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ABSTRACT Two novel soluble compounds T and A that contain a central dihexyloxy-p-phenylenevinylene unit, intermediate moieties
of thiophene or anthracene, respectively, and terminal cyano-vinylene nitrophenyls were synthesized and characterized. They showed
moderate thermal stability and relatively low glass transition temperatures. These compounds displayed similar optical properties.
Their absorption was broad and extended up to about 750 nm with the longer-wavelength maximum around 640 nm and an optical
band gap of ∼1.70 eV. From the current-voltage characteristics of the devices using both compounds T and A, it was concluded that
both compounds behave as p-type organic semiconductors with hole mobility on the order of 10-5 cm2/(V s). The power conversion
efficiency (PCE) of the devices based on these compounds was 0.019% and 0.013% for compounds A and T, respectively. When
compounds A and T were blended with [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), the PCE dramatically increased up to
1.66% and 1.36% for devices with A:PCBM and T:PCBM, respectively. The efficiencies of the devices were further enhanced upon
thermal annealing up to 2.49% and 2.33% for devices based on A:PCBM and T:PCBM, respectively.
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INTRODUCTION

There is great interest in developing efficient plastic
photovoltaic (PV) devices as a low-cost alternative to
conventional inorganic solar cells (1). In contrast to

the inorganic counterparts, an organic/polymeric π-conju-
gated semiconducting materials-based PV device often suf-
fers from low energy conversion efficiencies because of poor
photoinitiated charge transfer/dissociation and transport of
photogenerated charges. It has been shown that the hetero-
junction interfaces in a donor-acceptor composite can
provide efficient photogenerated charge dissociation and the
created charges can efficiently be transported separately by
the donor and acceptor to the opposite electrodes (2). Much
effort has recently concentrated on the bulk heterojunction
(BHJ) approach in which the active layer is based on the
interpenetrating composite of donor and acceptor molecules/
polymers because of its ease of fabrication and high ef-
ficiency (3). The power conversion efficiencies (PCEs) of a
BHJ PV cell based on a regioregular poly(3-hexylthiophene)
(P3HT) as an electron-donating (p-type) material blended
with a soluble [6,6]-phenyl-C61-butyric acid methyl ester

(PCBM) as an electron-accepting (n-type) material have
reached greater than 5% through control of the nanostruc-
ture formation of an interpenetrating donor/acceptor poly-
mer network (4).

Poly(dialkoxy-p-phenylenevinylene)s (PPVs) and its de-
rivatives are attractive in conjugated polymers because
alkoxy substitutions at the 2,5-hydrogens of the phenyls
make them possess remarkable properties such as solubility
and processability (5). It is a general trend that the band gaps
of PPV derivatives are reduced as electron-donating alkoxy
groups attached to the phenylene rings of PPV, and then the
wavelength of the emitted light is red-shifted, so most of the
PPVs show emissions in the red-orange region (6-8). An
example of promising organic solar cells is that based on
poly[2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylenevi-
nylene] and a [6,6]-phenyl-C60-butyric acid methyl ester
heterojunction (MEH-PPV/PCBM), which was prepared and
experimentally studied earlier. The cell showed 2.9% PCE
under 100 mW/cm2 illumination intensity, as reported by
Nunzia et al. (9) and by others (10). Li et al. reported lower
conversion efficiency for similar cells based on MEH-PPV
and polymers with substituents containing C60 moieties
(11). Because of its special features and applicability in PV
devices, MEH-PPV has been heavily studied from different
points of view, namely, carrier mobility (12), the ability to
sensitize titania (13), LED devices (14), luminescence (15-20)
and other characteristics. This interest reflects the future
expectations from the MEH-PPV/PCBM organic solar cell.
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To obtain a panchromatic absorption band, the π-conju-
gated system of the sensitizing molecules should be ex-
panded. Introduction of electron-donating and -withdrawing
groups to the conjugated structure gives the charge-transfer
character of absorption and wide and high absorptivity.
Cyano groups could be used as the electron-withdrawing
units. The introduction of cyano groups onto a poly(p-
phenylenevinylene) backbone has been proven as an effec-
tive way of lowering the lowest unoccupied molecular orbital
(LUMO) level of the polymer (21). Furthermore, the electro-
chemical stability of the polymers could be enhanced by
introducing cyano groups (22), which is also desirable for
optoelectronic devices. An n-type conjugated poly(1,8-dio-
ctyloxy-p-2,5-dicyanophenylene) has recently been prepared
through Stille coupling (23). On the other hand, the photo-
currents that can be attained in PV cells have been enhanced
by attaching electron acceptors such as a nitro group to the
polythiophene chain (24, 25). Direct conjugation of the
electron-withdrawing nitro group with the poly(terthiophene)
backbone because of the presence of an alkene linker
(26, 27) can facilitate charge separation of excitons formed
when the photoelectrochemical cell is exposed to light (24).
Recently, certain nitro-containing materials have been syn-
thesized and used for PV cells (28-31). Finally, anthracene-
containing compounds have been used for BHJ solar cells.
Particularly, a diarylanthracene bearing two dihexyloxy-
substituted benzene rings has been synthesized and used
as donor for BHJ solar cells with PCBM (32). Anthracene-
containing phenylene- or thienylene-vinylene copolymers
have been synthesized in our laboratory and used for PV
cells very recently (33).

