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Three quinoxaline-based conjugated polymers with donor-π-acceptor conﬁgurations have been synthesized by
Stille coupling reaction. The electron-donating 2,3-dioctylthienyl- substituted benzodithiophene (BDT) unit was
linked to the electron-accepting 2,3-diphenylquinoxaline (DPQ) group through a thiophene bridge, to produce a
reference polymer PTBDT-Qx. Furthermore, the strong electron-withdrawing triﬂuoromethyl moieties were
introduced at the para-position of the phenyl groups in the 2,3-positions of DPQ and 6,7-diﬂuorinated DPQ, to
aﬀord PTBDT-QxCF3 and PTBDT-FQxCF3, respectively. Owing to the continuous reduction in their HOMO
energy levels with increasing number of electron-withdrawing groups, the open-circuit voltage (Voc) in polymer
solar cells (PSCs) shows a gradual improvement in the order of PTBDT-Qx < PTBDT-QxCF3 < PTBDTFQxCF3. The inverted-type PSC based on PTBDT-FQxCF3 with a conﬁguration of ITO/ZnO/polymer:PC71BM/
MoO3/Al provides the best power conversion eﬃciency of 6.47%, together with a Voc of 0.99 V, a short-circuit
current of 10.03 mA/cm2, and a ﬁll factor of 65.1%.

1. Introduction
Polymer solar cells (PSCs) based on bulk heterojunction (BHJ)
structures between polymeric semiconductors and fullerene derivatives
have attracted signiﬁcant attention in the last decades, due to their
unique advantages such as low cost, light weight, easy preparation, and
outstanding ﬂexibility [1,2]. As a result of continuous eﬀorts to optimize the material design as well as the device fabrication process, the
power conversion eﬃciencies (PCEs) of state-of-the-art PSCs can exceed
10% [3–6]. In order to prepare conjugated polymers appropriate for
high-performance PSCs, various studies have attempted to incorporate
alternating electron-donating (D) and electron-accepting (A) units
along the polymer backbones [7]. In this D-A conﬁguration, the band
gap of the polymers can be signiﬁcantly reduced by the facile formation
of an intramolecular charge transfer (ICT) state. Furthermore, important parameters of the D-A polymers including energy levels, band
gap and carrier mobility can be easily tuned by the selection and
combination of the suitable D and A components [8]. Among various
building blocks for constructing the D-A polymers, the quinoxaline (Qx)

unit has attracted attention as a promising moiety for the A component,
due not only to its strong electron-withdrawing capability but also to
other beneﬁcial features such as simple synthesis and a rigid/ﬂat conjugated structure [9–11].
Increasing the open-circuit voltage (Voc) by controlling the energy
levels of the conjugated polymers in the active layer of PSCs is currently
considered one of the critical tasks for improving the photovoltaic
properties of these systems [12]. The Voc of BHJ PSCs is usually determined as the diﬀerence between the lowest unoccupied molecular
orbital (LUMO) of the electron acceptor and the highest occupied molecular orbital (HOMO) of the electron donor [13]. Therefore, the development of polymeric donors with a low-lying HOMO energy level
has become a task of great importance. In this regard, the simple
strategy involving the incorporation of electron-withdrawing substituents such as ﬂuorine into the polymer backbone has been intensively investigated [14–18]. Compared to their non-ﬂuorinated
counterparts, ﬂuorinated polymers exhibit a substantial reduction in
both LUMO and HOMO without signiﬁcant alteration of their band
gaps, which implies an enhanced Voc value when applied in PSCs.
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(2) were converted to the associated DPQ units through zinc-mediated
reduction followed by a condensation process between the intermediate
ο-diamine and α-diketone (Scheme 1). The reaction of 1 with benzyl
and 1,2-bis(4-(triﬂuoromethyl)phenyl)ethane-1,2-dione aﬀorded 2,3diphenyl-5,8-di(thiophen-2-yl)quinoxaline (3) and 5,8-di(thiophen-2yl)-2,3-bis(4-(triﬂuoromethyl)phenyl)quinoxaline (4), respectively.
Moreover, the DPQ possessing two CF3 groups and two F atoms on its
2,3- and 6,7-positions, respectively, (5) was successfully produced by
the reaction between 2 and 1,2-bis(4-(triﬂuoromethyl)phenyl)ethane1,2-dione. Finally, bromination of 3, 4, and 5 using N-bromosuccinimide (NBS) yielded the dibrominated DPQ-based monomers 6, 7, and 8,
respectively.
In order to prepare conjugated polymers with a typical D-A conﬁguration, the electron-donating 2,3-dioctylthienyl-substituted BDT
monomer (9) was polymerized with the electron-withdrawing DPQbased monomers 6, 7, and 8 under Stille coupling conditions aﬀording
the PTBDT-Qx, PTBDT-QxCF3, and PTBDT-FQxCF3 target polymers,
respectively. The number average molecular weights (Mn) of PTBDTQx, PTBDT-QxCF3, and PTBDT-FQxCF3, recorded by gel permeation
chromatography (GPC), were 23.05, 20.21, and 14.61 KDa, respectively, with polydispersity indexes of 2.74, 2.86, and 2.83, respectively.
In addition, the three polymers exhibited not only good solubility in
common organic solvents such as chloroform, tetrahydrofuran (THF),
and toluene, but also high thermal stability. The onset decomposition
temperature at 5% weight loss (Td5%) for all polymers could reach up to
415 °C (Fig. 2).

