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Polymer solar cells (PSCs) based on bulk heterojunction (BHJ)
structures that consist of polymeric donors and fullerene-based
acceptors are attracting considerable attention because of their
fascinating potential for low-cost, large-area production through
solution processing.' Because donor—acceptor (D—A) conjugated
polymers possess high light-harvesting aptitude, easily tunable
optical/electronic properties, and ambipolar charge transporting
features, they have been applied extensively to BHJ photovoltaics
in the past few years.? Specifically, the D—A design concept is the
most effective strategy toward harvesting more photons by low-
ering optical bandgaps while retaining suitable electronic energy
levels. In recent years, several efficient D—A polymers have
displayed promising potentialities for photovoltaic applications.
For instance, electron-deficient units derived from 2,1,3-benzo-
thiadiazole (BT),? 2,1,3-benzoxadiazole (1302,4 3,6-diaryl-2,5-di-
hydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP),” and thieno[3.,4-b]-
thiophene-2-carboxylate® moieties, when conjugated with various
electron-donating units, such as fluorene, carbazole, dithienosilole,
and benzodithiophene, have demonstrated distinguished PCEs of
up to 7% after systematic optimization.

The electron-deficient thieno[3,4-c]pyrrole-4,6-dione (TPD)
moiety’ exhibits a symmetric, rigidly fused, coplanar structure
and strong electron-withdrawing properties, which make it a
potential system for increasing intramolecular/intermolecular in-
teractions, reducing optical bandgaps, and/or lowering highest
occupied molecular orbital (HOMO) energy levels when incor-
porated into polymeric backbones. Very recently, low-bandgap
D—A polymers, comprising TPD and benzodithiophene moieties,
were prepared that featured relatively low-lying HOMO energy
levels (—5.43 to —5.57 eV), high open-circuit voltages (Vo up to
0.89 V), and prominent PCEs (4—6%).® When designing new
efficient D—A polymers, it is important to select suitable electron
donors as well as acceptors by taking into consideration their
spectral absorption ranges and electronic energy levels. Further-
more, the development of new D—A polymers exhibiting crystal-
line characteristics can lead to significantly enhanced charge
transporting mobilities in the active layers of the devices. Several
p-type conjugated polymers containing the symmetric bi(dodecyl)-
thiophene unit exhibit crystalline characteristics and high hole
mobilities when used in organic field effect transisitors.” Consider-
ing not only the electronic energy level but also the hole mobility,
we prepared a new D—A polymer, PBTTPD, wherein the electron-
withdrawing TPD unit was conjugated with the symmetrical
electron-donating bi(dodecyl)thiophene unit to provide crystalline
characteristics and a low-lying HOMO energy level, resulting
from the combination of the rigidly fused TPD moiety and the
symmetrical bi(dodecyl)thiophene units. Because of these desirable
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Scheme 1. Synthetic Route and Structure of PBTTPD
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features, we expected PBTTPD to exhibit good hole mobility and
high values of V. when used in photovoltaic applications.

We prepared PBTTPD (Scheme 1) through Stille polymerization
of the monomers 1,3-dibromo-5-ethylhexylthieno[3,4-c]pyrrole-4,6-
dione (M1) and 4,4'-didocecyl-5,5 -bis(trimethylstannyl)-2,2’-bi-
thiophene (M2) using tris(dibenzylideneacetone)dipalladium/tri-
(o-tolyl)phosphine [Pd,dbas/P(o-tolyl)s] as the catalyst. The bran-
ched 2-ethylhexyl chain of the TPD moiety was present to promote
the solubility of the polymer. The number-average molecular
weight of PBTTPD was 9.7 kg mol ™', with a polydispersity of
1.4, as determined through gel permeation chromatography
(GPC) using chloroform as the eluent. This polymer was readily
soluble in hot chlorinated solvents, namely chloroform, chloro-
benzene, and dichlorobenzene. PBTTPD exhibited good thermal
stability, with its decomposition temperature (7)) greater than
400 °C, as measured using thermogravimetric analysis (TGA;
Supporting Information, Figure S1). We investigated the thermal
behavior of this polymer using differential scanning calorimetry
(DSC), which revealed two distinct peaks—a melting point at
297 °C and a crystallization point at 268 °C—but no glass transi-
tion (Supporting Information, Figure S2). The presence of the
pronounced crystallization peak indicated that PBTTPD had a
strong inclination to crystallize, which we further confirmed from
its film’s grazing-incidence X-ray diffraction pattern (Figure 1a).
In Figure la, the (100), (200), and (300) diffraction peaks for
PBTTPD are at 3.4°, 6.8°, and 10.2°, respectively, indicating a
highly ordered structure along with a d-spacing of 26 A that is
ascribable to the interchain distance separated by the alkyl side
chains; the broad feature at 24.6°, corresponding to a short dis-
tance of 3.6 A, is assigned to the facial m— stacking between poly-
meric backbones; such high crystallinity suggested that PBTTPD
would exhibit good carrier mobility when applied in PSCs.

