.49
(d, J ¼ 7.1 Hz, 1 H, ArH), 8.10 (d, J ¼ 7.1 Hz, 1 H, ArH), 7.90e7.77 (m,
7 H, ArH), 4.76 (t, J ¼ 7.2 Hz, 2 H, CH2), 1.87 (m, 2 H, CH2), 1.09e1.04
(m, 10 H, CH2), 0.78 (t, J ¼ 7.0 Hz, 3 H, CH3). IR (KBr, cm�1): 1610 (s),
1469 (s), 1359 (s), 1278 (s), 753 (m), 723 (m). TOFMS (EI) calcd for
(Mþ) C29H31BN2O2: 450.2479, found: 450.2488.

2.2.3.2. 5-(1-Octyl-1H-phenanthro[9,10-d]imidazol-2-yl)-thiophene-
2-boronic acid (3b). 97%. Rf ¼ 0.50 (CH2Cl2/CH3OH 10:1).1H NMR
(300 MHz, DMSO [D6]): d 9.02 (d, 1 H, J ¼ 7.6 Hz, ArH), 8.91 (d,
J¼ 8.0 Hz, 1 H, ArH), 8.66 (d, J¼ 7.6 Hz, 1 H, ArH), 8.45 (d, J¼ 8.0 Hz,
1 H, ArH), 7.87e7.70 (m, 6 H, ArH), 4.86(t, J ¼ 7.1 Hz, 2 H, CH2), 1.96
(m, 2 H, CH2), 1.34e1.17 (m, 10 H, CH2), 0.81 (t, J ¼ 6.7 Hz, 3 H, CH3).
IR (KBr, cm�1): 1613 (s),1468 (s),1359 (s),1277 (s), 768 (m), 725 (m).
TOFMS (EI) calcd for (Mþ) C27H29BN2O2S: 456.2043, found:
456.1957.

2.2.3.3. 4-(6,9-Dimethoxy-1-octyl-1H-phenanthro[9,10-d]imidazol-
2-yl)-phenyl-boronic acid (3c). White solid, yield: 86%. Rf ¼ 0.68
(CH2Cl2/CH3OH 10:1). 1H NMR (300 MHz, DMSO [D6]): d 8.65 (d,
J¼ 8.7 Hz,1 H, ArH), 8.39e8.32 (m, 2 H, ArH), 8.27 (d, J¼ 7.8 Hz,1 H,
ArH), 8.10e7.90 (m, 4 H), 7.51e7.45 (m, 2 H, ArH), 4.63 (t, J ¼ 7.5 Hz,
2 H, CH2), 4.04 (s, 3 H, OCH3), 4.02 (s, 3 H, OCH3), 1.78 (m, 2 H, CH2),
1.15e1.04 (m,10 H, CH2), 0.78 (t, J¼ 7.0 Hz, 3 H, CH3). IR (KBr, cm�1):
1610 (s), 1463 (s), 1362 (s), 1231 (s), 1044 (m), 1019 (m). TOFMS (EI)
calcd for (Mþ) C31H35BN2O4: 510.2690, found: 510.2598.
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2.2.3.4. 5-(6,9-Dimethoxy-1-octyl-1H-phenanthro[9,10-d]imidazol-
2-yl)-thiophene-2-boronic acid (3d). Green solid, yield: 93%.
Rf ¼ 0.46 (CH2Cl2/CH3OH 10:1). 1H NMR (300 MHz, DMSO [D6]):
d 8.60 (d, J ¼ 8.8 Hz, 1 H, ArH), 8.35e8.31 (m, 2 H, ArH), 8.24 (d,
J¼ 2.1 Hz,1 H, ArH), 7.88 (m, 2 H, ArH), 7.50e7.44 (m, 2 H, ArH), 4.78
(t, J ¼ 7.1 Hz, 2 H, CH2), 4.04 (s, 3 H, OCH3), 4.03 (s, 3 H, OCH3),
1.96e1.92 (m, 2 H, CH2), 1.33e1.184 (m,10 H, CH2), 0.83 (t, J¼ 7.0 Hz,
3 H, CH3). IR (KBr, cm�1): 1613 (s), 1468 (s), 1359 (s), 1277 (s), 768
(m), 725 (m). TOFMS (EI) calcd for (Mþ) C29H33BN2O4S: 516.2254,
found: 516.2210.