Furthermore, the energy levels and photovoltaic properties of D-A type
polymers are strongly inﬂuenced by the location and concentration of F
atoms in their structures [19–21].
Besides ﬂuorine atoms, the introduction of strong electron-withdrawing triﬂuoromethyl (CF3) groups in the polymer chains can also
lead to a sharp improvement in the Voc of PSCs, through the eﬃcient
lowering of the HOMO energy level of the polymers [22,23]. In particular, the CF3 groups not only possess a higher electron-withdrawing
capability than ﬂuorine atoms but also impart unique advantages to the
resultant polymers such as high thermal and chemical stability, along
with good solubility [24]. The Hammett constants (σ, which are important parameters to determine the electronic characteristics of the
substituents) of CF3 and F at the para-position (σp) of benzene rings
were determined to be 0.54 and 0.06, respectively [25]. For example,
the presence of the CF3 unit either on the electron-withdrawing or
electron-donating moiety in D-A polymers can induce the sharp increase in the Voc value of the related PSCs [22,23,26,27].
Herein, we synthesized a series of D-A polymers, in which the
electron-donating 2,3-dioctylthienyl substituted-benzodithiophene
(BDT) unit was connected to the electron-withdrawing 2,3-diphenylquinoxaline (DPQ) derivatives through a thiophene bridge. Owing to
advantageous features including high electron aﬃnity, simple preparation, and facile modiﬁcation, the DPQ unit was selected as one of
basic building blocks for the preparation of reference PTBDT-Qx
polymer (Fig. 1). It has also been reported that the incorporation of the
electron-withdrawing F atoms at the para-position of the phenyl rings
located in the 2,3-positions of DPQ can eﬃciently enhance the Voc of
the corresponding BHJ PSCs [19,28]. Inspired by these results, strong
electron-withdrawing CF3 moieties (in alternative to ﬂuorine atom)
were incorporated at the same positions of DPQ and 6,7-diﬂuorinated
DPQ, to aﬀord the target polymers PTBDT-QxCF3 and PTBDT-FQxCF3,
respectively (Fig. 1). Owing to the presence of the strong electronwithdrawing moieties, PTBDT-QxCF3 and PTBDT-FQxCF3 provide
markedly diﬀerent optical and electrochemical properties compared to
the reference PTBDT-Qx polymer. In particular, the Voc of inverted-type
PSCs based on the three polymers shows a gradual increase in the order
of PTBDT-Qx < PTBDT-QxCF3 < PTBDT-FQxCF3, with corresponding values of 0.71, 0.91, and 0.99 V, respectively. The increasing
trend of Voc is also in good agreement with the progressive increase in
the PCEs of PSCs prepared using PTBDT-Qx, PTBDT-QxCF3, and
PTBDT-FQxCF3 (2.61, 4.61, and 6.47%, respectively).