To date, there has not been much success in solution
processing of small molecules for organic PVs (OPVs) despite
their advantages over polymeric semiconductors, which
include monodispersity, high charge carrier mobility, and
relatively simple synthesis (34). It is generally believed that
factors such as limited solubility and a tendency to aggregate
in most organic solvents are responsible for the difficulty in
solution processing of small molecules. Strong intermolecu-
lar forces between conjugated small molecules facilitate
intermolecular electron delocalization, which is desirable for
efficient charge transport. In addition, crystallization of
solution-cast small molecules on a substrate often results in
poor film formation with polycrystalline domains, which are
characterized by unfavorable grain connectivity and subop-
timal crystalline ordering (34). Solution-processed small
molecules, which have been used for PV cells, have recently
been reviewed (34). Efficient BHJ PV solar cells based on
symmetrical D-π-A-π-D organic dye molecules (35), squaraine
(36, 37), phthalocyanines (38, 39), oligothiophene with
dialkylated diketopyrrolopyrrole (40, 41), 2-vinyl-4,5-dicy-
anoimidazole (Vinazene) (42, 43) and star-shaped molecules
have very recently been reported (44-48). The highest PCE
reported to date for solar cells using solution-processable
small molecules is 3.0% (40).

The present investigation describes the synthesis and
characterization of two compounds that contain central

p-phenylenevinylene unit, intermediate thiophene or an-
thracene moieties, and terminal cyano-vinylene nitrophe-
nyls. They were prepared by a simple two-step synthetic
route and carried solubilizing dihexyloxy side groups on the
phenylene central unit. They possess the donor-acceptor
(D-A) architecture. Specifically, their central dialkoxyphe-
nylene and intermediate thiophene or anthracene behaved
as electron-donating segments, while the terminal cyano-
vinylene nitrophenyls acted as electron acceptors. Thus, an
intramolecular charge transfer took place in these com-
pounds, which reduced their optical band gaps. The present
study revealed that these compounds had potential applica-
tions for PV cells. The current-voltage (J-V) characteristics
of the devices based on both compound A and T reveal that
these are p-type organic semiconductor. The PCEs of the PV
devices based on blends with PCBM are about 1.66% and
1.36% for A and T, respectively, which are further improved
up to 2.49% and 2.33% upon thermal annealing.

