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a b s t r a c t

Two DeAeD-type low band gap organic dyes based on triphenylamine and benzox-
adiazole/benzothiadiazole, 4,7-Bis{5-{4-{2-[4-(N,N-diphenylamino)phenyl]-1-nitrilethenyl}phenyl}-
2-thienyl}-2,1,3-benzoxadiazole (BDNTBX) and 4,7-Bis{5-{4-{2-[4-(N,N-diphenylamino)phenyl]-1-
nitrilethenyl}phenyl}-2-thienyl}-2,1,3-benzothiadiazole (BDNTBT) were successfully synthesized.
The properties of two compounds were investigated by density functional theory (DFT) calculations,
UVevis absorption spectroscopy, cyclic voltammetry and fluorescence quenching experiment. The
calculated ground-state geometries demonstrate intramolecular charge transfer (ICT) occurs in both
molecules during the procedure of charge excitation from HOMO to LUMO. From the data in elec-
trochemistry and fluorescence quenching experiments, the molecules reveal lower HOMO energy
levels compared with that of P3HT and proper LUMO energy levels to obtain efficient charge sepa-
ration with PCBM. Two synthesized compounds exhibit broad absorption range covering the whole
visible spectral region. These photophysical and electrochemical properties call attention to
that our materials are prospective candidates as donor materials for solution-processable organic
photovoltaic cells.

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

Small molecule based organic photovoltaic devices have
attracted intensive attention in bulk heterojuction solar cells due to
their reproducible preparation, easy functionalization, facile puri-
fication and excellent monodisperse [1e4]. Donor(D)eacceptor(A)
typed p-conjugated organic materials are widely investigated as
active materials in research area of small molecular organic solar
cells [5e8] because this designmakes it possible to reduce the band
gap of the material for broadening the range of absorption and to
study the relationship between the variation of donor/acceptor
chromophores and their corresponding properties of photophysics
and electrochemistry [1,2,9].

The triphenylamine (TPA) unit is considered as a promising
donor moiety of DeA typed photovoltaic materials because of its
good electron-donating, high hole mobility and well solubility
[10e12]. So many kinds of TPA-based molecules have been
designed by combining electron-acceptor moiety, such as benzo-
thiadiazole [6,13e16], dicyanovinylene [11,17e19], 1,1,4,4-
40.
@jlu.edu.cn (K. Li).
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tetracyanobuta-1,3-diene [20], dicyanomethylenepyran [21], hex-
afluorocyclopentene [22], sulfonyldibenzene [23], in linear, star-
shaped or dendritic structure, and developed as donor materials
for organic solar cells with the power conversion efficiency (PCE) of
0.06%e4.3%. Additionally, the utilization of benzothiadiazole (BT) as
an accepting moiety and TPA as a donating moiety, in particular by
Li and co-workers [6,13e15], is well-studied and successful strategy
for synthesizing low band gap donor materials. However, small
molecular photovoltaic donor materials using benzoxadiazole (BX)
as an alternating acceptor unit is scarcely considered [24],
compared with the polymer donor materials [25e29]. Further-
more, BX has been exhibited to lower HOMO energy level of DeA
typed materials, which leads to larger open voltage in BHJ solar
cells [25e29].

In this paper, we report two new linear, D-p-A-p-D structured
organic dyes(Scheme 1) based on TPA as donor units and BT/BX as
acceptor units with (4-thienyl)phenyl-ethylene p-conjugated chain
between them. In addition, the p-bridge has been designed to
connect with nitrile groups, which have been considerably utilized
on synthesis of organic dye for the dye-sensitized solar cells [30,31].
The structures of target materials have been designed in order to (i)
take advantage of intramolecular charge transfer to reduce band
gaps of molecules and to extend the absorption spectrum of them
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Scheme 1. Chemical structure of BDNTBX and BDNTBT.
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to longerwavelength [1,2], (ii) profit fromhole-transport properties
and good solution capability of TPA group [10e12], (iii) investigate
the relationship between photophysical and electrochemical
differences of two molecules and their different acceptor units.
Density functional theory (DFT) calculations of two compounds
were needed to understand the properties of these conjugated
compounds at molecular level. The photophysical properties of
newmaterials have been analyzed by UVevis absorption spectrum,
fluorescence emission spectroscopy and fluorescence quenching
experiment with phenyl C61 butyric acid methyl (PCBM) which is
a soluble fullerene derivative and has been widely used in organic
solar cells as an acceptor material. To investigate their properties of
electrochemistry, cyclic voltammetry has been applied on these
compounds and the results are discussed in relation to the exper-
iment of fluorescence quenching and variation of acceptor
moieties.