2.2.4. Preparation of 4, 5 and 6
2.2.4.1. 5,5-Difluoro-1,3,7,9-tetramethyl-10-pentyl-5H-dipyrrolo[1,2-
c:20,10-f] [1,3,2]diazaborinin-4-ium-5-uide (4) [51]. Oxalyl chloride
(2.2 g, 17.3 mmol) in anhydrous CH2Cl2 (6 mL) was added dropwise
to n-hexanoic acid (2.0 g, 17.2 mmol) in anhydrous CH2Cl2 (40 mL)
over a period of 5 min. After stirring for 2 h the solution was
concentrated to remove the unreacted oxalyl chloride and then
obtain quantitative n-hexanoyl chloride. The resulting was dis-
solved in 50 mL anhydrous CH2Cl2 and 2, 4-dimethylpyrrole (3.3 g,
35 mmol) was added. The mixture was heated under reflux for 3 h.
The solution was concentrated and the petroleum ether (100 mL)
was added. A red precipitate had appeared and was dissolved in
60 mL toluene. Triethylamine (5 mL) was then added and the
solution turned brown-yellow. After 10 min, boron trifluoride
etherate (5 mL) was added and the reaction mixture stirred for 1 h
at room temperature. Then, the mixture was washed with 50 mL of
saturated aqueous NaCl there times, dried over MgSO4 and
concentrated. The product was purified by column chromatography
to give a red-brown solid (1.4 g, 25%). Rf ¼ 0.53 (CH2Cl2/petroleum
ether 1:2). 1H NMR (300MHz, CDCl3): d 6.05 (s, 2 H, ArH), 2.96e2.91
(m, 2 H, CH2), 2.51 (s, 6 H, CH3), 2.41 (s, 6 H, CH3), 1.69e1.58 (m, 2 H,
CH2), 1.52e1.33 (m, 4 H, CH2), 0.96e0.91 (t, J ¼ 7.2 Hz, 3 H, CH3). 13C
NMR (CDCl3, 75 MHz): d 153.5, 146.6, 140.2, 131.3, 121.4, 32.4, 31.4,
28.2, 22.3, 16.1, 14.2, 13.9. IR (KBr, cm�1): 2960 (m), 2927 (m), 1548
(s), 1507 (s), 1196 (s), 1074 (s), 982 (s), 808 (s). TOFMS (EI) calcd for
(Mþ) C18H25BF2N2: 318.2079, found 318.2076.

2.2.4.2. 5,5-Difluoro-8-formyl-1,3,7,9-tetramethyl-10-pentyl-5H-
dipyrrolo[1,2-c:20,10-f] [1,3,2]diazaborinin-4-ium-5-uide (5) [52]. POCl3
(6 mL) was added dropwise to DMF (10 mL) in an ice bath for 5 min
under N2. The solution was stirred for additional 30 min at room
temperature. Compound 4 (0.64 g, 2.0 mmol) in ClCH2CH2Cl (30 mL)
was added and the temperature was increased to 50 �C. The mixture
was stirred for an additional 45min. The reactionmixturewas cooled
to room temperature and slowly poured into K2CO3 solution (100mL)
under ice-cold conditions. After being warmed to room temperature,
the reaction mixture was further stirred for 30min and washed with
water. The organic layers were combined, dried over anhydrous
MgSO4, and evaporated in vacuo. The crude product was further
purified using column chromatography to give 8 as a yellow solid.
Yield: 90%. Rf ¼ 0.28 (CH2Cl2/petroleum ether 1:1). 1H NMR
(300 MHz, CDCl3): d 10.11 (s, 1 H, CHO), 6.23 (s, 1 H, ArH), 3.05 (t,
J ¼ 7.7 Hz, 2 H, CH2), 2.78 (s, 3 H, CH3), 2.75 (s, 3 H, CH3), 2.58 (s, 3 H,
CH3), 2.48 (s, 3 H, CH3), 1.67 (m, 2 H, CH2), 1.53e1.36 (m, 4 H, CH2),
0.94 (t, J ¼ 7.2 Hz, 3 H, CH3). 13C NMR (75 MHz, CDCl3): d 186.0, 159.7,
155.3, 148.9, 144.7, 139.5, 134.2, 129.9, 125.9, 124.5, 32.4, 31.4, 28.5,
22.5,16.8,14.8,14.0,12.7,12.6. IR (KBr, cm�1): 2921 (m),1664 (s),1527
(s), 1197 (s), 995 (s), 765 (m). TOFMS (EI) calcd for (Mþ)
C19H25BF2N2O: 346.2028, found: 346.2026.

2.2.4.3. 5,5-Difluoro-8-formyl-2-iodo-1,3,7,9-tetramethyl-10-pentyl-
5H-dipyrrolo[1,2-c:20,10-f] [1,3,2]diazaborinin-4-ium-5-uide(6) [53]. ICl
(0.24 g, 1.5 mmol) in MeOH (5 mL) was added dropwise to 5 (0.41 g,
1.2 mmol) in a DMF/MeOH (10 mL/10 mL) mixture over a period of
5 min. After stirring for 1 h, water was added (20 mL). The mixture
was extracted with CH2Cl2. The organic layer was washed with
Na2S2O3 solution (10%), dried by MgSO4, and evaporated in vacuo.
The residue was purified by column chromatography to give product
as a red solid. Yield: 93%. Rf ¼ 0.42 (CH2Cl2/petroleum ether 1:1). 1H
NMR (300 MHz, CDCl3): d 10.13 (s, 1H, CHO), 3.09 (t, J ¼ 8.4 Hz, 2 H,
CH2), 2.79 (s, 3 H, CH3), 2.76 (s, 3 H, CH3), 2.67 (s, 3 H, CH3), 2.53 (s,
3 H, CH3),1.65 (m, 2H, CH2),1.52e1.37 (m, 4H, CH2), 0.95 (t, J¼ 7.1 Hz,
3 H, CH3). 13C NMR (75MHz, CDCl3): d 185.9,158.8,156.6,149.3,144.9,
142.0, 133.6, 130.1, 126.3, 89.0, 32.3, 31.3, 29.0, 22.4, 19.3, 16.4, 14.0,
13.1, 12.9. IR (KBr, cm�1): 2925 (m), 1665 (s), 1528 (s), 1348 (s), 1198
(s), 997 (s), 761 (m). TOFMS (EI) calcd for (Mþ) C19H24BF2N2OI:
472.0995, found 472.0984.