EXPERIMENTAL SECTION
Characterization Methods. IR spectra were recorded on a

Perkin-Elmer 16PC FT-IR spectrometer with KBr pellets. 1H NMR
(400 MHz) spectra were obtained using a Brucker spectrometer.
Chemical shifts (δ values) are given in parts per million with
tetramethylsilane as an internal standard. UV-vis spectra were
recorded on a Beckman DU-640 spectrometer with spectro-
grade tetrahydrofuran. Thermogravimetric analysis (TGA) was
performed on a DuPont 990 thermal analyzer system. Ground
samples of about 10 mg each were examined by TGA, and
weight loss comparisons were made between comparable
specimens. Dynamic TGA measurements were made at a
heating rate of 20 °C/min in an atmosphere of N2 at a flow rate
of 60 cm3/min. Thermomechanical analysis (TMA) was recorded
on a DuPont 943 thermomechanical analyzer using a loaded
penetration probe at a scan rate of 20 °C/min in N2 at a flow
rate of 60 cm3/min. The TMA experiments were conducted at
least in duplicate to ensure the accuracy of the results. The TMA
specimens were pellets of 10 mm diameter and ∼1 mm
thickness prepared by pressing powder samples for 3 min under
8 kp/cm2 at ambient temperature. Tg is assigned by the first
inflection point in the TMA curve, and it was obtained from the
onset temperature of this transition during the second heating.
Elemental analyses were carried out with a Carlo Erba model
EA1108 analyzer.

Reagents and Solvents. 1,4-Divinyl-2,5-bis(hexyloxy)ben-
zene (1) was prepared by a Stille coupling reaction (49) of 1,4-
dibromo-2,5-bis(hexyloxy)benzene with tributylvinyltin (50).
9-Bromoanthracene-10-carbaldehyde (2b) was synthesized by
brominating 9-anthracaldehyde in CH2Cl2 according to the
reported method (33). 4-Nitrobenzyl cyanide (4) was synthe-
sized from the nitration of benzyl cyanide with concentrated
nitric and sulfuric acid (51). N,N-Dimethylformamide (DMF) and
tetrahydrofuran (THF) were dried by distillation over CaH2.
Triethylamine was purified by distillation over KOH. All other
reagents and solvents were commercially purchased and were
used as supplied.

Preparation of Compounds. Compound 3a. A flask was
charged with a mixture of 1 (0.1262 g, 0.381 mmol), 5-bromo-
2-thiophenecarboxaldehyde (0.1459 g, 0.764 mmol), Pd(OAc)2
(0.0017 g, 0.008 mmol), P(o-tolyl)3 (0.0046 g, 0.151 mmol),
DMF (4 mL), and triethylamine (5 mL). The flask was degassed
and purged with N2. The mixture was heated at 90 °C for 15 h
under N2. Then, it was filtered, and the filtrate was poured into
methanol. Compound 3a precipitated as an orange semisolid,
which was isolated by decantation. The crude product was
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purified by dissolution in THF and precipitation into methanol
(0.15 g, 72%).

FT-IR (KBr, cm-1): 3084, 2954, 2930, 2858, 1678, 1668,
1524, 1496, 1416, 1378, 1204, 1056, 976, 906, 866, 800.

1H NMR (CDCl3, ppm): 7.78 (s, 2H, CHO), 7.36 (m, 4H,
olefinic), 7.21 (m, 4H, thiophene), 6.98 (m, 2H, phenylene),
3.95 (m, 4H, OCH2C5H11), 1.79 (m, 4H, OCH2CH2C4H9); 1.34 (m,
12H, OCH2CH2(CH2)3CH3), 0.91 (t, J ) 6.9 Hz, 6H, OCH2-
CH2(CH2)3CH3).

Anal. Calcd for C32H38O4S2: C, 69.78; H, 6.95. Found: C,
69.43; H, 6.87.

Compound 3b. This compound was similarly prepared in
67% yield from the reaction of 1 with 2b.

FT-IR (KBr, cm-1): 3057, 2930, 2875, 2674, 2490, 1680,
1496, 1438, 1388, 1256, 1094, 1064, 964, 866.