2. Experimental

2.1. Materials

All reagents were obtained commercially and used without
further purification, unless otherwise noted. Toluene and tetrahy-
drofuran were dried by distillation from metallic sodium/benzo-
phenone under nitrogen atmosphere before use. All reaction
carried in an air atmosphere unless otherwise noted.

2.2. Measurements and characterizations

NMR spectra were collected on a Bruker AVANCE II 400-MHz
spectrometer (400 MHz for 1H NMR and 100 MHz for 13C NMR),
with CDCl3 as solvent and TMS as the internal standard. MS data
were measured with MALDI Micro MX spectrometer. UVevis
absorption spectra were recorded on a HP8453 UVevis spectro-
photometer at room temperature using a quartz cuvette as
container and chloroform as solvent. For the thin film spectra, the
materials were firstly dissolved in chloroform, and drop-casted on
glass slide. Fluorescence spectra and fluorescence quenching
experiment were carried out with a Shimadzu RF-5301PC spec-
trofluorometer. Cyclic voltammetry (CV) was performed using
a CHI 610D electrochemical workstation from CH Instruments, Inc.
On these analyses, the synthesized final molecules were drop-
casted on glass-carbon electrode which was used as the working
electrode, and Ag/Agþ electrode (Ag in 0.1 M AgNO3 solution of
MeCN) and platinumwirewere used as the reference electrode and
the count electrode, respectively. Ferroceneeferrocenium (Fc/Fcþ)
couple was chosen as internal standard. Currentevoltage charac-
teristics were carried out using a Keithley 2400 Source Measure
Unit under AM 1.5G illumination (100 mW cm�2).

2.3. Synthesis

Details of synthesis of the BT and BX acceptor moieties
(compounds 4e13) are provided in the supplementary data. NMR
spectra of all compounds are available in supplementary materials.
2.3.1. 4-(N,N-Diphenylamino)-benzaldehyde (1)
A solution of palladium acetate (0.045 g, 0.20 mmol), bis(di-

phenylphosphino)ferrocene (DPPF) (0.28 g, 0.50 mmol) and 4-
bromobenzaldehyde (2.8 g, 15 mmol) in dry toluene (100 mL)
was stirred under nitrogen atmosphere at room temperature for
30 min. Then, diphenylamine (1.7 g, 10 mmol) and sodium tert-
butoxide (1.4 g, 15 mmol) were added to the solution and refluxed
at 110 �C for 24 h. After being cooled to the room temperature, the
reaction mixture was filtered through a short plug of silica gel with
ethyl acetate. The organic solvent was evaporated under reduced
pressure. The crude product was purified by silica column chro-
matograghy eluting with petroleum ether/ethyl acetate (v:v, 10:1)
to afford compound 1 as an orange solid (1.7 g, 63%); m.p.
128e131 �C (lit [32]., 130e131 �C); 1H-NMR(400MHz, CDCl3, ppm):
d 9.81 (s, 1H), 7.67 (d, J ¼ 8.8 Hz, 2H), 7.34 (t, 4H), 7.15e7.18 (m, 6H),
7.01 (d, J ¼ 8.8 Hz, 2H).

2.3.2. 2-(4-bromophenyl)-3-[4-(N,N-diphenylamino)phenyl]-
acrylonitrile (2)