2.2.5. General procedure for the preparation of 7aed
The above boronic acid (0.6 mmol), BODIPY 6 (0.5 mmol), K2CO3

solution (2 M, 3 mL), THF (15 mL), toluene (15 mL) and Pd(PPh3)4
(50 mg) were added into a flask (50 mL). The mixture was heated
under reflux overnight under N2. After evaporating the solvent
under reduced pressure, H2O (50 mL) and CH2Cl2 (100 mL) were
added. The organic layer was separated and dried in MgSO4. The
solvent was removed under reduced pressure. The according
aldehyde derivative was obtained by column chromatography on
silica gel using CH2Cl2 and EtOAc.

2.2.5.1. Compound 7a. Red solid, yield: 85%. Rf ¼ 0.35 (CH2Cl2/
EtOAc 200:1). 1H NMR (300 MHz, CDCl3): d 10.15 (s, 1 H, CHO), 8.86
(d, J ¼ 7.2 Hz, 1 H, ArH), 8.72 (d, J ¼ 8.0 Hz, 1 H, ArH), 8.29 (d,
J¼ 8.4 Hz,1 H, ArH), 7.88 (d, J¼ 8.0 Hz, 2 H, ArH), 7.73e7.65 (m, 5 H,
ArH), 7.42 (d, J ¼ 7.6 Hz, 2 H, ArH), 4.70 (t, J ¼ 7.2 Hz, 2 H, CH2), 3.16
(m, 2 H, CH2), 2.83e2.80 (m, 6 H, CH3), 2.59 (s, 3 H, CH3), 2.45 (s, 3 H,
CH3), 1.98 (m, 2 H, CH2), 1.56e1.50 (m, 4 H, CH2), 1.47e1.38 (m, 2 H,
CH2), 1.27e1.17 (m, 10 H, CH2), 0.96 (t, J ¼ 7.2 Hz, 3 H, CH3), 0.83 (t,
J ¼ 7.0 Hz, 3 H, CH3). 13C NMR (75 MHZ, CDCl3): d 186.2, 158.1, 156.0,
152.1, 149.6, 140.2, 135.7, 134.0, 130.7, 130.3, 129.2, 128.2, 127.3,
126.8,126.3,126.2,125.6,124.9,124.5,123.4,123.1,122.6,120.8, 47.0,
32.5, 31.7, 31.6, 30.3, 29.0, 28.8, 26.3, 22.6, 22.5, 14.9, 14.1, 13.8, 13.0,
12.8. IR (KBr, cm�1): 1667 (s), 1530 (s), 1387 (m), 1321 (s), 1228 (s),
1075 (s) 1020 (m), 998 (m). TOFMS (ESI) calcd for ([M þ H]þ)
C48H54BF2N4O: 751.4353, found: 751.4349.

2.2.5.2. Compound 7b. Dark solid, yield: 80%. Rf ¼ 0.45 (CH2Cl2/
EtOAc 200:1). 1H NMR (300 MHz, CDCl3): d 10.14 (s, 1 H, CHO), 8.85
(d, J ¼ 7.0 Hz, 2 H, ArH), 8.69 (d, J ¼ 8.1 Hz, 1 H, ArH), 8.27 (d,
J¼ 7.5 Hz,1 H, ArH), 7.68e7.66 (m, 5 H, ArH), 7.07 (m,1 H, ArH), 4.80
(t, J ¼ 7.2 Hz, 2 H, CH2), 3.13 (m, 2 H, CH2), 2.82e2.78 (m, 6 H, CH3),
2.67 (s, 3 H, CH3), 2.55 (s, 3 H, CH3), 2.14 (m, 2 H, CH2), 1.51e1.28 (m,
16 H, CH2), 0.96 (t, J¼ 6.8 Hz, 3 H, CH3), 0.87 (t, J¼ 6.7 Hz, 3 H, CH3).
13C NMR (75 MHz, CDCl3): d 186.0, 158.0, 156.5, 150.1, 145.3, 141.3,
141.1, 138.1, 136.1, 133.8, 133.5,130.5,129.3, 129.2,128.3,128.2,127.9,
127.3,127.1,126.9,126.8,126.4,125.7,125.1,124.5,123.1,123.0,122.8,
120.5, 47.1, 32.4, 31.7, 31.5, 30.5, 29.2, 29.0, 28.8, 26.5, 22.6, 22.4,
15.0,14.1,14.0,13.9,13.0,12.8. IR (KBr, cm�1): 1671 (s),1538 (s),1455
(m), 1362 (m), 1322 (m), 1205 (s), 1018 (m). TOFMS (ESI) calcd for
([M þ H]þ) C46H52BF2N4OS: 757.3918, found: 757.3916.