1H NMR (CDCl3, ppm): 11.40 (s, 2H, CHO), 8.90-7.45 (m,
16H, anthracene), 7.25 (m, 4H, olefinic), 7.04 (m, 2H, phe-
nylene), 3.94 (m, 4H, aliphatic OCH2C5H11), 1.80 (m, 4H,
aliphatic OCH2CH2C4H9), 1.33 (m, 12H, aliphatic OCH2CH2-
(CH2)3CH3), 0.90 (t, J ) 6.9 Hz, 6H, aliphatic OCH2CH2-
(CH2)3CH3).

Anal. Calcd for C52H50O4: C, 84.52; H, 6.82. Found: C, 84.10;
H, 6.95.

Compound T. A flask was charged with a solution of 3a (0.34
g, 0.62 mmol) and 4 (0.20 g, 1.23 mmol) in anhydrous ethanol
(20 mL). Sodium hydroxide (0.25 g, 6.16 mmol) dissolved in
anhydrous ethanol (15 mL) was added portionwise to the stirred
solution. The mixture was stirred for 1 h at room temperature
under N2 and then was concentrated under reduced pressure.
Compound T precipitated as a dark-green solid by cooling into
a refrigerator. It was filtered off, washed thoroughly with water,
and dried (0.25 g, 54%).

FT-IR (KBr, cm-1): 3080, 2952, 2924, 2866, 2154, 1606,
1524, 1448, 1346, 1288, 1106, 966.

1H NMR (CDCl3, ppm): 8.09 (m, 4H, aromatic ortho to nitro),
7.75 (s, 2H, olefinic of the cyano-vinylene bond); 7.57-7.48
(m, 4H, aromatic meta to nitro), 7.38 (m, 4H, other olefinic),
7.13-7.07 (m, 4H, thiophene), 6.96 (m, 2H, aromatic ortho to
oxygen), 3.94 (m, 4H, aliphatic OCH2C5H11), 1.80 (m, 4H,
aliphatic OCH2CH2C4H9), 1.34 (m, 12H, OCH2CH2(CH2)3CH3),
0.91 (t, J ) 6.9 Hz, 6H, OCH2CH2(CH2)3CH3).

Anal. Calcd for C48H46N4O6S2: C, 68.71; H, 5.53; N, 6.68.
Found: C, 68.42; H, 5.61; N, 6.63.

Compound A. This compound was similarly prepared as a
dark-green solid in 57% yield from the reaction of 3b with 4.

FT-IR (KBr, cm-1): 3052, 2954, 2926, 2162, 1590, 1556,
1456, 1380, 1288, 1260, 1108, 969, 886, 754, 736.

1H NMR (CDCl3, ppm): 8.07-7.96 (m, 4H, aromatic ortho to
nitro), 7.80 (s, 2H, olefinic of the cyano-vinylene bond),
7.60-7.44 (m, 20H, anthracene), 7.26 (m, 4H, other olefinic),
7.05 (m, 2H, aromatic ortho to oxygen), 3.94 (m, 4H, aliphatic
OCH2C5H11), 1.80 (m, 4H, aliphatic OCH2CH2C4H9), 1.33 (m,
12H, OCH2CH2(CH2)3CH3), 0.90 (t, J ) 6.9 Hz, 6H,
OCH2CH2(CH2)3CH3).

Anal. Calcd for C68H58N4O6: C, 79.51; H, 5.69; N, 5.45. Found:
C, 79.23; H, 5.73; N, 5.49.

Electrochemical Characterization. The position of the LUMO
and the highest occupied molecular orbital (HOMO) energy
levels were estimated by cyclic voltammetry measurement. This
was performed on an Autolab potentiostat PGSTAT-10, in an
acetonitrile solution (0.1 M) of 4-tert-butylpyridine at a potential
sweep of 0.05 V/s at room temperature. A glassy carbon
electrode coated with a thin film of both T and A was used as
the working electrode. Pt and Ag wires were used as the working
and reference electrodes, respectively. The electrochemical
potential was calibrated against ferrocene/ferrocenium (Fc/Fc+).

