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A series of donor–acceptor–donor small molecules (1–3) with bithiazole as acceptor unit,
triphenylamine as donor unit and thiophene with different number (0, 1, 2) as bridge were
synthesized by palladium(0)-catalyzed Suzuki or Stille coupling reactions. The thermal,
optical, electrochemical, charge transport, and photovoltaic properties of these small mol-
ecules were examined. All compounds exhibit excellent thermal stability with decomposi-
tion temperatures (5% weight loss) over 390 �C in nitrogen atmosphere. As increasing the
number of thiophene and p-conjugation length of molecule, the absorption maximum in
film red shifts from 406 to 498 nm, the extinction coefficient increases from 1.35 � 104

to 7.66 � 104 M�1 cm�1, and the optical band gap decreases from 2.6 to 2.0 eV. The elec-
tron-donating thiophene and bithiophene in compounds 2 and 3 up-shift HOMO energy
level from �5.42 (1) to �5.24 eV (2) or �5.22 eV (3), and down-shift LUMO energy level
from �2.48 (1) to �2.84 eV (2) or �2.81 eV (3). The hole mobility of compound 3 is up
to 3.6 � 10�4 cm2 V�1 s�1, which is one order of magnitude higher than that of compound
2, but compound 1 shows no field-effect transistor performance. Solution-processed bulk
heterojunction organic solar cells based on 1–3:PC71BM (1:4, w/w) blend films exhibit
increasing power conversion efficiency (up to 2.61%) as increasing thiophene unit number.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Organic solar cells (OSCs) are a promising cost-effective
alternative for utility of solar energy, and possess low-cost,
light-weight, and flexibility advantages [1–3]. Much of the
focus has been on the development of polymer-based OSCs
which have seen a dramatic rise in efficiency over the last
decade, and the encouraging power conversion efficiency
(PCE) over 8% [4] has been achieved from bulk heterojunc-
tion (BHJ) [5] OSCs based on polymer donors and fullerene
acceptors. Small molecules offer potential advantages over
conjugated polymer counterparts in terms of defined
molecular structure, definite molecular weight, high purity,
. All rights reserved.
easy purification, easy mass-scale production, and good
batch-to-batch reproducibility [6–10]. In recent years,
great efforts have been dedicated to develop small
molecules for application in OSCs, such as linear donor–
acceptor–donor (D–A–D) [11–15] or A-D-A [16–20] mole-
cules, star- or X-shaped molecules [21–28], fused polycyclic
arenas [29–32], and other organic dyes [33–42]. So far the
highest PCEs of solution-processed BHJ OSCs based on small
molecular donors are over 6% [19,42], lower than that (over
8%) of polymeric donors-based BHJ OSCs. Despite the fact
that considerable progress has been made in small mole-
cule-based OSCs, the relatively low PCE is hindrance to
commercialization of these devices.

Thiazole is a widely used electron-accepting heterocy-
cle due to electron-withdrawing nitrogen of imine (C@N).
Small molecules based on bithiazole (BTZ) were used as

http://dx.doi.org/10.1016/j.orgel.2012.01.016
mailto:xwzhan@iccas.ac.cn
http://dx.doi.org/10.1016/j.orgel.2012.01.016
http://www.sciencedirect.com/science/journal/15661199
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semiconductors in organic field-effect transistors (OFETs),
and exhibited electron mobility as high as 1.83 cm2 V�1 s�1

[43]. Conjugated polymers based on BTZ were used as
semiconductors in OFETs, and exhibited hole mobility as
high as 0.14 cm2 V�1 s�1 [44]. Conjugated polymers based
on BTZ have been used in OSCs as donors [45–51]. We have
systemically explored the design and synthesis of BTZ-
containing conjugated polymers and their application in
solution-processed OSCs, and PCEs up to 4.46% were
achieved in combination with [6,6]-phenyl-C71-butyric
acid methyl ester (PC71BM) acceptor [52–63]. However,
to our knowledge, there has been only one report on
BTZ-based small molecules for use in OSCs. Very recently,
Lee et al. reported a BTZ-based small molecule for OSCs
with a PCE of 1.3% [64].