2.2. Optical and electrochemical properties
The UV–Vis absorption spectra of PTBDT-Qx, PTBDT-QxCF3, and
PTBDT-FQxCF3 measured for ﬁlms grown on a glass substrate are
shown in Fig. 3a, and the corresponding data are summarized in
Table 1. Two distinct UV–Vis absorption bands at 400–490 and
500–750 nm were observed for all polymers. The peak at shorter wavelengths (400–490 nm) corresponds to the localized π-π* transition of
polymer chains, while the peak in the longer wavelength region
(500–750 nm) is related to the ICT between the D and A components in
the polymer backbone. Interestingly, the absorption maxima of PTBDTQxCF3 and PTBDT-FQxCF3 at longer wavelengths were shifted to the
higher-energies compared to the corresponding peak of PTBDT-Qx.
These results were attributed to the increased band gap caused by the
signiﬁcant reduction in the HOMO levels of PTBDT-QxCF3 and PTBDTFQxCF3 (vide infra). The similar blue-shift in absorption spectra have
been also reported for other conjugated polymers possessing electronwithdrawing groups [22,29]. In addition, weak shoulders at ca. 650 nm
were observed in the absorption spectra of PTBDT-QxCF3 and PTBDTFQxCF3, respectively, due to the forced intermolecular aggregation
through existing FeF and FeH interactions [30,31]. The optical band
gaps of PTBDT-Qx, PTBDT-QxCF3, and PTBDT-FQxCF3 determined
from the absorption edges were 1.68, 1.69, and 1.71 eV, respectively

2. Results and discussion
2.1. Synthesis and characterization
The synthetic approaches used to prepare monomers and polymers
are illustrated in Scheme 1. First, the dithiophene-attached benzothiadiazole derivatives of 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole
(1) and 5,6-diﬂuoro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole

Fig. 1. Chemical structures of PTBDT-Qx, PTBDT-QxCF3, and PTBDT-FQxCF3.
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Scheme 1. Synthesis of monomers and polymers: (i) Zn/acetic acid, at 100 °C for 12 h; (ii) α-diketone/acetic acid, reﬂux for 12 h; (iii) NBS, room temperature (RT)
overnight; (iv) tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4), at 90 °C for 48 h.
Table 1
Summary of optical and electrochemical properties.
film
λmax
(nm)c

HOMO
(eV)d

LUMO (eV)e

opt
Egap
(eV)b

738, 1.68
733, 1.69
725, 1.71

441, 622
443, 597
441, 601

−5.19
−5.47
−5.57

−3.55
−3.78
−3.86

λ edge (nm)a,

PTBDT-Qx
PTBDT-QxCF3
PTBDT-FQxCF3
a
b
c
d
e

Absorption edge of polymer ﬁlm.
Estimated from the absorption edge.
Maximum absorption wavelength of the ﬁlm.
Estimated from the oxidation onset potential.
Estimated from the HOMO and the optical band gap.

investigate the energy levels of the polymers, and the results are shown
in Fig. 3b. The HOMO energy level of the polymers was calculated from
the onset potential of oxidation by assuming the absolute energy level
of ferrocene is 4.8 eV below the vacuum level. The HOMO energy levels
of PTBDT-Qx, PTBDT-QxCF3, and PTBDT-FQxCF3, calculated from
the oxidation onset potential of the cyclic voltammograms with a

Fig. 2. Thermogravimetric analysis (TGA) thermograms of PTBDT-Qx, PTBDTQxCF3, and PTBDT-FQxCF3 at a heating rate of 10 °C/min under N2.

(Table 1).
Cyclic voltammetry (CV) measurements were carried out to

Fig. 3. (a) UV–visible spectra of polymer ﬁlms on a glass substrate (spectra are oﬀset for clarity) and (b) cyclic voltammograms of polymers.
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ferrocene(Fc)/ferrocenium(Fc+) external standard were −5.19,
−5.47, and −5.57 eV, respectively. Upon incorporation of the strong
electron-withdrawing CF3 moieties into the polymer structure, the
HOMO energy of PTBDT-QxCF3 (−5.47 eV) was signiﬁcantly reduced
compared to that of PTBDT-Qx (−5.19 eV). A further slight decrease of
the HOMO energy (from −5.47 to −5.57 eV) was observed for PTBDTFQxCF3, due to the additional introduction of two F atoms. In addition,
the LUMO energy levels of PTBDT-Qx, PTBDT-QxCF3, and PTBDTFQxCF3, calculated from the diﬀerence between HOMO level and the
optical band gap, were −3.55, −3.78, and −3.86 eV, respectively. The
electrochemical parameters of all polymers are also listed in Table 1.
Again, the overall results of the UV–Vis and CV measurements highlight
the marked eﬀect of the electron-withdrawing CF3 unit on the optical
and electrochemical properties of DPQ-based polymers.
2.3. Theoretical calculations
Fig. 5. Energy level diagram of all materials used for the fabrication of inverted-type PSCs.

