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eptors based on extended fused
rings flanked with benzothiadiazolyl-
methylenemalononitrile for polymer solar cells†

Huitao Bai,‡ab Yao Wu,‡a Yifan Wang,bd Yang Wu,c Rong Li,a Pei Cheng,bd

Mingyu Zhang,a Jiayu Wang,a Wei Mac and Xiaowei Zhan*a

Two novel A–D–A type molecules IDT–2BM and IDTT–2BM with extended fused-ring

indacenodithiophene (IDT) or indacenodithienothiophene (IDTT) units as cores and strong electron-

withdrawing unit 2-(benzo[c][1,2,5]thiadiazol-4-ylmethylene)malononitrile (BM) as the end-capping

group were synthesized and investigated as electron acceptors in solution-processed polymer solar cells

(PSCs). IDT–2BM and IDTT–2BM exhibited strong and broad absorption from 300 to 800 nm, and

appropriate LUMO (�3.8 eV) and HOMO (�5.5 to �5.6 eV) levels matching with the classical polymer

donor PBDTTT-C-T. IDT–2BM and IDTT–2BM films exhibited intrinsic electron mobilities of about 3.7 �
10�6 and 1.0 � 10�5 cm2 V�1 s�1, respectively. Fullerene-free PSCs employing PBDTTT-C-T as the donor

and IDT–2BM or IDTT–2BM as the acceptor afforded power conversion efficiencies of 4.26% and 4.81%,

respectively.
Introduction

Due to their promising application as a clean and renewable
energy source, bulk-heterojunction (BHJ) organic solar cells
(OSCs) have attracted much attention.1–5 To date, an encour-
aging efficiency exceeding 11% has been achieved beneting
from the donor material development and device architecture
improvement.6,7 In contrast to the rapid development of donor
materials, the development of electron acceptor materials has
lagged behind, andmost of the well-performing OSCs employed
fullerene derivatives (such as PC61BM and PC71BM) as electron
acceptors.4,8–10 The success of fullerene derivatives beneted
from their unique properties, such as high electron affinity,
high electron mobility, isotropic electron-transporting ability,
and capability to form favorable nanoscale morphologies when
mixed with electron donors.11–13 However, fullerene derivatives
suffer from some intrinsic drawbacks, such as weak absorption
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in the visible region, restricted electronic tuning and the puri-
cation problem.14,15 OSCs composed of nonfullerene acceptors
have attracted considerable attention because exploring new
acceptor molecules with better optical and electronic properties
will not only enrich the number of known acceptor species but
also provide the possibility of obtaining better PCEs. Recently,
novel nonfullerene acceptors based on rylene diimide,16–35

diketopyrrolopyrrole,36–40 benzothiadiazole41–45 and other elec-
tron-withdrawing groups46–53 have been exploited. Although the
highest PCEs exceeding 6% were achieved, most of the
fullerene-free OSCs yielded PCEs of <4%, which indicates that
there is room for exploring novel acceptor materials.15,54,55

In recent years, indacenodithiophene (IDT) and indacenodi-
thienothiophene (IDTT) units were used to construct electron
donors.56–59 The extended fused-ring unit was benecial to p-elec-
tron delocalization, which can reduce the bandgap and broaden the
absorption. In addition, the rigid coplanar structure of the mole-
cules can prevent rotational disorder and reduce reorganization
energy, whichmay enhance charge carriermobility.60,61On the other
hand, IDT and IDTT units showed special advantages in con-
structing electron acceptors. The LUMO levels can be readily tuned
by anking different electron-withdrawing groups. The steric effect
of tetrahexylphenyl substituents on the coplanar backbone can
reduce intermolecular interactions and prevent the acceptor from
forming excessively large crystalline domains in BHJ lms. Actually,
polymer solar cells (PSCs) employing IDT and IDTT-based acceptors
achieved PCEs as high as 6.31% and 6.8%, respectively.50,51

Among various electron-withdrawing units, 2-(benzo[c][1,2,5]-
thiadiazol-4-ylmethylene)-malononitrile (BM) was quite attrac-
tive in synthesis of small molecule donors for vacuum-
J. Mater. Chem. A
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deposited solar cells. Due to its strong electron-withdrawing
ability, the BM unit can result in not only low-lying energy levels
but also effective intramolecular charge transfer (ICT).62,63 Its
planar structure is benecial to molecular stacking which will
enhance charge transport. Vacuum-deposited solar cells based
on BM-based molecules yielded a high efficiency exceeding
11%.64 On the other hand, BM was used to construct electron
acceptor materials due to its strong electron-withdrawing ability
and low LUMO level, which can match well with classical donor
materials like PBDTTT-C-T (Fig. S1, ESI†) (LUMO: �3.25 eV,
HOMO: �5.11 eV).65 However, there are only a few reports on
BM-based electron acceptors for OSCs, which yielded low PCEs
of <2%.41–43

In this work, we report design and synthesis of two novel
A–D–A type acceptors (IDT–2BM and IDTT–2BM) with extended
fused-ring units IDT and IDTT as cores and BM as the end-
capping group, and their application in solution-processed BHJ
OSCs. The PSCs based on the blends of PBDTTT-C-T:IDT–2BM
and PBDTTT-C-T:IDTT–2BM afforded promising PCEs of 4.26%
and 4.81%, respectively. This work reveals the great potential of
the BM unit for constructing efficient nonfullerene acceptors.
Results and discussion
Materials synthesis and characterization