Triphenylamine (TPA) has been regarded as a promising
moiety for organic semiconductor materials owing to its
good electron-donating and hole-transporting capability
[65]. TPA-based molecules, including star-shaped mole-
cules with TPA as core and linear molecules with D-A-D
structure, have been widely investigated for application
in OSCs. Recently, our group reported that solution-
processed OSCs based on a star-shaped small molecule
with TPA as core gave PCEs up to 4.3% without any post-
treatments [21], which is the highest reported for solution
processed BHJ OSCs based on TPA-based molecules and
star-shaped molecules.

Here we report a series of D-A-D molecules with BTZ as
acceptor (A) unit, TPA as donor (D) unit and thiophene
with different number (0, 1, 2) as bridge (1–3, Fig. 1). In
this system, the molecule with more thiophene units
exhibited broader absorption spectra, higher extinction
coefficient, and higher hole mobility. Without any post-
treatments, solution-processed OSCs based on 3 exhibited
promising PCEs as high as 2.61%.

2. Experimental section

2.1. Measurements and characterization

The 1H and 13C NMR spectra were measured on a Bruker
AVANCE 400 MHz spectrometer using tetramethylsilane
(TMS; d = 0 ppm) as an internal standard. Mass spectra were
measured on a Bruker Daltonics BIFLEX III MALDI-TOF
Analyzer using MALDI mode. Elemental analyses were
carried out using a FLASH EA1112 elemental analyzer.
Solution (dichloromethane) and thin film (on quartz sub-
strate) UV–vis absorption spectra were recorded on a JKSCO
V-570 spectrophotometer. Electrochemical measurements
were carried out under nitrogen on a deoxygenated solution
N
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Fig. 1. Chemical structures of compounds 1–3.
of tetra-n-butylammonium hexafluorophosphate (0.1 M) in
CH3CN using a computer-controlled CHI660C electrochem-
ical workstation, a glassy-carbon working electrode coated
with sample films, a platinum-wire auxiliary electrode, and
an Ag wire anodized with AgCl as a pseudo-reference elec-
trode. Potentials were referenced to ferrocenium/ferrocene
(FeCpþ=0

2 ) couple by using ferrocene as a standard. Thermo-
gravimetric analysis (TGA) measurements were performed
on Shimadzu thermogravimetric analyzer (model DTG-60)
under a nitrogen flow at a heating rate of 10 �C min�1. Melt-
ing points were measured by micro melting point apparatus
RDY-2B at a heating range of 25–250 �C. The nanoscale
morphology of blend film was observed by using a Veeco
Nanoscopy V atomic force microscopy (AFM) in tapping
mode.

2.2. OFET device fabrication and characterization

OFETs based on 1, 2 or 3 films were fabricated in a
bottom gate, top contact configuration at ambient
atmosphere. Highly n-doped silicon and thermally grown
silicon dioxide (500 nm) were used as back gate and gate
dielectric, respectively. The substrates were cleaned
sequentially with pure water, hot concentrated sulfuric
acid-hydrogen peroxide solution (concentrated sulfuric
acid/hydrogen peroxide water = 2:1), pure water, and
isopropanol. Then vaporized octadecyltrichlorosilane
(OTS) was used for surface modification of the gate dielec-
tric layer. Solutions of 1, 2 or 3 in chloroform (10 mg mL�1)
were spin coated onto OTS treated substrates to form thin
films. Gold contacts (25 nm) for source and drain electrodes
(finger parallel source-drain geometry) were vacuum-
deposited at a rate of 0.1 Å s�1 through a metal shadow
mask that defined a series of transistor devices with a
channel length (L) of 50 lm and a channel width (W) of
1 mm. The characterization was accomplished by keithley
4200 SCS with a micromanipulator 6150 probe station in a
clean shielded box at ambient atmosphere. Then field-effect
mobility was calculated from the standard equation
for saturation region in metal-dioxide-semiconductor
field-effect transistors: IDS ¼ ðW=2LÞlCiðVG � VTÞ2, where
IDS is drain-source current, l is field-effect mobility, W
and L are the channel width and length, Ci is the capacitance
per unit area of the dielectric layer (Ci = 7.5 nF cm�2), VG is
the gate voltage and VT is the threshold voltage.