A solution of sodium hydroxide (0.14 g, 3.6 mmol) in ethanol
(5.0 mL) was added to the mixture of compound 1 (0.81 g,
3.0 mmol) and 4-bromobenzyl cyanide (0.71 g, 3.6 mmol) in
ethanol (50 mL) at room temperature. After being stirred for 40 h,
the yellow solid was filtered and washed by a great amount
of water. The resulting solid was dried to afford compound 2
(1.2 g, 89%) without further purification; m.p. 163e164 �C;
1H-NMR(400 MHz, CDCl3, ppm): d 7.77 (d, J ¼ 8.8 Hz, 2H),
7.49e7.56(m, 4H), 7.40 (s, 1H), 7.32(t, 4H), 7.11e7.17 (m, 6H), 7.04
(d, J ¼ 8.8 Hz, 2H); 13C-NMR (100 MHz, CDCl3, ppm) d 106.38,
118.46, 120.69, 122.62, 124.57, 125.84, 126.02, 127.18, 129.64, 130.81,
132.13, 134.08, 142.03, 146.51, 150.23; HRMS(MALDI-TOF):
450.0752[Mþ] (calcd for C27H19N2Br: 450.0732).

2.3.3. 2-[4-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)phenyl]-
3-[4-(N,N-diphenylamino)phenyl]-acrylonitrile (3)

A solution of compound 2 (2.2 g, 5.0 mmol), bis(pinacolato)
diborane (1.5 g, 6.0 mmol), KOAc (1.5 g, 15 mmol), Pd(PPh3)2Cl2
(0.18 g, 0.25 mmol) in dry toluene (50 mL) was refluxed at 120 �C
under nitrogen atmosphere for 24 h. After being cooled to the room
temperature, the mixture was poured into water (100 mL) and the
organic layer was separated. The aqueous layer was extracted with
dichloromethane (3�50mL) and the combined organic layerswere
dried over anhydrous Na2SO4 and evaporated to dryness. The crude
product was purified by silica column chromatograghy eluting with
petroleum ether/ethyl acetate (v:v, 5:1) to afford compound 3 (2.0 g,
81%) as an orange solid. m.p. 171e174 �C; 1H-NMR(400 MHz, CDCl3,
ppm): d 7.85 (d, J ¼ 8.4 Hz, 2H), 7.79(d, J ¼ 8.8 Hz, 2H), 7.65 (d,
J ¼ 8.4 Hz, 2H), 7.49(s, 1H), 7.32 (t, 4H), 7.10e7.17 (m, 6H), 7.05 (d,
J¼8.8Hz, 2H),1.36 (s,12H); 13C-NMR(100MHz, CDCl3, ppm) d24.90,
84.01, 107.58, 118.69, 120.79, 124.44, 124.82, 125.77, 126.32, 129.54,
129.59,130.83,135.39,137.52,142.18,146.58,150.09; HRMS(MALDI-
TOF): 498.2490 [Mþ] (calcd for C33H31BN2O2: 498.2479).

2.3.4. 4,7-Bis{5-{4-{2-[4-(N,N-diphenylamino)phenyl]-1-
nitrilethenyl}phenyl}-2-thienyl}-2,1,3-benzoxadiazole (BDNTBX)

2 mL of ethanol and 4 mL of 2 M aqueous Na2CO3 were added to
the solution of compound 9 (0.22 g, 0.50 mmol), compound 3
(0.50 g, 1.0 mmol) and Pd(PPh3)4 (0.058 g, 0.050 mmol) in 8 mL of
toluene under nitrogen atmosphere. Then themixture was refluxed
at 110 �C for 48 h. After being cooled to the room temperature, the
mixture was poured into water (50 mL) and the organic layer was
separated. The aqueous layer was extracted with chloroform
(3 � 50 mL) and the combined organic layers were dried over
anhydrous Na2SO4 and evaporated to dryness. The crude product
was purified by silica column chromatograghy eluting with
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chloroform/AcOH (v:v, 50:1) to afford compound BDNTBX as a dark
brown solid (0.26 g, 56%); m.p. 283e287 �C; 1H-NMR(400 MHz,
CDCl3, ppm): d 8.13 (d, J ¼ 2.8 Hz, 2H), 7.82 (d, J ¼ 8.4 Hz, 4H),
7.65e7.74 (m, 8H), 7.65 (s, 2H), 7.48(s, 4H), 7.33 (t, 8H), 7.12e7.18 (m,
12H), 7.06 (d, J ¼ 8.4 Hz, 4H); HRMS(MALDI-TOF): 1024.2979 [Mþ]
(calcd for C68H44N6OS2: 1024.3018).