2.2.5.3. Compound 7c. Red solid, yield: 86%. Rf ¼ 0.23 (CH2Cl2/
EtOAc 200:1). 1H NMR (300 MHz, CDCl3): d 10.15 (s, 1 H, CHO), 8.76
(m, 1 H, ArH), 8.21e8.15 (m, 2 H, ArH), 8.01 (s, 1 H, ArH), 7.87 (d,
J ¼ 7.2 Hz, 2 H, ArH), 7.42e7.34 (m, 4 H, ArH), 4.66 (m, 2 H, CH2),
4.06 (s, 3 H, OCH3), 4.01 (s, 3 H, OCH3), 3.14 (m, 2 H, CH2), 2.82e2.78
(m, 6 H, CH3), 2.59 (s, 3 H, CH3), 2.45 (s, 3 H, CH3), 1.96 (m, 2 H, CH2),
1.51e1.41 (m, 6 H, CH2), 1.18 (m, 10 H, CH2), 0.96 (t, J ¼ 6.9 Hz, 3 H,
CH3), 0.83 (t, J¼ 6.5 Hz, 3 H, CH3). 13C NMR (75MHz, CDCl3): d 186.1,
158.1, 157.7, 156.7, 155.9, 151.2, 149.5, 140.1, 136.8, 135.6, 134.6, 133.8,
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130.7,130.6,130.4,130.2,129.0,126.1,125.3,124.1,122.2,118.2,116.4,
115.7, 107.3, 106.0, 55.6, 55.5, 46.8, 32.5, 31.7, 31.5, 30.2, 29.7, 29.0,
28.8, 26.3, 22.6, 22.5, 14.8, 14.0, 13.8, 13.0, 12.7. IR (KBr, cm�1): 1666
(s), 1538 (s), 1469 (s), 1322 (m), 1230 (m), 1198 (m), 1075 (m), 1025
(m). TOFMS (ESI) calcd for ([M þ H]þ) C50H58BF2N4O3: 811.4565,
found: 811.4561.

2.2.5.4. Compound 7d. Dark solid, yield: 83%. Rf ¼ 0.36 (CH2Cl2/
EtOAc 200:1). 1H NMR (300 MHz, CDCl3): d 10.14 (s, 1 H, CHO), 8.77
(m, 1 H, ArH), 8.18e8.14 (m, 2 H, ArH), 7.99 (s, 1 H, ArH), 7.39e7.32
(m, 3 H, ArH), 7.06 (m, 1 H, ArH), 4.75 (m, 2 H, CH2), 4.05 (s, 3 H,
OCH3), 4.03 (s, 3 H, OCH3), 3.12 (m, 2 H, CH2), 2.82e2.78 (m, 6 H,
CH3), 2.66 (s, 3 H, CH3), 2.54 (s, 3 H, CH3), 2.10 (m, 2 H, CH2),
1.53e1.26 (m, 16 H, CH2), 0.95 (t, J ¼ 7.1 Hz, 3 H, CH3), 0.87 (t,
J¼ 6.3 Hz, 3 H, CH3). 13C NMR (75 MHz, CDCl3): d. 186.1, 158.0, 157.8,
156.8, 156.4, 150.0, 144.3, 141.3, 136.8, 135.8, 134.5, 1347.1, 133.5,
130.5, 129.2, 129.0, 128.4, 128.0, 126.3, 125.8, 124.3, 122.0, 117.8,
116.3, 115.6, 107.4, 105.9, 55.6, 55.9, 46.9, 32.4, 31.7, 31.4, 30.4, 29.7,
29.2, 29.1, 28.8, 26.5, 22.6, 22.4, 15.0, 14.0, 13.9, 13.0, 12.8. IR (KBr,
cm�1): 1670 (s), 1537 (s), 1465 (s), 1323 (m), 1231 (m), 1177 (m),
1064 (m), 1020 (m). TOFMS (ESI) calcd for ([M þ H]þ)
C48H56BF2N4O3S: 817.4129, found: 817.4124.

2.2.6. General procedure for the preparation of PB1e4 and
compound 8

The aldehyde derivative (0.15 mmol), dissolved in CHCl3 (15 mL)
and CH3CN (15 mL), was condensed with 2-cyanoacetic acid
(0.30 mmol) in the presence of piperidine (1.2 mmol). The mixture
was heated under reflux for 24 h under a nitrogen atmosphere.
After cooling to room temperature, the mixture was poured to
CH2Cl2 (50 mL) and washed with water (2 � 50 mL). Organic phase
was dried over MgSO4 and solvent was evaporated and the residue
was purified by silica gel column chromatography using CH2Cl2 and
MeOH as the eluant.