2.3. Fabrication and characterization of photovoltaic cells

OSC devices were fabricated with a structure of ITO/
PEDOT:PSS/1–3:PC71BM/Ca/Al. The patterned indium tin
oxide (ITO) glass (sheet resistance = 30 X h�1) was pre-
cleaned in an ultrasonic bath of acetone and isopropanol,
and treated in ultraviolet-ozone chamber (Jelight
Company, USA) for 30 min. A thin layer (30 nm) of
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS, Baytron P VP AI 4083, Germany) was spin-
coated onto the ITO glass and baked at 150 �C for 30 min.
Ano-dichlorobenzene or chlorobenzene solution of blend
of compound 1, 2, or 3 with PC71BM was subsequently
spin-coated at rotational speed of 2000 rpm on PEDOT:PSS
layer to form a photosensitive layer (ca. 45 nm). The
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thickness of the photosensitive layer was measured by
Ambios Technology XP-2 profilometer. Calcium (ca.
15 nm) and aluminium (ca. 50 nm) layers were subse-
quently evaporated onto the surface of the photosensitive
layer under vacuum (ca. 10�5 Pa) to form the negative
electrode. The active area of the device was 4 mm2. J–V
curve was measured with a computer-controlled Keithley
236 Source Measure Unit. A xenon lamp coupled with
AM1.5 solar spectra filters was used as the light source,
and the optical power at the sample was 100 mW cm�2.
The incident photon to converted current efficiency (IPCE)
spectra was measured by Stanford Research Systems
model SR830 DSP lock-in amplifier coupled with WDG3
monochromator and 500 W xenon lamp.

2.4. Materials

Unless otherwise stated, starting materials were used as
commercially purchased without further purification. Tolu-
ene was distilled from sodium-benzophenone under nitro-
gen before use. Reactions were performed under nitrogen
atmosphere. 5,50-Dibromo-4,40-dihexyl-2,20-bithiazole [45],
5,50-bis(5-bromothiophen-2-yl)-4,40-dihexyl-2, 20-bithiazole
[45], N,N-diphenyl-4-(tributylstannyl)aniline [66], and N,N-
diphenyl-4-(5-(tributylstannyl) thiophen-2-yl)aniline [66]
were synthesized according to the literature procedures.

2.5. Synthesis

2.5.1. 4,40-(4,40-dihexyl-2,20-bithiazole-5,50-diyl)bis(N,N-
diphenylaniline) (1)

To a three-necked round bottom flask were added4-
(diphenylamino)phenylboronic acid (145 mg, 0.5 mmol), 5,50-
dibromo-4,40-dihexyl-2,20-bithiazole (124 mg, 0.25 mmol),
toluene (5 mL), potassium carbonate aqueous solution
(2 M, 2.5 mL) and tetrabutylammonium bromide (15 mg).
The mixture was deoxygenated with nitrogen for 30 min.
Pd(PPh3)4 (50 mg, 0.043 mmol) was added under nitrogen.
The mixture was refluxed for 48 h and then cooled down
to room temperature. Water (50 mL) was added and the
mixture was extracted with dichloromethane (2 � 50 mL).
The organic phase was dried over anhydrous MgSO4 and fil-
tered. After removing the solvent from filtrate, the residue
was purified by column chromatography on silica gel using
petroleum ether/dichloromethane (1:1) as eluent yielding a
yellow solid (160 mg, 78%). Melting point (Mp): 146 �C. 1H
NMR (400 MHz, CD2Cl2): d 7.26 (m, 12H), 7.11 (d,
J = 8.0 Hz, 8H), 7.04 (m, 8H), 2.78 (t, J = 7.6 Hz, 4H), 1.70
(m, 4H), 1.32 (m, 12H), 0.83 (t, J = 5.2 Hz, 6H). 13C NMR
(100 MHz, CD2Cl2): d 157.97, 153.46, 147.91, 147.36,
134.00, 130.06, 129.42, 125.02, 124.94, 123.52, 122.68,
31.65, 29.74, 29.12, 22.66, 13.91. MS (MALDI): m/z 822
(M+). Anal. Calcd for C54H54N4S2: C, 78.79; H, 6.61; N, 6.81.
Found: C, 78.77; H, 6.71; N, 6.62%.