To investigate the electronic structures and frontier molecular orbitals of PTBDT-Qx, PTBDT-QxCF3, and PTBDT-FQxCF3, density
functional theory (DFT) calculations were performed at the B3LYP/631G** level using the Gaussian 09 program [32]. For simplicity, the
octyl side chains of the polymers were replaced by short methyl groups,
and a two-repeating unit model was adopted in calculations. As shown
in Fig. 4, the electron density of the HOMO is almost completely delocalized along the polymer backbone, while that of the LUMO is localized on the electron-withdrawing DPQ units. The calculations also
show that the introduction of the strong electron-withdrawing CF3
substituents signiﬁcantly lowers both the HOMO and LUMO energy
levels of the polymers (from −4.73 and −2.43 eV for PTBDT-Qx, respectively, to −4.93 and −2.71 eV for PTBDT-QxCF3, respectively).
Moreover, the incorporation of two additional ﬂuorine atoms in the
DPQ unit to aﬀord PTBDT-QxCF3 causes further reduction in the

HOMO and LUMO energy levels (−4.95 and −2.80 eV). The trends in
the theoretical HOMO and LUMO levels of the polymers agree well with
determined from the experimental results (Table 1).

2.4. Photovoltaic properties
The photovoltaic properties of the polymers were investigated by
fabricating inverted-type PSCs with indium tin oxide(ITO)/ZnO
(25 nm)/active layer(polymer [6,6]:-Phenyl C71 butyric acid methyl
ester (PC71BM))(80 nm)/MoO3(10 nm)/Ag(100 nm) structure. The energy levels of all materials used for the device fabrication, shown in
Fig. 5, demonstrate the eﬃcient charge separation and charge transport

Fig. 4. Frontier molecular orbitals of two-repeating unit models with HOMO and LUMO energy levels calculated at the B3LYP/6-31G** level for (a) PTBDT-Qx, (b)
PTBDT-QxCF3, and (c) PTBDT-FQxCF3.
366
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Fig. 6. (a) Current density vs. voltage curves of PSCs with optimum blend ratio of polymeric donors to PC71BM, showing the best performances under 1.0 sun
condition (inset: under dark conditions); (b) IPCE spectra of PSCs based on PTBDT-Qx (squares), PTBDT-QxCF3 (circles), and PTBDT-FQxCF3 (triangles).
Table 2
Best photovoltaic parameters of the PSCs. The average photovoltaic parameters of each device are shown in parentheses.

PTBDT-Qx
PTBDT-QxCF3
PTBDT-FQxCF3
a
b

Jsc (mA/cm2)

Calculated Jsc (mA/cm2)a

Voc (V)

FF (%)

PCE (%)

Rs (Ω cm2)b

9.13 (9.05)
8.38 (8.07)
10.03 (10.04)

9.07
8.43
10.11

0.71 (0.71)
0.91 (0.91)
0.99 (0.99)

40.3 (39.7)
60.5 (60.9)
65.1 (64.0)

2.61 (2.55)
4.61 (4.47)
6.47 (6.46)

9.61
3.36
2.54

Calculated from the IPCE curves.
Series resistance estimated for the corresponding best device.

Fig. 7. Current density vs. voltage curves of (a) hole-only (ITO/PEDOT:PSS (35 nm)/polymer:PC71BM (∼90 nm)/Au (50 nm)) and (b) electron-only (ITO/Al
(20 nm)/polymer:PC71BM (∼90 nm)/Al (100 nm)) devices based on PTBDT-Qx (squares), PTBDT-QxCF3 (circles), and PTBDT-FQxCF3 (triangles) The insets show
square root of current density vs. voltage (V)-built-in voltage (Vbi), together with ﬁtted lines.