2.3.5. 4,7-Bis{5-{4-{2-[4-(N,N-diphenylamino)phenyl]-1-
nitrilethenyl}phenyl}-2-thienyl}-2,1,3-benzothiadiazole (BDNTBT)

2 mL of ethanol and 4 mL of 2 M aqueous Na2CO3 were added to
the solution of compound 13 (0.23 g, 0.50 mmol), compound 3
(0.50 g, 1.0 mmol) and Pd(PPh3)4 (0.058 g, 0.050 mmol) in 8 mL of
toluene under nitrogen atmosphere. Then themixturewas refluxed
at 110 �C for 48 h. After being cooled to the room temperature, the
mixture was poured into water (50 mL) and the organic layer was
separated. The aqueous layer was extracted with chloroform
(3 � 50 mL) and the combined organic layers were dried over
anhydrous Na2SO4 and evaporated to dryness. The crude product
was purified by silica column chromatograghy eluting with petro-
leum ether/chloroform (v:v, 1:10) to afford compound BDNTBT as
a dark brown solid (0.39 g, 75%); m.p. 288e293 �C; 1H-
NMR(400 MHz, CDCl3, ppm): d 8.13 (d, J ¼ 2.8 Hz, 2H), 7.91 (s, 2H),
7.80(d, J ¼ 8 Hz, 4H), 7.68e7.76 (m, 8H), 7.47(s, 4H), 7.33 (t, 8H),
7.11e7.18 (m,12H), 7.05 (d, J¼ 8 Hz, 4H); 13C-NMR (100MHz, CDCl3,
ppm) d107.03, 118.63, 120.82, 124.46, 124.60, 125.43, 125.77, 126.15,
126.36, 127.44, 128.29, 128.75, 129.59, 130.77, 134.23, 134.33,139.19,
Scheme 2. Synthetic routes o
141.24, 144.62, 146.58, 150.06, 152.55; HRMS(MALDI-TOF):
1040.2700 [Mþ] (calcd for C68H44N6S3: 1040.2790).

3. Results and discussion

3.1. Synthesis and characterization

The synthetic routes of BDNTBX and BDNTBX are shown in
Scheme 2. Compound 4-(N,N-diphenylamino)-benzaldehyde (1) is
prepared by the BuchwaldeHartwig CeN coupling reaction of
diphenylamine and 4-bromobenzaldehyde. Next, Knoevenagel
condensation of compound 1 and 4-bromobenzyl acetonitrile was
taken place to obtain compound 2 in 89% yields. The compound 2
was borylated with bis(pinacolato)diborane by Miyaura borylation
to give donor block 3 in high yield of 81%. The synthesis of acceptor
blocks of 9 and 13 were prepared in several steps according
to literature procedures: benzofurazan-N-oxide (4) [33], 2,1,3-
benzoxadiazole (5) [34], 4,7-dibromo-2,1,3-benzoxadiazole (6)
[27], tributyl(thiophen-2-yl)stannane (7) [35], 4,7-bis(thiophen-2-
yl)-2,1,3-benzoxadiazole (8) [27], 4,7-bis(5-bromothiophen-2-yl)-
2,1,3-benzoxadiazole (9) [27], 2,1,3-benzothiadiazole (10) [36],
4,7-dibromo-2,1,3-benzothiadiazole (11) [36], 4,7-bis(thiophen-2-
yl)-2,1,3-benzothiadiazole (12) [35], 4,7-bis(5-bromothiophen-2-
yl)-2,1,3-benzothiadiazole (13) [35]. BDNTBX and BDNTBT were
synthesized by Suzuki coupling reactionwith yields of 56% and 75%,
respectively. The chemical structures of two designed compounds
f BDNTBX and BDNTBT.



Fig. 1. Molecular orbital surfaces of the HOMO and LUMO of BDNTBX (left) and BDNTBT (right) obtained at B3LYP/6-31G(d) level.
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were identified by MALDI-TOF HRMS and NMR spectra. Both of
synthesized molecules have good solubility in common solvent,
such as chloroform, chlorobenzene and 1,2-dichlorobenzene, at
room temperature to satisfy the requirement on fabrication of
photovoltaic device.

