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Organic semiconductors with a donor-acceptor-donor
architecture based on the novel acceptor unit of
quinoxalineimide (QI) were designed and synthesized. They
absorbed wider wavelength light compared to PC61BM, and
functioned as acceptor materials for solution-processed bulkheterojunction organic photovoltaic devices. In addition, the
relatively shallow LUMO levels, due to the electronwithdrawing pyrazine and imide groups of the QI unit,
resulted in a high open circuit voltage of the devices.
Organic semiconductors have received enormous
attention over the past decade since they have unique
optoelectronic properties such as strong light absorption, light
emission and charge transport. They are widely investigated
as the active materials in organic field effect transistors
(OFETs), organic photovoltaics (OPVs), and organic light
emitting
diodes
(OLEDs).1
Among
the
organic
semiconductors, electron-rich -conjugated building blocks
serving as electron donors have been well studied in organic
electronics.2 However, the development of electron-deficient
-conjugated systems is still lacking relative to the electronrich counterpart, which limits their application in
complemental logic circuits and OPVs using an alternative
acceptor to replace the [6, 6]-phenyl C61 and C71 butyric acid
methyl esters (PC61BM and PC71BM).3 Therefore, novel
electron-accepting building blocks are highly required both in
small molecular and polymeric materials.4
In the present study, we first designed the
quinoxalineimide (QI) unit, which contains the electronwithdrawing pyrazine and imide groups, as shown in Figure 1.
The fusing of the pyrazine ring with the imide makes the
LUMO level deeper than that of the naphthalene imide
(Figure S1). The alkyl chains at the imide position of the QI
unit improve the solubility and film forming ability. In
addition, chemical modification through the 5- and 8positions of the quinoxaline group enables the -conjugated
connection to form oligomeric and polymeric backbones. We
used the QI unit as a strong electron-accepting building block
and synthesized new thiophene-flanked quinoxalineimide (QI)
small molecules, i.e., QI-Th and QI-BiTh, to form donoracceptor-donor (D-A-D) molecules, in which the D-A
connection is useful for tailoring frontier molecular orbitals
on individual devices.
In order to examine the versatility of the electronaccepting building block of the QI unit, we investigated the
properties of QI-Th and QI-BiTh and used them as an electron
acceptor in bulk-heterojunction OPV devices with the poly(3hexylthiophene) (P3HT) electron donor. Compared to the
benchmark device composed of P3HT and PC61BM, the
obtained power conversion efficiencies around 0.3% of QI-Th

and QI-BiTh are low, but with higher open-circuit voltage
(Voc) values due to the QI unit are achieved. These results
nicely demonstrate that the novel QI building block is
potentially an active component in organic devices.

Figure 1. Chemical structure and pictorial representations of the frontier
molecular orbitals of QI derivatives with two dihedral angles obtained by
DFT calculations.

The common pathway toward the QI unit is shown in
Scheme S1. The detailed synthetic procedures and
characterization data are described in the Supporting
Information. We carried out the reactions at room temperature
or under gentle reflux conditions to prepare the QI unit since
the 2- and 3-positions are active for nucleophile attack, and
preparation of QI unit sometimes suffered from the
disappearance of the carboxylic groups at elevated
temperatures. The thiophene-flanked QI molecules, QI-Th
and QI-BiTh, were synthesized via the Stille coupling
reaction.5 Both compounds were readily soluble in the
common organic solvents such as chloroform, toluene and
chlorobenzene. The thermal stability of the QI derivatives was
investigated by a thermogravimetric analysis (TGA) (Figure
S2), and the thermal transition temperatures of the QI
derivatives were also investigated by differential scanning
calorimetry (DSC) (Figure S3). The 5% degradation
temperature (Td5%), the melting temperature (Tm) and
crystallization temperature (Tc) are summarized in Table S1.
Both compounds are thermally stable up to 300 °C, which is a
sufficient thermal stability to improve the film morphology
for the OPV device.
To investigate the electronic properties and the
geometries of the QI derivatives, quantum chemical
calculations were performed using the DFT/B3LYP/631G+(d,p) method. In the optimized geometries of the
molecules (Figure 1), the two dihedral angles of QI-Th and
QI-BiTh are 15.5̊ and 4.0̊, respectively. QI-BiTh prefers more
planar conformation than QI-Th probably due to extended conjugation. For these molecules, the -electrons in the
HOMO orbitals are delocalized on the lateral conjugated
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backbone along the thiophene connection. On the other hand,
the LUMO orbitals are localized over the QI moiety due to the
electron-withdrawing character of pyrazine and imide groups
of the QI unit. The calculated HOMO/LUMO energy and
energy gaps (Egcal) of the QI derivatives are summarized in
Table S2. The QI derivatives have relatively shallow LUMO
energies close to −3.2 eV. It is also estimated that QI-BiTh
has a higher HOMO energy and narrower band gap than QITh, thus QI-BiTh can have a wider light absorption band than
QI-Th.
The electrochemical property of the QI derivatives was
investigated by cyclic voltammetry (CV). The results revealed
that both QI-Th and QI-BiTh exhibited amphoteric redox
behaviors (Figure S4). The HOMO/LUMO energy obtained
from the cyclic voltammograms and energy gap (Eg) are
summarized in Table 1. The HOMO/LUMO energies were
calculated from the onset oxidation potentials (Eoxonset) and
onset reduction potentials (Eredonset), respectively, based on the
following equations: EHOMO=−[Eoxonset−E1/2(Fc/Fc+)+4.8]V;
ELUMO=−[Eredonset−E1/2(Fc/Fc+)+4.8]V, in which the potentials
refer to the Ag/AgNO3 reference electrode.6 The LUMO
energies of both QI derivatives are comparable as estimated
values from the theoretical calculations. The LUMO energy
around −3.5 eV is an intermediate value between the common
donor material P3HT and common accepter material PC61BM.
Therefore, it is predicted that these QI derivatives can act as
either an acceptor or donor material. On the other hand, the
HOMO energy of QI-BiTh rose and the energy gap narrowed
to 1.47 eV from 2.00 eV, as estimated from the theoretical
calculations. Based on this result, it is expected that the onset
value of the light absorption band of QI-BiTh reached a
longer wavelength than that of QI-Th. As generally accepted,
the built-in potential is directly related to the maximum Voc
value of the OPV devices, which can be estimated by the
energy difference between the HOMO energy of the donor
material and LUMO energy of the acceptor.7 Compared to the
P3HT:PC61BM with the built-in potential of 1.4 eV, the QI
derivatives:P3HT exhibit a higher built-in potential (1.6 eV).
Thus the OPV devices based on the QI derivatives as an
acceptor material are expected to show a high Voc value.
Table 1 Electrochemical properties of QI derivatives.