Fig. 8. TEM images of the active layer based on (a) PTBDT-Qx, (b) PTBDT-QxCF3, and (c) PTBDT-FQxCF3.

shows the curves obtained under dark conditions), and the corresponding device parameters are summarized in Table 2. Interestingly,
the PCEs of the polymers gradually increased in the order of PTBDT-Qx
(2.61%) < PTBDT-QxCF3
(4.61%) < PTBDT-FQxCF3
(6.47%).
Moreover, the trend in the PCE values is strongly correlated with the
similar gradual increase in the Voc of the PSCs. The Voc values measured

process in the PSCs. We tested diﬀerent polymer:PC71BM weight rations
(from 3:2 to 3:7), in the active layer of BHJ PSC, and the optimum blend
ratios of PTBDT-Qx, PTBDT-QxCF3, and PTBDT-FQxCF3 to PC71BM
were determined to be 3:3, 3:5, and 3:5, respectively (Table S1).
Fig. 6a shows the optimized current density-voltage (J-V) curves of
the polymers with the highest PCEs under 1.0 sun condition (the inset
367
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device based on PTBDT-Qx. The surface morphologies of the active
layers based on PTBDT-Qx, PTBDT-QxCF3, and PBDT-FQxCF3, inspected by tapping-mode atomic force microscopy (AFM) measurements as well, are shown in Fig. S1. The root-mean-square (RMS) of the
surfaces of the active layers based on PTBDT-Qx, PTBDT-QxCF3, and
PBDT-FQxCF3 were 1.56, 1.70, and 1.60 nm, respectively, indicating
that the performances of PSCs are almost independent of the surface
morphology and roughness.

for the devices fabricated with PTBDT-Qx, PTBDT-QxCF3, and PTBDTFQxCF3 were 0.71, 0.91, and 0.99 V, respectively. Therefore, the introduction of CF3 groups at the para-position of the phenyl rings located
in the 2,3-positions of DPQ moieties in the polymer structure can induce a sharp increase in Voc, of about 28% relative to the original value
(from 0.71 V for PTBDT-Qx to 0.91 V for PTBDT-QxCF3). A similar
improvement in the Voc of the corresponding PSCs was obtained upon
the incorporation of ﬂuorine atoms at the same positions of DPQ moieties of D-A type polymers [19]. The attachment of ﬂuorine atoms (in
addition to the CF3 groups) on the 6,7-positions of DPQ, aﬀording
PTBDT-FQxCF3 resulted in a further enhancement in Voc up to 0.99 V.
The observed changes in the Voc values of PSCs in good agreement with
the HOMO levels of the applied polymers (vide supra). In addition to the
Voc values, the incorporation of the electron-withdrawing groups in the
polymer skeleton also improve ﬁll factors (FFs) of the devices, and the
highest value of 65.1% was achieved for the PSC fabricated with
PTBDT-FQxCF3. The device based on PTBDT-FQxCF3 also displayed
the highest short-circuit current (Jsc) value of 10.03 mA/cm2, relative to
those of the devices based on PTBDT-Qx (9.13 mA/cm2) and PTBDTQxCF3 (8.38 mA/cm2). Overall, these results show that the incorporation of the strong electron-withdrawing CF3 groups in the polymer
backbone is highly beneﬁcial for the photovoltaic properties of PSCs,
mainly, through a signiﬁcant enhancement in the Voc and FF values. As
shown in Fig. 6b, the incident photon-to-current eﬃciency (IPCE)
curves of all PSCs are well consistent with the absorption behavior of
the polymers in the range of 300–800 nm, and provide an adequate
explanation for the trend of the Jsc values. The calculated Jsc values
based on incident photon-to-current eﬃciency (IPCE) spectra showed
very good agreement with the Jsc data of the devices under 1.0 sun.
Furthermore, the series resistance (Rs) of the devices was calculated
from the J-V curves under dark conditions (inset of Fig. 6a). was calculated. The Rs of the device based on PTBDT-Qx (9.61 Ω cm2) was
much larger than the values measured for the devices based on PTBDTQxCF3 (3.36 Ω cm2) and PTBDT-FQxCF3 (2.54 Ω cm2) (Table 2).
Therefore, the Rs values are gradually decreased with increasing
number of electron-withdrawing groups on the DPQ unit, in good
agreement with the photovoltaic properties of the devices.
To investigate the charge carrier transport properties of the polymers, we fabricated and tested hole- and electron-only devices with
ITO/PEDOT:PSS (35 nm)/polymer:PC71BM (∼90 nm)/Au (50 nm) and
ITO/Al (50 nm)/polymer:PC71BM (∼90 nm)/Al (100 nm) structures,
respectively. As shown in Fig. 7a and b, the J-V curves of all polymers
exhibited space charge-limited current (SCLC) behavior, and could be
ﬁtted by the well-known Mott-Gurney law [33]. We calculated the
charge mobility using the permittivity of 3.9 for the active layer. The
hole mobilities of the devices based on PTBDT-Qx, PTBDT-QxCF3, and
PBDT-FQxCF3 were 6.03 × 10−4, 5.61 × ×. 10−4, and 6.29 × 10−4
cm2V−1s−1, respectively. In addition, the electron mobilities of the
devices fabricated with PTBDT-Qx, PTBDT-QxCF3, and PBDT-FQxCF3
were 6.00 × ×. 10−4, 4.98 × . 10−4, and 7.25 × 10−4 cm2V−1s−1,
respectively. The hole and electron mobilities of PBDT-FQxCF3 were
higher than those of PTBDT-Qx and PTBDT-QxCF3. This result is also
consistent with the better performances of the PTBDT-FQxCF3-based
device compared with those of based on PTBDT-Qx and PBDT-FQx.
The morphologies of the active layers in PSCs were investigated by
the transmission electron microscopy (TEM) and the results were shown
in Fig. 8. In comparison with the active layer based on PTBDT-QxCF3
and PTBDT-FQxCF3, the active layer based on PTBDT-Qx showed relatively larger phase separation and aggregation. In addition, the active
layer based on PTBDT-QxCF3 and PTBDT-FQxCF3 showed the better
bicontinuous interpenetrating networks than that of the active layer
based on PTBDT-Qx. The best FF of the device based on PTBDT-QxCF3
and PTBDT-FQxCF3 were 60.5 and 65.1%, respectively, which are a 50
and 61% increase compared to that of the device based on PTBDT-Qx.
The morphologies of the active layer support that the FFs of the devices
based on PTBDT-QxCF3 and PTBDT-FQxCF3 are superior to that of the