3.2. Theoretical calculation

The ground-state geometries and electronic structures of
BDNTBX and BDNTBT were calculated with Gaussian 09 software,
using density functional theory (DFT) based on the Becke’s three-
parameter gradient-corrected functional (B3LYP) with a polarized
6-31G(d) basis [37]. The geometries and the electron-density
distribution of the highest occupied molecular orbit (HOMO) and
the lowest unoccupied molecular orbit (LUMO) of ground-state
optimized structures are illustrated in Fig. 1. The DFT calculated
HOMO and LUMO energies are summarized in Table 1. The calcula-
tion results of twomolecules demonstrate that the central BX andBT
moieties constitute a large conjugated planar structure with their
two adjacent thienyl units, and both of the structures appear a slight
non-planar structure from the phenyls connected on thienyl units to
the two triphenylaminemoieties located at the end of molecules. In
two compounds, electron density of the HOMO delocalizes over the
entiremolecules,while that of the LUMOdistributes on the acceptor
unites of BX and BT, indicating that in the process of being excited
from HOMO to LUMO energy levels, a charge transfers from the
electron-donating N atom of the TPA units to the central BX or BT
acceptormoieties. The calculated HOMO and LUMO energy levels of
ground-state optimized geometry for compound BDNTBX
are�4.97 eV and�2.76 eV, respectively. The theoretical band gap of
BDNTBX is 2.21 eV, estimated by using the differences between the
HOMO and LUMO energies. For BDNTBT, the HOMO and LUMO
energy levels and theoretical band gap are �4.90 eV, �2.71 eV and
2.19 eV, respectively. The calculation results demonstrate that both
of the HOMO and LUMO energy levels of BDNTBX are effectively
stabilized by the BX-acceptor units, suggesting the stronger
electron-withdraw abilities of BX than that of BT.

3.3. Optical properties

The normalized UVevis absorption spectra of two studied
materials in CHCl3 and in film are inllustrated in Fig. 2. For
Table 1
Optical, electrochemical and DFT calculated properties of BDNTBX and BDNTBT.

Compound UVevis absorption spectra Cyclic voltammetry

lsolmax=nm lfilmmax=nm Eoptg =eV Eox/V HOMO/

BDNTBX 433,510 431,515 1.83 0.67 �5.42
BDNTBT 433,501 434,519 1.89 0.72 �5.47
comparison, the corresponding maximum absorption peaks (lmax)
and optical band gap (Egopt) are listed in Table 1. Both of compounds
exhibit strong absorption in wavelength range from 300 to 600 nm
in solution on account of their DeAeD molecular structure con-
nected by conjugated bridge. The lmax of compounds BDNTBX in
solution are observed at 433 nm and 510 nm. The first peak is due to
the pep* transition of the molecule and the second one can be
assigned to the intramolecular charge transfer transition(ICT)
between donor unit and acceptor moiety. In comparison with
BDNTBX, the absorption peaks of BDNTBT are at 433 nm and
501 nm in CHCl3. The slight blue shift of ICT peaks of BDNTBT
indicates that BX moiety has stronger electron withdrawing effect
than BT unit to increase charge transfer between donors and
acceptors in molecules.

The absorption spectra in films show generally similar pictures
to those in chloroform, but the range of absorption is broadened.
Compared with absorption spectra in solution, both of molecules
in solid films have a slight red shift of lmax (5 nm for BDNTBX,
18 nm for BDNTBT), revealing intermolecular pep interaction and
aggregation in solid state. The optical band gap (Egopt) calculated
from onset of absorption edges in the films are 1.83 eV for
BDNTBX and 1.89 eV for BDNTBT, for the reason that enhanced
ICT transition of BDNTBX results broader the absorption spectral
range. In solution, photoluminescence (PL) spectra of compound
BDNTBX reveals an emission maximum (lmax

PL ) peaked at 631 nm
with excitation wavelength of 510 nm and that of BDNTBT
displays lmax

PL at 630 nm with excitation wavelength located at
500 nm.