2.2.6.1. Dye PB1. Dark red solid, yield: 80%. Rf ¼ 0.55 (CH2Cl2/
CH3OH 1:2). 1H NMR (300 MHz, CDCl3): d 8.86 (m, 1 H, ArH),
8.74e8.71 (m, 1 H, ArH), 8.31 (d, J ¼ 7.8 Hz, 1 H, ArH), 8.13 (s, 1 H,
CH), 7.93 (m, 2 H, ArH), 7.74 (m, 5 H, ArH), 7.48 (m, 2 H, ArH), 4.75
(m, 2 H, CH2), 3.10 (m, 2 H, CH2), 2.55 (s, 6 H, CH3), 2.45 (s, 6 H, CH3),
2.04 (m, 2 H, CH2), 1.70 (m, 2 H, CH2), 1.52e1.43 (m, 4 H, CH2),
1.25e1.20 (m, 10 H, CH2), 0.96 (t, J ¼ 6.9 Hz, 3 H, CH3), 0.83 (t,
J ¼ 6.6 Hz, 3 H, CH3). IR (KBr, cm�1): 1714 (m), 1539 (s), 1466 (m),
1396 (m), 1196 (m), 1075 (m), 1016 (s). TOFMS (ESI) calcd for
([M þ H]þ) C51H55BF2N5O2: 818.4411, found: 818.4412.

2.2.6.2. Dye PB2. Dark solid, yield: 79%. Rf ¼ 0.58 (CH2Cl2/CH3OH
1:2). 1H NMR (300 MHz, CDCl3): d 8.88e8.85 (m, 2 H, ArH), 8.71 (d,
J ¼ 8.4 Hz, 1 H, ArH), 8.29 (d, J ¼ 7.8 Hz, 1 H, ArH), 8.26 (s, 1 H, CH),
7.77e7.61 (m, 5 H, ArH), 7.09 (d, J ¼ 3.4 Hz, 1 H, ArH), 4.81 (m, 2 H,
CH2), 3.09 (m, 2 H, CH2), 2.65 (s, 3 H, CH3), 2.62 (s, 3 H, CH3), 2.53 (s,
3 H, CH3), 2.49 (s, 3 H, CH3), 2.14 (m, 2 H, CH2), 1.69 (m, 2 H, CH2),
1.52e1.28 (m, 14 H, CH2), 0.95 (t, J ¼ 7.0 Hz, 3 H, CH3), 0.88 (t,
J ¼ 6.7 Hz, 3 H, CH3). IR (KBr, cm�1): 1714 (m), 1537 (s), 1470 (m),
1362 (m), 1203 (s), 1072 (m), 1013 (s). TOFMS (ESI) calcd for
([M þ H]þ) C49H53BF2N5O2S: 824.3976, found: 824.3970.

2.2.6.3. Dye PB3. Dark red solid, yield: 82%. Rf ¼ 0.54 (CH2Cl2/
CH3OH 1:2). 1H NMR (300 MHz, CDCl3): d 8.74 (s, 1 H, ArH),
8.27e8.16 (m, 3 H, ArH), 8.14 (s, 1 H, CH), 8.02 (s, 1 H, ArH), 7.87 (d,
J¼ 7.2 Hz,1 H, ArH), 7.41e7.37 (m, 4 H, ArH), 4.76 (m, 2 H, CH2), 4.08
(s, 3 H, OCH3), 4.06 (s, 3 H, OCH3), 3.12 (m, 2 H, CH2), 2.57 (s, 6 H,
CH3), 2.47 (s, 6 H, CH3), 2.08 (m, 2 H, CH2), 1.70e1.43 (m, 6 H, CH2),
1.25e1.20 (m, 10 H, CH2), 0.95 (t, J ¼ 6.9 Hz, 3 H, CH3), 0.83 (t,
J ¼ 6.6 Hz, 3 H, CH3). IR (KBr, cm�1): 1728 (m), 1538 (s), 1466 (m),
1231 (s), 1196 (s), 1076 (m), 1018 (s). TOFMS (ESI) calcd for
([M þ H]þ) C53H59BF2N5O4: 878.4623, found: 878.4620.

2.2.6.4. Dye PB4. Dark solid, yield: 77%. Rf ¼ 0.55 (CH2Cl2/CH3OH
1:2). 1H NMR (300 MHz, CDCl3): d 8.72 (m, 1 H, ArH), 8.26 (s, 1 H,
CH), 8.21e8.17 (m, 2 H, ArH), 8.01 (s, 1 H, ArH), 7.55 (m, 1 H, ArH),
7.41e7.34 (m, 2 H, ArH), 7.08 (m, 1 H, ArH), 4.77 (m, 2 H, CH2),
4.06 (s, 3 H, OCH3), 4.04 (s, 3 H, OCH3), 3.08 (m, 2 H, CH2), 2.64 (s,
3 H, CH3), 2.63 (s, 3 H, CH3), 2.52 (s, 3 H, CH3), 2.49 (s, 3 H, CH3),
2.11 (m, 2 H, CH2), 1.58e1.26 (m, 16 H, CH2), 0.95 (t, J ¼ 7.0 Hz,
3 H, CH3), 0.88 (t, J ¼ 6.8 Hz, 3H, CH3). IR (KBr, cm�1): 1714 (m),
1620 (m), 1538 (s), 1467 (m), 1202 (s), 1177 (s), 1073 (m), 1014 (s).
TOFMS (ESI) calcd for ([M þ H]þ) C51H57BF2N5O4S: 884.4187,
found: 884.4193.