3. Conclusions
Three conjugated polymers, in which the electron-donating 2,3dioctylthienyl-substituted BDT unit was connected to the electron-accepting DPQ derivatives through a thiophene bridge, have been prepared by Stille coupling reaction. To investigate the eﬀects of the strong
electron-withdrawing CF3 substituent on the intrinsic properties of the
polymers, CF3 was systematically incorporated at the para-position of
the phenyl groups located in the 2,3-positions of both DPQ, 6,7-diﬂuorinated DPQ, to aﬀord PTBDT-QxCF3 and PTBDT-FQxCF3, respectively. Owing to the strong inﬂuences of the CF3 unit, PTBDTQxCF3 and PTBDT-FQxCF3 exhibit the signiﬁcant lowering of the
HOMO energy levels, which can induce the great enhancement in Voc
values of photovoltaic cells. In addition, the incorporation of additional
F atom in the presence of CF3 can trigger other positive eﬀects such as
enhancement of charge carrier mobility, and formation of better bicontinuous interpenetrating networks in an active layer of device. So,
Jsc and FF of the photovoltaic cells with CF3/F groups can increase
sharply. As a result, the PCEs of inverted-type PSCs based on these
polymers show a gradual increase in the order of PTBDTQx < PTBDT-QxCF3 < PTBDT-FQxCF3, with corresponding values
of 2.61, 4.61, and 6.47%, respectively. The PCE enhancement can be
attributed to the beneﬁcial eﬀect of the CF3 and CF3/F substituents
incorporated in the polymer backbone, such as the increase in Voc
through the lowering HOMO energy levels and the concomitant enhancement in FF. Therefore, this study provides meaningful insight into
the synthesis and structure-property relationships of conjugated polymers with strong electron-withdrawing CF3 substituents, which will
support their use in various applications such as photovoltaic cells and
ﬁeld-eﬀect transistors.
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