2.5.2. 4,40-(5,50-(4,40-dihexyl-2,20-bithiazole-5,50-diyl)
bis(thiophene-5,2-diyl))bis(N,N-diphenylaniline) (2)

To a three-necked round bottom flask were added N,N-
diphenyl-4-(tributylstannyl)aniline (265 mg, 0.5 mmol),
5,50-bis(5-bromothiophen-2-yl)-4,40-dihexyl-2,20-bithiaz-
ole (131 mg, 0.2 mmol) and toluene (10 mL). The mixture
was deoxygenated with nitrogen for 30 min. Pd(PPh3)4

(12 mg, 0.01 mmol) was added under nitrogen. The mix-
ture was refluxed for 48 h and then cooled down to room
temperature. A solution of KF (1 g) in water (10 mL) was
added and stirred at room temperature for 2 h. Water
(40 mL) was added and the mixture was extracted with
dichloromethane (2 � 50 mL). The organic phase was dried
over anhydrous MgSO4 and filtered. After removing the
solvent from filtrate, the residue was purified by column
chromatography on silica gel using petroleum ether/
dichloromethane (10:1) as eluent yielding a red solid
(50 mg, 25%). Mp: 160 �C. 1H NMR (400 MHz, CDCl3): d
7.49 (d, J = 8.1 Hz, 4H), 7.27 (m, 8H), 7.21 (m, 4H), 7.11
(m, 8H), 7.05 (m, 8H), 2.96 (t, J = 6.9 Hz, 4H), 1.79 (m,
4H), 1.48 (m, 4H), 1.32 (m, 8H), 0.87 (m, 6H). 13C NMR
(100 MHz, CDCl3): d 157.42, 154.39, 147.77, 147.55,
145.29, 131.52, 129.50, 128.37, 128.05, 127.70, 126.64,
124.79, 123.53, 123.42, 122.84, 31.82, 30.71, 29.55, 29.38,
22.80, 14.29. MS (MALDI): m/z 986 (M+). Anal. Calcd for
C62H58N4S4: C, 75.42; H, 5.92; N, 5.67. Found: C, 75.14; H,
6.16; N, 5.30%.

2.5.3. 4,40-(50,500-(4,40-dihexyl-2,20-bithiazole-5,50-
diyl)bis(20,200-bithiophene-50,50-diyl))bis(N,N-diphenylaniline)
(3)