Device Fabrication and Characterization. For the PV device
fabrication and its characterization, indium-tin oxide (ITO)-
coated glass substrates were cleaned with detergent, deionized

water, and accetone and then dried at room temperature. Then
the active layers (A:PCBM and T:PCBM) were spin-coated on ITO
substrates from a THF solution at 1500 rpm. We have used a
1:1 weight ratio for both active layers. Finally, the Al electrode
was thermally deposited on the top of the photoactive layer to
make the sandwiched layer of structure ITO/ photoactive layer/
Al under vacuum (∼10-5 Torr). The effective area of the devices
is about 25 mm2. For thermal annealing of the photoactive
layer, the photoactive layer deposited on the ITO-coated glass
was placed on a hot plate at 100 °C for 10 min and then cooled
up to room temperature before the final Al electrode was
deposited. J-V characteristics were recorded with a Keithley
electrometer with a built-in power supply in the dark and under
a white-light illumination intensity of 100 mW/cm2. A 100 W
tungsten-halogen lamp was used as a white-light source to
illuminate the device. The spectrum of the light source was
calibrated with a solar simulator (Newport make). The intensity
of the lamp was calibrated and adjusted using an energy meter
equipped with a calibrated silicon detector. All of the fabrica-
tions and characterizations were performed in an ambient
environment.

RESULTS AND DISCUSSION
Synthesis and Characterization. Scheme 1outlines

the synthesis of the vinylene compounds T and A. Particu-
larly, the Heck coupling of the divinyl 1 with 2a and 2b in a
molar ratio of 1:2 afforded the dialdehydes 3a and 3b. The
latter reacted with 4 in anhydrous ethanol in the presence
of sodium hydroxide to yield the target compounds T and
A. They precipitated a dark-green solid from the reaction
mixture in moderate yields (54-57%). Both compounds
were readily soluble in common organic solvents such as
THF, chloroform, and dichloromethane because of the hexy-
loxy side chains. Even though the compounds are mono-
mers, thin films of them could be obtained from their
solutions by spin-casting.

Structural characterization of the compounds 3a and 3b
as well as T and A was performed by FT-IR and 1H NMR
spectroscopy as well as elemental analysis. Compounds T
and A showed characteristic absorption bands, which for T
appeared at 3080 (aromatic C-H stretching), 1606, 1492,
1448 (CdC aromatic ring stretching band), 2952, 2924,
2866 (C-H stretching of hexyloxy groups), 2154 (cyano
group), 1524, 1346 (nitro groups), 1288, 1106 (ether bond),
and 966 cm-1 (trans-olefinic bond). Besides the absorptions
at these spectral regions, compound A displayed bands at
754 and 736 cm-1 associated with the anthracene moiety.

The 1H NMR spectra of T and A displayed characteristic
upfield signals at ∼8.10 (aromatic ortho to nitro group) and
∼7.80 ppm (olefinic of the cyano-substituted vinylene bond),
while the other olefinic signal resonated at ∼7.30 ppm. The
elemental analysis shows that the content of carbon, hydro-
gen, and nitrogen is slightly different from that expected.
This indicates that compounds T and A are not absolutely
pure.

The compounds displayed moderate thermal stability,
which was evaluated by TGA. No weight loss was observed
up to about 270 °C, while the decomposition temperature
(Td) and the char yield (Yc) at 800 °C were 370-400 °C and
52-70%, respectively (Table 1). A was more thermally
stable than T and showed a slightly higher glass transition
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temperature, which was evaluated by TMA. The relatively
high fraction of aliphatic moieties in these molecules sup-
pressed their thermal stability and rigidity.

Photophysical Properties. The UV-vis absorption
spectra in a dilute (10-5M) THF solution and a thin film of
the synthesized compounds T and A are shown in Figure 1.
Table 1 summarizes all of the photophysical characteristics
of the compounds.