3.4. Electrochemical properties

Cyclic voltammetry (CV) measurements of BDNTBX and
BDNTBT were performed in anhydrous acetonitrile with 0.1 M
tetrabutylammonium trtrafluoroborate (Bu4NBF4) as supporting
electrolyte at scan rate of 50 mV s�1 under nitrogen atmosphere, in
order to determine their HOMO and LUMO energy levels. Using
ferroceneeferrocenium (Fc/Fcþ) couple (EFOC ¼ 0.48 eV versus
vacuum level) as internal standard, the HOMO energy levels, LUMO
energy levels and the electrochemical band gaps (Egec) of two
molecules were calculated from onset oxidation potentials (Eox)
and onset reduction potentials (Ered) according to the following
equations [38,39]:
DFT calculation

eV Ered/V LUMO/eV Eecg =eV HOMO/eV LUMO/eV

�1.14 �3.61 1.81 �4.97 �2.76
�1.18 �3.57 1.90 �4.90 �2.71



Fig. 2. Fluorescence and UVevis absorption spectra of BDNTBX and BDNTBT in
chloroform (1.0 � 10�5 M) and in film.

Fig. 3. Cyclic voltammetry curves of BNDTBX (top) and BNDTBT (bottom) film on glass
carbon electrode in 0.1 M Bu4NBF4/MeCN solution at scan rate of 50 mV/s.
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HOMO ¼ �ðEox � Eferrocene1=2 þ 4:8Þ eV

LUMO ¼ �ðEred � Eferrocene1=2 þ 4:8Þ eV
Eecg ¼ LUMO� HOMO
Fig. 4. Emission spectra (left) of BDNTBX and BDNTBT (1.0 � 10�5 M) in CHCl3 with increasin
25.0 (6), 30.0 (7). The insets are SterneVolmer quenching plots for both compounds resp
(365 nm) on the setting of Panasonic DSC-TX1 camera (right).
where Eox and Ered are the measured onset potentials relative to Ag/
Agþ. E1/2ferrocene ¼ 0.05 V versus Ag/Agþ.

The CV curves of two studied molecules are shown in Fig. 3 as
a comparison and the results of electrochemical measurements
and calculated energy levels are summarized in Table 1. On the
anodic scan, two molecules showed irreversible onset oxidation
potentials of 0.67 V for BDNTBX and 0.72 V for BDNTBT. In
contrast, the cathodic scan exhibited a reduction of onset
potentials of �1.14 V for BDNTBX and �1.18 V for BDNTBT. From
the Table 1, the band gaps (Egcv) of BDNTBX and BDNTBT are
estimated to be about 1.81 eV and 1.90 eV, respectively,
which are in good agreement with the optical band gaps. For
compound BDNTBX, the substitution of stronger electron-
withdraw group BX results in a lower LUMO level of �3.61 eV,
a higher HOMO level of �5.42 eV and a narrower band gap
compared with those of BDNTBT. In addition, the HOMO energy
level of donor materials of small molecular BHJ solar cells plays
an important role on high device efficiency, because the differ-
ence between the HOMO level of donor materials and the LUMO
level of acceptor materials has a linear relationship with the Voc
of BHJ solar cells. The relative lower HOMO levels of both
molecules (�5.42 eV for BDNTBX, �5.47 eV for BDNTBT) than
that of the polymer donors, such as P3HT (�4.99 eV, Figure S14
in supplementary materials, P3HT was purchased from Sigma-
Alderich Inc.), lead them to be favored for increasing the Voc

when utilizing two materials as the donors in BHJ solar cell with
PCBM as the acceptor.

3.5. Mechanism of photoinduced charge separation

According to electrochemical properties of BDNTBX and
BDNTBT, both of them have potential to generate photoinduced
charge separation process with PCBM since that the LUMO energy
levels of twomolecules are higher than that of PCBM (�4.3 eV) over
0.3 eV, which is required to guarantee the efficient charge separa-
tion at interface of donor materials and PCBM [40]. To investigate
the charge separation process, the fluorescence quenching experi-
mentswere carried out and shown in Fig. 4. The fluorescence of two
donor materials was gradually quenched as the concentration of
PCBM was increased in CHCl3. This phenomenon suggests an effi-
cient photoinduced charge separation process of synthesized donor
molecules with acceptor material PCBM. Furthermore, at low
quencher concentrations, the dependences of fluorescence inten-
sity on the concentration of PCBM are linear in conformity with the
SterneVolmer equation [41e44]:
g concentration of PC61BM (�10�5 M): 0.0 (0), 2.5 (1), 5.0 (2), 10.0 (3), 15.0 (4), 20.0 (5),
ectively. Fluorescence of BDNTBX without and with PCBM in CHCl3 under irradiation