To a three-necked round bottom flask were added N,N-
diphenyl-4-(5-(tributylstannyl)thiophen-2-yl)aniline (308
mg, 0.5 mmol), 5,50-bis(5-bromothiophen-2-yl)-4,40-di-
hexyl-2,20-bithiazole (130 mg, 0.2 mmol) and toluene
(12 mL). The mixture was deoxygenated with nitrogen
for 30 min. Pd(PPh3)4 (40 mg, 0.035 mmol) was added
under nitrogen. The mixture was refluxed for 48 h and
then cooled down to room temperature. A solution of KF
(1 g) in water (12 mL) was added and stirred at room tem-
perature for 2 h. Water (40 mL) was added and the mixture
was extracted with dichloromethane (2 � 50 mL). The or-
ganic phase was dried over anhydrous MgSO4 and filtered.
After removing the solvent from filtrate, the residue was
purified by column chromatography on silica gel using
petroleum ether/dichloromethane (3:1) as eluent yielding
a red solid (170 mg, 75%). Mp: 206 �C. 1H NMR (400 MHz,
CD2Cl2): d 7.46 (d, J = 8.5 Hz, 4H), 7.25 (t, J = 7.7 Hz, 8H),
7.17 (m, 6H), 7.13 (d, J = 3.8 Hz, 2H), 7.09 (d, J = 8.0 Hz,
8H), 7.03 (m, 8H), 2.93 (t, J = 7.8 Hz, 4H), 1.50 (m, 4H),
1.33 (m, 12H), 0.87 (t, J = 6.8 Hz, 6H). 13C NMR (100 MHz,
CD2Cl2): d 157.50, 154.77, 147.73, 147.49, 143.82, 138.55,
134.96, 131.55, 129.43, 128.32, 127.70, 127.64, 126.42,
125.15, 124.77, 123.94, 123.40, 123.07, 31.75, 30.60,
29.39, 29.26, 22.74, 13.97. MS (MALDI): m/z 1150 (M+).
Anal. Calcd for C70H62N4S6: C, 73.00; H, 5.43; N, 4.86.
Found: C, 72.82; H, 5.65; N, 4.50%.

3. Results and discussion

3.1. Synthesis and characterization

The synthetic routes to compounds 1–3 are shown in
Scheme 1. Compound 1 was synthesized from Suzuki cou-
pling reaction between TPA-boronic acid and BTZ dibro-
mide using Pd(PPh3)4 as the catalyst. Compounds 2 and 3
were synthesized from Stille coupling reaction between
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Scheme 1. Synthetic routes to compounds 1–3.

Table 1
Thermal and absorption data and energy levels of compounds 1–3.

Td/�C kabs
max=nm Eopt

g
a/eV eb/M�1 cm�1 HOMO/eV LUMO/eV Eec

g
c/eV

Solution Film

1 405 406 406 2.58 1.35 � 104 �5.42 �2.48 2.94
2 392 450 466 2.21 2.95 � 104 �5.24 �2.84 2.40
3 422 460 498 2.03 7.66 � 104 �5.22 �2.81 2.41

a Estimated from the absorption edge in film.
b Extinction coefficient at kmax in solution.
c Obtained from electrochemistry.
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Fig. 2. TGA curves of compounds 1–3.
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BTZ-dithiophene dibromide and TPA tin or TPA-thiophene
tin, respectively, using Pd(PPh3)4 as the catalyst. Suzuki
coupling reaction using TPA-boronic acid gave a much
higher yield than Stille coupling reaction using TPA tin
since TPA-boronic acid is easier to purify and has a higher
purity than TPA tin. All compounds were fully characterized
by MALDI-TOF MS, 1H NMR, 13C NMR, and elemental
analysis. Compounds 1–3 are readily soluble in common
organic solvents such as dichloromethane, dichlorobenzene
and chloroform at room temperature, due to two solubiliz-
ing n-hexyl substituents.

The thermal properties of 1–3 were investigated by
thermogravimetric analysis (TGA). All compounds have
excellent thermal stability with decomposition tempera-
tures (Td, 5% weight loss) over 390 �C in nitrogen atmo-
sphere (Table 1, Fig. 2). Compounds 1–3 are crystalline
with a melting point of 146, 160 and 206 �C, respectively.
3.2. Optical properties