T showed three absorption maxima (λa,max) around 630,
475, and 640 nm in both the solution and thin film.
Likewise, A displayed λa,max at about 380, 475, and 640
nm. The two shorter-wavelength absorption peaks, below
500 nm, appeared as shoulders in T, while they were
more pronounced in A. The longer-wavelength λa,max was
similar for both compounds in the solution and thin film
and located at ∼640 nm. Generally, the absorptions of the
compounds were broad and extended from 300 up to
∼750 nm, which is desirable for PV applications. How-
ever, their absorptions were reduced at the range around
550 nm, as seen in Figure 1.

The thin-film absorption onset was located at 732 and
724 nm, which correspond to optical band gaps (Eg

opt) of
1.70 and 1.71 eV for T and A, respectively. These values of
Eg

opt are significantly lower than that (2.10 eV) of 2-methoxy-
5-(2′-ethylhexyloxy)-1,4-phenylenevinylene (MEH-PPV) (52).
This suggests a higher intramolecular charge transfer in T
and A than MEH-PPV.

In general, the compounds T and A were almost equiva-
lent from the optical point of view because they displayed
similar photophysical characteristics (Table 1). This supports
the theory that the replacement of the thiophene ring with
anthracene did not influence considerably the optical prop-
erties of the compounds.

PV Properties of Compounds T and A. Parts a and
b of Figure 2 show the J-V characteristics of the devices
based on T and A in the dark as well as under illumination
of intensity 100 mW/cm2. The J-V characteristics of both
devices in the dark show a rectification effect. Because the
work function of ITO (4.8 eV) is very close to that of the
HOMO level (-5.0 eV) of both T and A, it behaves as an
ohmic contact for hole injection from ITO into the HOMO
level of the compounds. However, the LUMO level (-3.2 eV)
of both compounds is far from the work function of Al (4.1
eV) and forms a Schottky barrier for electron injection from
Al into the LUMO level of the compounds. Therefore, the
rectification is due to the formation of a Schottky barrier at
the Al-organic compound interface. The alignment of en-
ergy levels of ITO, compound A, and Al is shown in the inset
of Figure 3. We conclude that both compounds T and A
behave as p-type organic semiconductors (donors) and the
devices using these compounds are regarded as hole-
dominating devices.

We have estimated the hole mobility of compounds T and
A approximately by the space-charge-limited-current (SCLC)
method (53). The J-V of the ITO/compound A/Al in the dark

Scheme 1. Synthesis of Compounds T and A

Table 1. Thermal and Optical Properties of
Compounds T and A

T A

Td
a (°C) 370 400

Yc
b (%) 52 70

Tg
c 37 46

λa,max
d in solution (nm) 327, 472, 645 385, 478, 647

λa,max
d in a thin film (nm) 334, 471, 637 383, 476, 630

Eg
opt e 1.70 eV (732 nm)f 1.71 eV (724 nm)f

a Decomposition temperature corresponding to 5% weight loss in
N2 determined by TGA. b Char yield at 800 °C in N2 determined by
TGA. c Glass transition temperature determined by TMA. d λa,max:
absorption maximum from the UV-vis spectra in a THF solution or
in a thin film. e Eg: optical band gap calculated from the onset of
thin-film absorption. f Numbers in parentheses indicate the onset of
thin-film absorption. Numbers in italics indicate the longer-wave-
length absorption maximum.
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on a log- log scale is shown in Figure 3. It can be seen that,
in the low-voltage region, log J is linearly dependent on log
V with a slope of unity. In the relatively high-voltage region,
log J can also be fitted to be linearly dependent on log V and
the slope is 2. The J-V curve in this region corresponds to
the SCLC behavior. We estimated the hole mobility of
compounds A and T according to equation

where V is the applied voltage, J is the current density, εr

and ε0 are the relative dielectric constant and permittivity
of free space (8.85 × 10-12 F/m), respectively, µh is the hole
mobility, and d is the thickness of the organic layer. Here
we fit εr as 3.5 and Vbi as 0.7 V, which is determined by
the difference in the work function of the electrodes. The
hole mobility is in the range of 10-5 cm2/(V s), which is lower
than that for P3HT [10-3 cm2/(V s)] (54, 55).