Figure 1b presents absorption spectra of PBTTPD in dilute
chloroform solution and in the solid state. In solution, the poly-
mer exhibited an absorption signal at 468 nm, which we assign to
internal charge transfer between the TPD acceptor and the
bithiophene donor.” The absorption maximum of the solid state
polymer appeared at 572 nm—a significant red shift of 104 nm
relative to that in solution, indicating that considerably strong
intermolecular interactions existed in the solid film. Additionally,
a vibronic shoulder at 628 nm implies an ordered arrangement of
PBTTPD in the solid film, with strong 7— stacking between the
polymeric backbones, a feature that also appears in regioregular
poly(3-hexylthiophene). The optical bandgap of PBTTPD, esti-
mated from the onset of absorption in the solid film, was 1.82 eV;
this value is less than that of P3HT (1.91 eV)** because of the
presence of the electron-accepting TPD moiety in the polymer
main chain; accordingly, we expected that PBTTPD would
harvest more photons relative to P3HT.

Figure S3 presents the redox behavior of the polymer (see
Supporting Information). On the basis of the onset potentials, we
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Figure 1. (a) X-ray diffraction pattern of the pristine PBTTPD film.
(b) UV—vis absorption spectra of PBTTPD in dilute CHCl; (1 x 107> M)
and as a solid film.

estimated the HOMO and lowest unoccupied molecular orbital
(LUMO) energy levels of PBTTPD to be —5.56 and —3.10 eV,
respectively. The presence of the TPD moiety provided the
polymer with a low-lying HOMO energy level, indicating that
the moiety is strongly electron-withdrawing; moreover, the
HOMO energy level of PBTTPD (—5.56 ¢V) was located sig-
nificantly below —5.2 eV, implying good stability against oxidi-
zation in air,**'" a property that would enhance device stability.
The electrochemical bandgap of PBTTPD, estimated from the
difference between the onset potentials for oxidation and reduc-
tion, was 2.46 eV, a value that is somewhat larger than its optical
bandgap (1.82 eV); similar phenomena have been observed in
studies of other D—A polymers,****!! presumably resulting from
the interface barrier for charge injection.''™'> Moreover, the hole
mobility of the pristine PBTTPD and PBTTPD:PCBM (1:1.5, w/w)
filmwas 1 x 10 *and 8 x 10 >em? V™~ 's™! respectively, as deter-
mined using the space-charge-limited current (SCLC) method
(see Supporting Information), presumably because its crystalline
characteristics promoted charge transport in the device.

Next, we investigated the photovoltaic properties of PBTTPD
in BHJ solar cells having the sandwich structure indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)/PBTTPD:[6,6]-phenyl-Cg;-butyric acid methyl
ester (PCBM)/ALl, where the photoactive layers, spin-coated
from the chloroform solutions with various blend compositions,
had thicknesses in the range 90—100 nm. Figure 2 presents the
current density—voltage curves of the BHJ solar cells with
different active layer compositions in the dark and under the
illumination; Table 1 summarizes the data. The optimal device
efficiency was obtained from the device with an active layer that
comprised a blend of PBTTPD and PCBM at a weight ratio of
1:1.5; this device displayed a value of V. 0of 0.95 V, a short-circuit
current density (/i) of 8.02 mA cm ™2, a fill factor of 0.62, and a
resulting PCE of 4.7%. Because the value of V. is proportional
to the difference between the HOMO energy level of the polymer
and the LUMO energy level of PCBM,'® we anticipated that the
PBTTPD blend would generate a high value of V. because of its
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Figure 2. Current density—voltage (/—V) characteristics of PSCs in-
corporating the PBTTPD:PCBM blend at various weight ratios (w/w).

Table 1. Photovoltaic Properties of Polymer Solar Cells Incorporat-
ing PBTTPD:PCBM Blends Prepared at Various Weight Ratios

ratio (w/w) Ve (V) Joo (MA cm™?) FF PCE (%)
1:1 0.95 7.23 58 4.0
1:1.5 0.95 8.02 62 4.7
1:2 0.95 7.16 63 4.3
1:2.5 0.93 5.12 61 2.9

low-lying HOMO energy level. Figure S5 presents the external
quantum efficiency (EQE) curves of the devices, where the active
layers consisted of PBTTPD:PCBM at various weight ratios. These
devices exhibited broad EQE responses from 300 to 700 nm, which
resulted from the absorption of PBTTPD. The best EQE perfor-
mance is obtained from the device with an active layer of 1:1.5 (w/w)
PBTTPD:PCBM which displayed a maximum intensity of 50% at
560 nm. The theoretical J. calculated by integrating the EQE curve
of this device is 7.70 mA cm™ 2, which is in reasonable agreement
with the J. of 8.02 mA cm 2 from the J—V measurement.
Furthermore, we used atomic force microscopy (AFM) to deter-
mine the morphology of the PBTTPD:PCBM (1:1.5, w/w) blend
(Supporting Information, Figure S6). The height and phase images
of the blend revealed a moderately homogeneous surface and no
significant phase segregation, with a room-mean-square roughness
of 2.5 nm, indicating a decent morphology of the PBTTPD:PCBM
blend, thereby leading to good device performance.

In conclusion, we have used Stille polymerization to prepare the
thieno[3.4-c]pyrrole-4,6-dione (TPD)-based polymer PBTTPD,
which features excellent thermal stability, crystalline characteris-
tics, and a low-lying HOMO energy level; these desirable proper-
ties mean that PBTTPD has promising potential for application in
polymer solar cells. Through devices’ composition optimization, a
device incorporating the PBTTPD/PCBM blend at a weight ratio
of 1:1.5 displayed an open-circuit voltage of 0.95 V and, therefore,
a PCE of 4.7%.
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