The normalized spectra of optical absorption of com-
pounds 1–3 in dichloromethane solution (10�6 M) and in
solid films are shown in Fig. 3. Compounds 1–3 in solution
exhibit absorption maxima at 406–460 nm with extinction
coefficients of 1.3–7.7� 104 M�1 cm�1 (Table 1). As increas-
ing the number of thiophene unit and the p-
conjugated length of molecule, the absorption spectra in film
red shift ca. 90 nm, the extinction coefficients increase from
1.35 � 104 to 7.66 � 104 M�1 cm�1, and the optical band
gaps (Eopt

g ) estimated from the absorption edge of the thin
film decrease from 2.58 to 2.03 eV. In particular, thin films
of 3 show significant absorption throughout the visible,
which red shifts 38 nm relative to that in solution, indicating
that self-organization behavior somewhat exists in the film.
However, the film of 1 exhibits almost same absorption as
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Fig. 3. UV–vis absorption spectra of 1–3 in dichloromethane solution (a) and in thin film (b).
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that in solution. This result indicates that the increase in
thiophene unit could improve the intermolecular interaction
in the film and generate strong tendency to absorb the low-
energy photons.
3.3. Electrochemical properties

To determine the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
positions of 1–3, cyclic voltammetry (CV) was carried out
on these compounds using films on glassy carbon working
electrode in 0.1 M [nBu4N]+[PF6]� CH3CN solution at a
potential scan rate of 100 mV s�1 (Fig. 4). The HOMO and
LUMO values of compounds 1–3 are estimated from the
onset oxidation and reduction potentials, assuming the
absolute energy level of FeCpþ=0

2 to be 4.8 eV below vacuum
(oxidation potential of FeCpþ=0

2 versus Ag wire was mea-
sured to be 0.47 V). The electron-donating thiophene and
bithiophene p-bridges in compounds 2 and 3 up-shift
HOMO energy level from �5.42 eV for compound 1 to
�5.24 eV for 2 or �5.22 eV for 3, and down-shift LUMO
energy level from �2.48 eV for compound 1 to �2.84 eV
for 2 or �2.81 eV for 3 due to extended p-conjugation
and electron delocalization (Table 1). The HOMO-LUMO
gaps (Eec

g ) obtained from electrochemistry are 2.94 to
2.40 eV, 0.19 to 0.38 eV larger than the optical band gaps
(2.58 to 2.03 eV). This phenomenon was also observed for
some bithiazole-based polymers in literatures [52,58,67].

3.4. Organic field-effect transistors

The high hole mobility (lh) is a basic requirement for
effective photovoltaic active donors, to ensure effective
charge carrier transport to the electrodes and reduce the
photocurrent loss in OSCs. To measure hole mobility of
these compounds, OFETs based on 1–3 were fabricated
on octadecyltrichlorosilane-treated SiO2/Si substrates
through spin-coating process. In a top contact geometry
using Au as the source and drain electrodes, compounds
2 and 3 both exhibit typical p-type semiconductor behav-
ior in air, but compound 1 shows no OFET performance,
which may be ascribed to its short p-conjugated length
(Fig. 5). Due to the relatively long p-conjugated length,
the hole mobility in the saturation regime of compound 3
is up to 3.6 � 10�4 cm2 V�1 s�1, which is comparable to
those of BTZ-based polymers [59], and one order of magni-
tude higher than that of compound 2 (Table 2). Thus, the
increase in thiophene unit in 1–3 extends p-conjugation,
improve intermolecular interaction in the film, and finally
promotes charge transport. Since OFET mobility measure-
ment is in a different direction to OSCs these results should
be interpreted with caution.

3.5. Photovoltaic properties

We investigated the potential of compounds 1–3 for
OSCs. The compounds were used as donor blending with
PC71BM acceptor to fabricate BHJ OSCs with a device struc-
ture of ITO/PEDOT:PSS/1–3:PC71BM/Ca/Al. We examined
different weight ratios (2:1, 1:1, 1:2, 1:3, and 1:4) of
donor:acceptor and found that the weight ratio of 1:4 gave
the best blend film quality. So we chose the weight ratio of
1:4 for further device investigation. At donor:acceptor
weight ratio of 1:4 using chlorobenzene (CB) as spin
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Fig. 5. Typical current-voltage characteristics (IDS vs. VDS) at different gate voltages (VGS), and �IDS and (�IDS)1/2 vs VGS plots at VDS of �100 V for a top
contact device based on 2 (a, b) and 3 (c, d).