Scheme 3. Mechanism for photoinduced charge separation of synthesized donor
molecules (DTM) with acceptor PCBM (APCBM): (1) excitation of DTM by incident photon;
(2) diffusion of exciton in solution to form an encounter pair; (3) transfer of excited
electron from DTM to APCBM; (4) charge separation.
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F0=F ¼ 1þ Ksv$½C�
in which F0 and F represent the fluorescence intensity in the
absence and present of PCBM, respectively, KSV is the quenching
constant, and [C] is the concentration of PCBM. The KSV values of
BDNTBX and BDNTBT are 2.85 � 103 M�1 and 3.17 � 103 M�1,
respectively.

The mechanism for photoinduced charge separation [40,44]
is illustrated in Scheme 3. The quenching of fluorescence
according to following procedure: (1) under incident ray, the
electron on the HOMO energy level of donor molecule was
photoexcited to the LUMO energy level to generate a Coulomb-
correlated electron-hole pair, an exciton (DTM

* ); (2) in the solu-
tion condition, the photoexcitation of donor diffused to interface
of PCBM to form encounter pair ([DTM

* , APCBM]); (3) the exciton
transfer from the LUMO energy level of donor materials to that
of PCBM to form a geminate pair ([DTM

þ , APCBM
� ]); (4) the gemi-

nate pair dissociate from each other, causing fluorescence
quenching.

3.6. Preliminary investigation of photovoltaic properties

In order to exploit the photovoltaic properties of two dyes, we
fabricateddeviceswith structure (I) ITO/PEDOT-PSS/BDNTBT:PCBM/
Al and structure (II) ITO/PEDOT-PSS/BDNTBX:PCBM/Al. Fig. 5 shows
the Currentevoltage characteristics of the cells under illumination
of one sun AM 1.5G. (100 mW cm�2). The device (I) exhibited an
open-circuit voltage (Voc) of 0.60 V, short-circuit current density
(Jsc) of 2.86 mA cm�2, fill factor (FF) of 0.29, and power conversion
Fig. 5. Currentevoltage characteristics for PV cells with structure ITO/PEDOT-PSS/
BDNTBT:PCBM/Al (solid line) and ITO/PEDOT-PSS/BDNTBX:PCBM/Al (dash line)
under illumination of one sun AM 1.5G (100 mW cm�2).
efficiency (PCE) of 0.50%. The device (II) exhibited an open-circuit
voltage (Voc) of 0.58 V, short-circuit current density (Jsc) of
2.39 mA cm�2, fill factor (FF) of 0.24, and power conversion effi-
ciency (PCE) of 0.33%. The preliminary investigation suggests that
optimization of the device composition,morphology, and annealing
are needed, thus further work is under investigation.

4. Conclusions

In this work, we have successfully synthesized two new low-
band-gap linear D-p-A-p-D organic molecules containing triphe-
nylamine as donor moiety and benzoxadiazole or benzothiadiazole
as acceptor moiety. By introducing a BX unit as an alternative
acceptor of BT in design of molecules, BDNTBX presents a narrower
band gap and a lower LUMO energy level compared with those of
BDNTBT, indicating that BX has better electron-withdrawing
capability than BT. DFT calculations of these compounds reveal
intramolecular charge transfer from the electro-donating TPA
moieties to the central acceptor units. Both of compounds in films
show a broad and strong absorption band in the range of
300e700 nm covering nearly whole visible region. The cyclic vol-
tammetry data of them imply that our molecules have lower-lying
HOMO energy levels (�5.42 eV for BDNTBX, �5.47 eV for BDNTBT)
comparing with P3HT, which has a HOMO energy level of around
5.0 eV. Furthermore, the fluorescence quenching experiment reveal
an efficient photoinduced charge separation mechanism with
PCBM. These photophysical and electrochemical properties call
attention to that our materials are prospective candidates as donor
materials for high-performance solution-processable organic solar
cells. Further experiments of fabrication and optimization of solar
cells are underway in our laboratory.
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