2.2.6.5. (E)-8-(2-carboxy-2-cyanovinyl)-5,5-difluoro-1,3,7,9-tetra-
methyl-10-pentyl-5H-dipyrrolo[1,2-c:20,10-f] [1,3,2]diazaborinin-4-
ium-5-uide (8). Red solid, yield: 88%. Rf ¼ 0.30 (CH2Cl2/CH3OH
10:1). 1H NMR (300 MHz, DMSO[D6]): d 8.27 (s, 1 H, CH), 6.46 (s,
1 H, ArH), 3.06 (t, J ¼ 7.7 Hz, 2 H, CH2), 2.54e2.44 (m, 12 H, CH3),
1.60 (m, 2 H, CH2), 1.53e1.36 (m, 4 H, CH2), 0.88 (t, J ¼ 7.2 Hz,
3 H, CH3). 13C NMR (75 MHz, DMSO[D6]): d 163.0, 158.5, 150.3,
148.5, 148.1, 144.8, 137.1, 132.9, 130.2, 124.2, 123.6, 116.1, 107.1,
31.7, 30.9, 27.9, 21.7, 16.2, 14.9, 14.4, 13.8. IR (KBr, cm�1): 2925
(m), 1665 (s), 1528 (s), 1348 (s), 1198 (s), 997 (s), 761 (m). TOFMS
(ESI) calcd for ([M þ H]þ) C22H27BF2N3O2: 414.2164, found
414.2134.

2.3. Fabrication of dye-sensitized solar cells

DSSC was assembled in a sandwich configuration. The prepa-
ration of nanostructured TiO2 films followed by hydrolysis of tita-
nium tetraisopropoxide as described elsewhere [54].
Nanocrystalline electrodes, about 14.5 mm thickness [determined
by a profilometer (XP-2, AMBIOS Technology Inc.)], were obtained
by screen-printing TiO2 paste on a Fluorine-doped SnO2 (FTO) glass
(TEC-8, LOF) and then sintering at 450 �C for 30 min in air. After
cooling to 80 �C, the photoelectrode was immersed in a CHCl3
solution (0.3 mM) of the dye PB1e4 overnight at room temperature
for 12 h. The excess of dye in TiO2 films was rinsed off with anhy-
drous ethanol. The platinized counter electrodes were obtained by
spraying H2PtCl6 solution to FTO glass followed by heating at 410 �C
for 20 min. Then, the counter electrode was placed directly on the
top of the dye-sensitized TiO2 film. The gap between the electrodes
was sealed by thermal adhesive films (Surlyn, Dupont). And the
electrolyte was filled from a hole made on the counter electrode,
which was later sealed by a cover glass and thermal adhesive films.
DSSCs were fabricated with an effective area of 0.25 cm2 and
electrolyte composed of 0.6 M 1,2-dimethyl-3-n-propylimidazo-
lium iodide (DMPImI), 0.1 M LiI, 0.05 M I2 and 0.5 M tert-butyl
pyridine (TBP) in acetonitrile.

3. Result and discussion

3.1. Synthesis of dyes PB1e4

The synthetic strategy employed to access the target
compounds PB1e4 is shown in Scheme 1. First, compounds 1aed
can be obtained by condensation of phenanthrenequinone deriva-
tives with the corresponding aldehydes in the presence of ammo-
nium acetate in acetic acid according to literature method [55], and
then react with 1-bromooctane to form 1-n-octyl-1H-phenanthro
[9,10-d]imidazole (2), which can be converted into the corre-
sponding boronic acids 3 by reacting with n-BuLi, and subsequent
addition of trimethyl borate at low temperature and a final acid



Scheme 1. Synthetic route to the BODIPY dyes.

Fig. 2. Absorption spectra of the dyes PB1e4, 2d, 4 and 8 in CHCl3.
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hydrolysis at room temperature. Second, synthesis of BODIPY
moiety starts from 2,4-dimethylpyrrole, and undergoes three steps
to the 2-iodo-6-formyl BODIPY (6), shown in Scheme 1. Third, the
coupling between the donor boronic acid (3) and the iodo conju-
gated bridge (6) was performed in the presence of Pd(PPh3)4
catalyst to produce the corresponding aldehydes 7 in excellent
yields. Finally, the target dyes PB1e4 were obtained from
condensation of 7 with cyanoacetic acid in the presence of a cata-
lytic amount of piperidine.