Table 2
Performance of OFETs and OSCs based on 1–3.

Compound OFETs 1–3: PC71BM (w/w) Solvent OSCs

lh/cm2 V�1 s�1 VOC/V JSC/mA cm�2 FF PCE (%)

1 � 1:4 CB 0.71 3.42 0.301 0.73
2 6.5 � 10�5 1:4 CB 0.81 4.69 0.335 1.27
3 3.6 � 10�4 1:4 CB 0.79 5.63 0.365 1.63
3 1:4 DCB 0.84 7.72 0.402 2.61
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coating solvent, OSCs based on 1–3 exhibited increasing
short-circuit current density (JSC), fill factor (FF), and PCE
benefiting from the broader and stronger absorption as
well as higher hole mobility as increasing thiophene unit
number of the p-bridge in the molecules (Fig. 6, Table 2).
The HOMO level of 1 was the lowest, so the open-circuit
voltage (Voc) of 1-based OSCs was supposed to be the
highest. However, the Voc is the smallest. In addition to
the difference between the LUMO of PC71BM and the
HOMO of donor, mobility and morphology of the active
layer also need to be taken into account for Voc [68–70].
For 1, the lowest Voc is most likely attributed to charge
recombination losses at the donor/fullerene interfaces
and at the electrodes due to low mobility. Using o-
dichlorobenzene (DCB) as spin coating solvent, 3-based
devices exhibited better performance: VOC of 0.84 V, JSC of
7.72 mA cm�2, FF of 0.402, and PCE of 2.61%. As increasing
thiophene number, the blend of 1–3:PC71BM (1:4, w/w)
exhibited higher incident photon to converted current
efficiency (IPCE) (Fig. 7), which is consistent with the
tendency of the JSC in OSCs. Replacing CB with DCB as spin
coating solvent led to even higher IPCE.

The active layer morphology of OSC devices was
examined by atomic force microscope (AFM) technique in
tapping mode. Fig. 8 shows the AFM height and phase
images of the blend films of 1–3:PC71BM (1:4, w/w)
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without any post-treatments. The blend films based 1–3
exhibited typical cluster structures with many aggregated
Fig. 8. AFM topography (top) and phase (bottom) images of 1–3:PC71BM (
domains and root-mean-square (RMS) roughness of 0.32–
0.45 nm. The domain sizes estimated by cross-section pro-
files are about tens of nanometers. Replacing CB with DCB
as spin coating solvent led to reduced phase separation
size. These nanoscale aggregated domains are beneficial
for charge separation and enhanced efficiency of the OSCs.
4. Conclusions

We have designed and synthesized D-A-D small mole-
cules 1–3 with BTZ as acceptor unit, TPA as donor unit and
thiophene with different number (0, 1, 2) as p-bridges. 1–
3 showed excellent thermal stability and solubility in
common organic solvents. As increasing the number of
thiophene unit of the p-bridges and the p-conjugation
length of molecule, the absorption spectrum red shifted,
the extinction coefficient increased, and the optical band
gap decreased. The electron-donating thiophene and bithi-
ophene p-bridges in compounds 2 and 3 up-shifted HOMO
energy level and down-shifted LUMO energy level due to
extended p-conjugation and electron delocalization. The
increase in thiophene unit in 1–3 extended p-conjugation,
improved intermolecular interaction in the film, and finally
promoted charge transport. BHJ OSCs based on 1–3:PC71BM
(1:4, w/w) blend films exhibited increasing JSC, FF, and PCE
benefiting from broader and stronger absorption as well
as higher hole mobility as increasing thiophene unit
number of the p-bridges in the molecules. Using dichloro-
benzene as spin coating solvent, 3-based devices exhibited
best performance: VOC of 0.84 V, JSC of 7.72 mA cm�2, FF of
0.402, and PCE of 2.61%. This result demonstrates that
BTZ-based small molecules are promising donor materials
for solution processed BHJ OSCs.
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