The PV parameters of the device estimated from the J-V
characteristics under illumination are complied in Table 2.

It is observed that the open-circuit voltage of the device is
quite good but the short-circuit current is of the order of
microamperes per centimeters squared that decreases the
PCE. The low PCE is attributed to the loss of excitons during
their transportation because of small exciton diffusion lengths,
toward the interface, before dissociation into free carriers.
The low value of the hole mobility is also responsible for the
low short-circuit photocurrent. However, these materials can
be used as BHJ because of the low band gap enhancing the
light-harvesting properties in comparison to P3HT.

PV Properties of Compounds T and A Blended
with PCBM. The energy levels for HOMO and LUMO of
compounds A, T, and PCBM were obtained by cyclic volta-
mmetry with the method described by Bredas et al. (56). The
values of the LUMO and HOMO levels of the compounds A,
T, and PCBM are complied in Table 3. Because the crucial
factor for the efficient photoinduced charge transfer in BHJ
is the difference between the LUMO level of the donor and
acceptor components used in the bulk photoactive layer, this
difference should be larger than that of the exciton binding
energy, i.e., 0.3 eV (4). The difference in the LUMO levels of
PCBM (acceptor) and compound A or T is more than this.
Therefore, the combination of PCBM and compound A or T
is suitable for the photoactive layer to be used in a BHJ PV
device.

The J-V characteristics of the ITO/T:PCBM/Al and ITO/
A:PCBM/Al devices in the dark are shown in Figure 4. As can
be seen from these figures, the J-V characteristics in the
dark of both devices show three distinct regions: (i) a linear
region in reverse-bias and low forward-bias voltages, where
the current is limited by shunt resistance (Rsh), (ii) an
exponential region in the intermediate forward-bias volt-
ages, where the current is controlled by the diode, and (iii)
a second linear region, where at high forward-bias voltages
the current is limited by serial resistance (Rs).

The linearity in the intermediate region of J-V charac-
teristics in both devices in a semilogarthimic representation
indicates an exponential relationship between the current
and the voltage.

In BHJ devices, the exponential behavior in the J-V
characteristics depends upon the properties of the two
materials involved in the active layer. The shape of the J-V
characteristics in this region depends upon two parameters,
i.e., the diode ideality factor (n) and the reverse saturation
current (Jo), which is expressed as Jo ∼ exp(-Eda/kT), where
Eda is a parameter analogous to the energy band gap of the
conventional semiconductor. The ideality factor gives infor-
mation about the recombination and shape of the interfaces,
i.e., the morphology of the BHJ (57). We have estimated the
value of Eda from the slope of log(Jo) as a function of 1/T and
found the value of Eda for compound A to be about 0.94 eV.
This value is less than the band gap of both A and PCBM but
very close to the energy difference between the HOMO level
of A and the LUMO level of PCBM. This also indicates the
formation of a BHJ, which acts as a single photoactive layer.

Parts a and b of Figure 5 show the J-V characteristics of
the devices under illumination of intensity 100 mW/cm2. The

FIGURE 1. Normalized UV-vis absorption spectra in a THF solution
and a thin film of compounds T (top) and A (bottom).

J ) 9
8

εr ε 0 µ h

(V - Vbi)
2

d3
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PV parameters of both devices are compiled in Table 4. The
values of the PCEs of both devices are more than those
obtained for the devices fabricated with compounds A and

T. This indicates that a BHJ is formed in the blend that
increases the interfacial interface between the donor and
acceptor.

The J-V curves of the devices fabricated with annealed
photoactive layers are also shown in Figure 5a,b. The open-
circuit voltage decreases slightly upon use of a thermally
annealed blend layer, whereas both the short-circuit current
and fill factor increase upon thermal annealing. As a result,
PCE increases. In the organic solar cells, the product of the
charge-carrier lifetime and mobility of charge carriers de-
termines the fill factor (58). Therefore, the enhanced Jsc and
FF indicate an enhanced carrier transport, which may be
attributable to the formation of large donor crystalline
domains in the active layer induced by thermal annealing.