3.2. Photophysical properties

In general, the BODIPY dyes show absorption maxima in two
widely separated regions (Fig. 2). The absorption spectra of the dyes
PB1e4 in CHCl3 exhibit intense absorption in two regions bands
250e420 nm and 420e620 nm with an almost identical long
wavelength absorption maximum at 532 nm, which is a typical
BODIPY band. The absorption spectra of the thiophene containing
dyes PB2 and PB4 are broader and more intense than those of the
phenylene containing dyes PB1 and PB3, relative data are listed in
Table 1. The difference between the phenyl and thiophene
substituted BODIPYs derives from a higher coplanarity of the
thiophene unit with the BODIPY core. In other words, there is better
conjugation between BODIPY unit and thiophene moiety over
phenylene moiety due to smaller steric hindrance between 5,7-
methyl groups of BODIPY unit and thiophene than phenylene.
Compared with the unmodified BODIPY 4, the absorption maxima
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Fig. 4. Normalized absorption spectra of the dyes PB1e4, 2d, 4 and 8 in CH3CN.

Table 1
Photophysical and electrochemical data of BODIPY dyes.

Dye lmax

(solution)
(nm)a

3max

(M�1

cm�1)

lmax

(TiO2)
(nm)b

Eox(V)c

vs NHE
E0,0(eV)d

(lonset
[nm])

E*ox(V)
e

vs NHE
EHOMO

f

(eV)
ELUMO

(eV)

PB1 532(522) 71,100 523 1.38 2.09(594) �0.71 �5.88 �3.79
PB2 532(522) 74,200 523 1.29 1.97(630) �0.68 �5.79 �3.82
PB3 532(522) 86,900 523 1.17 2.05(604) �0.88 �5.67 �3.62
PB4 532(522) 80,400 w523 1.11 1.92(645) �0.81 �5.61 �3.69

a Absorption maximum in CHCl3 (CH3CN) solutions.
b Absorption maximum on TiO2 were obtained through measuring the dyes

adsorbed on 6 mm TiO2 nanoparticle films in a CHCl3 solution.
c Eox determined by CV, in 0.10 M Bu4NPF6eCH2Cl2, and ferrocene as an external

reference.
d E0,0 was estimated from the absorption thresholds from absorption spectra of

dyes absorbed on the TiO2 film, E0,0 ¼ 1242.37/lonset.
e Computed from the formula E*ox ¼ Eox � E0,0.
f EHOMO ¼ �4.5�Eox.
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of these dyes is red-shifted by about 33 nm. To check influence of
cyanoacrylate group in the 2-poistion on the BODIPY absorption,
the 2-cyanoacrylate BODIPY (8) has been prepared with 5 as the
starting material. Relative to the BODIPY 8, the absorption maxima
of these dyes PB1e4 have a red-shift of 16 nm. Hence, the 2,6-
modification involving cyanoacrylic acid and either a 2,5-thienyl
or 1,4-phenylene extended the conjugation pathway of the BOD-
IPY core.

Normalized absorption spectra of dyes PB1e4 adsorbed on TiO2
film were obtained from the same TiO2 film (6 mm) for solar cells,
shown in Fig. 3. Compared with liquid spectra in CHCl3, the solid-
state absorption maxima have a small blue-shift (about 9 nm),
smaller shoulders at higher energy appear, and the long wave-
length absorption bands become broad. The latter is attributed to
H-type aggregation on the TiO2 surface and/or the dye-TiO2 inter-
action [7,48,56]. To understand the origin of the blue-shift, UV/Vis
absorption spectra of the foregoing compounds in a polar solvent,
acetonitrile, were determined (Fig. 4). Except for 2d, the UV/Vis
absorption spectra in acetonitrile exhibit blue-shifts of ca. 11 nm for
PB1e4, 10 nm for 8 and 7 nm for 4, relative to those in the low-polar
solvent. Thus, this shows that the electron contribution of these
BODIPY derivatives in the excited states is more delocalized than in
the ground states, namely dipole moments in the excited states
become smaller.

3.3. Electrochemical properties

To evaluate the feasibility of electron injection from the excited-
state molecule to the conduction band of TiO2, the electrochemical
behavior of dyes PB1e4 has been examined by cyclic voltammetry
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Fig. 3. Normalized absorption spectra of the dye PB1e4 adsorbed on TiO2 films.
(CV) using a standard three-electrode cell in an electrolyte solution
0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) dis-
solved in dichloromethane. The working electrode is glassy carbon,
the counter electrode is a platinumwire, and the reference electrode
is the saturated calomel electrode (SCE). The CV voltammograms are
shown in Fig. 5, using ferrocene as a standard. The half-wave
oxidation potentials (Eox) were obtained, and the excited-state
oxidation potentials ðE�oxÞ were estimated by subtracting the 0,0
transition energy (E0,0) from Eox, and datawere listed in Table 1. The
oxidation potentials (Eox) of these compounds, ranging from 1.11 to
1.38 V vs NHE, are more positive than the iodide/tri-iodide redox
couple (about 0.42 V vs NHE), indicating that the oxidized dye
formed after election injection into the conduction band of TiO2 can
be regenerated from the reduced species in the electrolyte. The
excited-state oxidation potential ðE�oxÞ, ranging from �0.68
to �0.88 V vs NHE, are higher than the conduction band of TiO2
(about �0.5 V vs NHE), thus ensuring facile electron injection from
the excited-state molecule to the TiO2 conduction band. As a result,
electron cycle of cells based on dyes PB1e4 is fully available. Among
them, the donor with electron-donating group(methoxy), for PB3
and PB4, give lower oxidation potentials than those for PB1 and
PB2. Namely, introduction of themethoxy can elevate on the HOMO
and LUMO levels of dyes,PB3 and PB4. In addition, the electron-rich
thiophene moiety contributes a lower Eox than the phenylene, PB2
vs PB1 and PB4 vs PB3 (Table 1).