QI-Th
QI-BiTh
PC61BM

HOMO
/eV

LUMO
/eV

Eg a
/eV

-5.55c

-3.55b

2.00

-4.98

b

-3.51b

1.47

-5.72

b

b

2.01

-3.71

a

Energy gaps were calculated from (LUMO−HOMO). b The data were obtained
from cyclic voltammogram in 0.1 M 1,2-dichlorobenzene/n-Bu4NPF6 solution at the
HOMO=−[Eoxonset−E1/2 (Fc/Fc+)+4.8];
scan
rate
of
100
mV
s-1,
LUMO=−[Eredonset−E1/2 (Fc/Fc+)+4.8]. c In 0.1 M THF/n-Bu4NPF6 solution.

To characterize the optical properties of the QI
derivatives, the UV-vis absorption spectroscopy of the
molecules were performed both in a dilute solution and thin
films. Figure 2a shows the absorption spectra of the QI
derivatives in dilute chloroform solutions ((1–5)×10-5 M), and
their maxima wavelengths (max) are summarized in Table S3.
The QI derivatives have two absorption bands; higher
absorption bands (with maxima at ca. 320 and 373 nm) and
lower ones (with maxima at ca. 500 and 575 nm). From the

TD-DFT estimation, the former bands correspond to the
HOMO-LUMO+2 transition, and the latter ones correspond to
the * transition (Table S4). A significant red-shift in the
absorption maximum of QI-BiTh relative to that of QI-Th is
observed, consequently, the absorption band of QI-BiTh is
much wider than that of PC61BM. The absorption spectra of
the QI derivatives in the thin films are shown in Figure 2b,
and the max and optical band gap (Egopt) are summarized in
Table S3. These spectra were normalized at the maximum of
the bands corresponding to the * transition. The
significant red-shift of the absorption spectra in the thin films
compared to that in solution can be attributed to the
planarization of the molecules forming intermolecular
interactions in the solid state. Compared to QI-Th, QI-BiTh
showed a significant red-shift in the absorption band with the
absorption band edge reaching 770 nm, which is due to the
narrower energy gap of QI-BiTh. The Egopt values of the QI
derivatives, which were calculated from the onset
wavelengths, were 1.97 and 1.61 eV. These values are closely
related to the energy gap obtained from the cyclic
voltammograms.

Figure 2. UV-vis absorption spectra of QI derivatives (a) in CHCl3 and
(b) in spin-coated film (normalized by absorbance at the top of band
correspond to the * transition, dot line: as-cast films, solid line:
annealed films at 100 oC for 10 min).