It is also found that the thickness of the blend film is
decreased from 100 to 85 nm upon thermal annealing. This
means that the molecular packing density of the as-cast film
is low. Therefore, all molecular interactions between the
donor domain, PCBM, and donor:PCBM domain are insuf-
ficient. Thermal annealing of the blend leads to an increase

FIGURE 2. (a, left) J-V characteristics of an ITO/compound A/Al device in the dark and under illumination. (b, right) J-V characteristics of an
ITO/compound T/Al device in the dark and under illumination.

FIGURE 3. J-V curves in the dark of an ITO/compound A/Al device
in a log-log plot. The inset is the alignment of the energy levels of
compound A and the electrodes.

Table 2. PV Parameters of ITO/Compound A/Al and
ITO/Compound T/Al Devices

device

short-circuit
current

(Jsc, mA/cm2)

open-circuit
voltage
(Voc, V)

fill
factor
(FF)

PCE
(η, %)

ITO/compound A/Al 0.072 0.76 0.34 0.019

ITO/compound T/Al 0.056 0.73 0.31 0.013

Table 3. HOMO and LUMO Levels of Compounds A,
T, and PCBM

material HOMO (eV) LUMO (eV)

PCBM -6.2 -3.9
compound A -4.95 -3.2
compound T -4.83 -3.1

FIGURE 4. J-V characteristics of the devices in the dark at room
temperature.
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in the packing density; i.e., the distance between all mol-
ecules is narrowed and, therefore, the efficiencies of exciton
dissociation and charge transport are improved. The en-
hancement in the photocurrent may also be attributed to the
balanced charge transport in the device due to the enhanced
hole mobility in compound A or T and increases light
harvesting by the annealed blend. The combined effect of
the above mechanisms results in an improvement in the
overall PCE upon thermal annealing of the blend.

CONCLUSIONS
Two new p-phenylenevinylene compounds, T and A,

were synthesized by a simple two-step synthetic route. The
hexyloxy side groups, which were attached to the central
phenylene, enhanced the solubility of the compounds but
suppressed their thermal stability and rigidity. These two
small molecules had D-A architecture and allowed intramo-
lecular energy transfer, which reduced their optical band
gap. Both compounds showed broad absorption with a
longer-wavelength absorption maximum of around 640 nm
and optical band gaps of 1.70-1.71 eV. The J-V character-
istics of the devices in the dark sandwiched between Al and
ITO electrodes suggest that both compounds T and A behave
as a p-type organic semiconductor (donor). The PCEs of the
devices based on A:PCBM and T:PCBM are about 1.66% and
1.36%, respectively, which is further improved up to 2.49%
and 2.33%, using the thermally annealed blended layers.

Acknowledgment. Authors G.D.S., P.B., and P.S. are
thankful to CSIR for financial assistance throughout the
project. We are also thankful to Dr. M. S. Roy for providing
the facility for the cyclic voltammetry measurements.

Supporting Information Available: FT-IR spectra, 1H
NMR spectra, and TGA and TMA thermograms of com-
pounds T and A. This material is available free of charge via
the Internet at http://pubs.acs.org.

REFERENCES AND NOTES
(1) Shaheen, S. E.; Ginley, D. S.; Jabour, G. E. MRS Bull. 2005, 30,

10–19.
(2) Sariciftci, N. S.; Smilowitz, L.; Heeger, A. J.; Wudl, F. Science 1992,

258, 1474–1476.
(3) (a) Yu, G.; Gao, J.; Hummelen, C. J.; Wudl, F.; Heeger, A. J. Science

1995, 270, 1789–1791. (b) Brabec, C. J.; Sariciftci, N. S.; Hum-
melen, J. C. Adv. Funct. Mater. 2001, 11, 15–26. (c) Hoppe, H.;
Sariciftci, N. S. J. Mater. Chem. 2006, 16, 45–61. (d) Günes, S.;
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