3.4. Photovoltaic performance of DSSCs based on the BODIPY dyes

Dye-sensitized solar cells were prepared with these dyes as
sensitizers. Typical solar cells, with an effective area of 0.25 cm2, are
Fig. 5. Cyclic voltammogram of the dyes PB1e4 in CH2Cl2 solutions.



Table 2
Photovoltaic performance of DSSCs based on the BODIPY series of dyes.a

Dye Jsc (mA/cm2) Voc (V) FF h (%)

PB1 1.12 0.51 0.57 0.33
PB2 1.20 0.50 0.54 0.33
PB3 2.64 0.54 0.64 0.92
PB4 3.20 0.58 0.69 1.30
PB4b 5.10 0.61 0.72 2.26

a Light source: 100 mW/cm2, AM 1.5G simulated solar light; working area:
0.25 cm2; thickness: 14.5 mm; dye bath: CHCl3 solution (0.3mM); electrolyte: 0.05M
I2þ 0.1M LiIþ 0.6MDMPImIþ 0.5M TBP in CH3CN solution, unless other indicated.

b From an optimized fabrication process but not for the dye.
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Fig. 7. Photocurrentevoltage characteristics of representative TiO2 electrodes sensi-
tized with the dyes PB1e4 under AM 1.5 simulated sunlight (100 mW/cm2).
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fabricated with 0.6 M DMPImI/0.05 M I2/0.1 M LiI/0.5 M TBP in
acetonitrile solution as an electrolyte. The detailed parameters of
photovoltaic performance, short-circuit current density (Jsc), open-
circuit voltage (Voc), fill factor (FF), and photovoltaic conversion
efficiency (h), are summarized in Table 2 and the corresponding
photocurrentevoltage (JeV) curves are depicted in Fig. 6. Among
the four dyes, the PB4-sensitized cell exhibited the best photo-
voltaic performance.

Based on these parameters, the electron-donating ability of the
donor in a dye molecule plays a key role. The electron-donating
ability of donor groups is indicated by the oxidation potentials.
Eox values of PB3 and PB4 which are lower than those of PB1 and
PB2. Higher HOMO and LUMO energy levels of PB3 and PB4 rela-
tive to PB1 and PB2 could not only generate effectively charge
separation, but also accelerate the dye regeneration via fast
oxidation of tri-iodide by oxidized dyes, to avoid charge recombi-
nation between oxidized dyes and photo-injected electrons in the
nanocrystalline TiO2 film, thus enhancing the sensitized cell
performance. In addition, the electron-rich thiophene bridge also
has an electron-donating ability based on Eox values of PB2 and PB4
which are lower than those of PB1 and PB3, respectively.

Absorption spectra of these dyes both in solutions and adsorbed
on a TiO2 film exhibit higher molar extinction coefficients and
broader absorption bands for PB2 and PB4 over PB1 and PB3.
However, the PB2-sensitized cell didn’t give a high efficiency
relative to PB1. Hence, the difference in absorption spectra plays
a more important role.

The incident photon-to-current conversion efficiency (IPCE) of
the DSSCs based on dye PB4 is measured in the visible region
(380e800 nm) in Fig. 7. The IPCE spectrum of PB4 exhibits a strong
absorption in the region of 400e600 nm, and the IPCE reaches 26%
at 448 nm and starts to decrease above 650 nm. This is in agree-
ment with the absorption spectrum of dye PB4 on the TiO2 film.
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Fig. 6. Typical action spectra of incident photon-to-current conversion efficiencies
(IPCE) obtained for nanocrystalline TiO2 solar cells sensitized by PB4.
Moreover, the best conversion efficiency 2.26% was obtained
from the PB4-sensitized cell prepared by an optimized fabrication
process of DSSCs, which didn’t include an optimization to the dye.
This implies that the efficiency could be further improved.

4. Conclusions

A series of new 2-donor, 6-acceptor BODIPY dyes (PB1e4) have
been synthesized for DSSCs. The photovoltaic behavior of the dye-
sensitized cells has been measured. Combination of spectral and
electrochemical properties has demonstrated several factors
influencing the photovoltaic performance of DSSCs. The
structureeproperty relationship shows that the strong donating
power of the donor and better conjugation of p-bridge are favor-
able for improving the efficiency of DSSCs. Among these dyes, PB4
with the donor modified by methoxy groups and BODIPY-
thiophene as the conjugated bridge reveals strong donating
power for the donor and a broader absorption band. The PB4-
sensitized cell gave the best properties of DSSCs, and the highest
photo-to-electron conversion efficiency of 2.26%. This molecular
design of 2,6-substituted BODIPY dye has offered a useful approach
for development of more efficient DSSCs based on BODIPY deriva-
tives and further improvement of the performance of BODIPY-
based DSSCs is in progress.
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