To evaluate the carrier transporting property of the QI
derivatives, we carried out space charge limited current
(SCLC) measurements. Based on the SCLC fitting of the dark
current density-voltage (J-V) curves (Figure S5), QI-Th
showed an electron transporting ability, and its electron
mobility is 2.6×10-7 cm2 V-1 s-1, while QI-Th did not show a
hole transporting ability. This would be attributed to the
smaller donor unit constituting the HOMO distribution along
the flanked thiophenes, then the effective hole transport path
was not formed. On the other hand, QI-BiTh showed an
ambipolar nature, its electron- and hole-mobilities being
5.8×10-7 and 10.0×10-7 cm2 V-1 s-1, respectively. The above
findings demonstrate that QI-BiTh possesses an appropriate
energy level and charge transporting characteristic for either
the acceptor or donor material.
Solution-processed OPV devices were fabricated and
optimized with the structure of ITO/cross-linked
polyethyleneimine (PEI)/active layer/MoO3/Ag.8 The J-V
curves of the OPV devices are shown in Figure 3. The
donor/acceptor weight ratio of the active layer on the
performance of the OPV devices was optimized. The
photovoltaic parameters calculated from the J-V curves,
including the open-circuit voltage (Voc), short-circuit current
density (Jsc), and fill factor (FF), are summarized in Table 2.
The OPV devices based on QI-Th:P3HT (1:2 w/w) and QI-
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BiTh:P3HT (1:1 w/w) as the active layer were fabricated to
estimate the potential of the novel QI derivatives as a novel
acceptor material. The devices showed the higher Voc values
of 0.80 and 0.85 V than that of the PCBM:P3HT device, well
agreeing with high built-in potentials of QI-Th and QI-BiTh.
Consequently, the device based on the QI-BiTh acceptor
having the higher Voc of 0.85 V produced the higher power
conversion efficiency (PCE) of 0.34% with a Voc of 0.85 V, Jsc
of 0.91 mA cm-2, FF of 0.35. The OPV devices based on the
QI-derivative:PC61BM as the active layer were also fabricated
to investigate the ambipolar characteristic for OPV since QITh and QI-BiTh provide the driving force above 0.3 eV
required for charge-transfer from P3HT to QI-Th and QIBiTh.9 QI-Th did not act as a donor material due to the
absence of its hole transporting ability. In contrast, QI-BiTh
acted as a donor material and the device based on it showed
the power conversion efficiency (PCE) of 0.38% with a Voc of
0.63 V, Jsc of 1.57, and FF of 0.31. The low Jsc values of the
devices are mainly due to the morphology of the active layer.
The AFM image (Figure S6), carrier mobilities of the OPV
devices measured by the SCLC method (Table S5) and
detailed discussions are included in the Supporting
Information.
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Figure 3. Current density-voltage curves of OPV devices based on QI
derivatives under AM 1.5 G.
Table 2 OPV properties of QI derivatives.
Voc
/V
QI-Th:P3HT
(1:2 w/w)a
QI-BiTh:P3HT
(1:1 w/w)a
QI-BiTh:PC61BM
(1:2 w/w)a
P3HT:PC61BM
(3:2 w/w)a
a

Jsc
/mA cm-2

FF
/-

PCEmax(PCEave)
/%

Figure 4. (a) UV-vis absorption spectra of active layers based OPV
devices. (b) EQE spectra of the OPV devices based on QI derivatives.

synthesized and characterized. The QI-BiTh exhibited a wider
absorption band than QI-Th due to its narrower band gap.
Consequently, QI-BiTh absorbs the longer wavelength light
compared to PC61BM. Compared with the P3HT:PC61BM
blend, the QI derivatives exhibit a higher built-in potential
(1.6 eV) blended to form acceptor materials with P3HT.
These results indicated that the QI based organic
semiconductors with the D-A-D architecture are promising
acceptors with a wide absorption band and high cell Voc value
for the solution-processed OPV. In addition, QI-BiTh also
acted as a donor material. This ambipolar property indicates
the potential of precise tuning of the energy levels of QIbased organic semiconductors. The molecular design of
oligomeric and polymeric semiconductors using the QI
electron-accepting building unit is being pursued to enhance
the charge transfer and control phase-separated morphology.
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Device structure: ITO/cross-linked PEI/ active layer /MoO3/Ag.

The absorption spectra and the external quantum
efficiency (EQE) spectra of these devices are shown in Figure
4. The photo-response curves agreed with the absorption
spectra of the QI-derivative:P3HT blended films. On the other
hand, the shape of the EQE spectra of the QI-BiTh:PC61BM is
different from the absorption spectra. It is similar to the
absorption spectra of QI-BiTh (Fig. 2b). This implies that QIBiTh mainly contributes to the photocurrent. The EQE spectra
demonstrate that QI-BiTh can convert a wide wavelength
light up to ca. 770 nm to a photocurrent.
In summary, novel organic semiconductors, small
molecules with a D-A-D architecture containing the
unprecedented acceptor unit of QI with flanked thiophenes as
the donor unit, ─ QI-Th and QI-BiTh ─ have been
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