These two compounds were synthesized as shown in Scheme 1.
IDT–2BM and IDTT–2BM were respectively synthesized through
typical Stille-coupling reaction between commercially available
reagents Br–BM and IDT–2SnMe3 or IDTT–2SnMe3 using
Pd(PPh3)4 as the catalyst. The products were fully characterized
by matrix-assisted laser desorption/ionization time-of-ight
mass spectrometry (MALDI-TOF MS), 1H-NMR, 13C-NMR, and
elemental analysis. These two compounds were readily soluble
in common organic solvents, such as dichloromethane, chlo-
roform (CF) and o-dichlorobenzene (o-DCB) at room tempera-
ture. The thermal properties of these two products were
investigated by thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC) methods under a nitrogen
atmosphere at a heating rate of 10 �C min�1. These two
compounds exhibited good thermal stability with decomposi-
tion temperatures (5% weight loss) at 352 �C and 354 �C,
respectively (Fig. S2 in the ESI†). According to the DSC traces
(Fig. S3 in the ESI†), neither IDT–2BM nor IDTT–2BM showed
melting peaks from room temperature to 320 �C. However,
Scheme 1 The synthetic routes to IDT–2BM and IDTT–2BM.

J. Mater. Chem. A
according to the X-ray diffraction (XRD) results (Fig. S4 in the
ESI†), IDT–2BM exhibited 3 refraction peaks at 2q ¼ 5.50� (d
spacing ¼ 16.05 Å), 7.66� (d spacing ¼ 11.52 Å) and 22.90� (d
spacing ¼ 3.88 Å). The peaks of 5.50� and 7.66� may be attrib-
uted to two different crystal phases, while the peak of 22.90� was
attributed to p–p stacking. IDTT–2BM showed 3 peaks at 2q ¼
7.72� (d spacing ¼ 11.44 Å), 22.93� (d spacing ¼ 3.87 Å) and
26.43� (d spacing ¼ 3.36 Å). Among them, the peak at 7.72� was
attributed to the (100) refraction, and the peak at 22.93� was
attributed to the (010) refraction, while the peak at 26.43� came
from the SiO2/Si substrate. According to the XRD results, IDTT–
2BM exhibited stronger p–p stacking than IDT–2BM, which is
benecial to electron transport.

The optical properties of these two compounds were inves-
tigated by ultraviolet-visible (UV-vis) absorption spectroscopy
both in chloroform solution (Fig. S5 in the ESI†) and as thin
lms (Fig. 1a). The detailed data are summarized in Table 1.
Beneting from the push–pull molecule structure, two
compounds exhibited broad and strong absorption from 300
nm to 800 nm in chloroform solution and as solid lms. IDT–
2BM and IDTT–2BM exhibited high maximum extinction coef-
cients of 1.2 � 105 M�1 cm�1 at 660 nm and 5.6 � 104 M�1
Fig. 1 (a) Absorption spectra of IDT–2BM and IDTT–2BM in films; (b)
cyclic voltammograms for IDT–2BM and IDTT–2BM in CH3CN/0.1 M
Bu4NPF6 at 100 mV s�1; the horizontal scale refers to an Ag/AgCl
electrode as a reference electrode.

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Theoretical calculated optimized geometries of IDT–2BM and
IDTT–2BM. The alkyl chains are replaced with methyl groups for
computational simplicity.
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cm�1 at 672 nm, respectively. Compared with IDT–2BM, IDTT–
2BM showed red-shied absorption spectra both in solution
and as lms, due to the increase in the conjugation length of
IDTT. Relative to their solutions, the thin lms of IDT–2BM and
IDTT–2BM showed red-shied absorption spectra, suggesting
that some ordered structure and p–p stacking interactions
existed in the lms due to their coplanar backbones. The optical
band gaps of IDT–2BM and IDTT–2BM estimated from the
absorption edge were 1.60 eV and 1.54 eV, respectively.

The LUMO and HOMO energy levels of these two molecules
were determined by the cyclic voltammetry (CV) method with
the lm on glassy carbon as the working electrode in acetoni-
trile solution containing 0.1 M Bu4NPF6 at a potential scan rate
of 100 mV s�1. As shown in Fig. 1b, both IDT–2BM and IDTT–
2BM exhibited one quasi-reversible reduction wave and one
irreversible oxidation wave. The onset reduction potentials of
IDT–2BM and IDTT–2BM were �1.0 V versus FeCp2

0/+; while the
onset oxidation potentials were 0.8 V and 0.7 V versus FeCp2

0/+,
respectively. Assuming the absolute energy level of FeCp2

0/+ to
be 4.8 eV below vacuum,66 LUMO levels of IDT–2BM and IDTT–
2BM were calculated to be �3.8 eV and �3.8 eV, respectively;
while HOMO levels were �5.6 eV and �5.5 eV, respectively.
Clearly, the HOMO level of IDTT–2BM was slightly higher than
that of IDT–2BM, implying that the IDTT unit had stronger
electron-donating ability, while there was little difference
between LUMO levels due to the same electron-withdrawing
end group. The LUMO gaps (0.5 eV) and HOMO gaps (0.5 and
0.4 eV) between the donor (PBDTTT-C-T)65 and acceptors were
large enough to guarantee efficient exciton dissociation.

The intrinsic electron mobilities of IDT–2BM and IDTT–2BM
were measured using the space-charge-limited current (SCLC)
method with a device structure of Al/sample lm/Al (Fig. S6 in
the ESI†). The IDT–2BM and IDTT–2BM lms exhibited average
electron mobilities of 3.7 � 10�6 and 1.0 � 10�5 cm2 V�1 s�1 for
more than 10 devices, respectively. The higher mobility of
IDTT–2BMwas attributed to its more extended planar structure.
Theoretical calculation

Theoretical calculations were carried out to investigate the
molecular geometries (Fig. 2) and molecular frontier orbitals
(Fig. S7 in the ESI†) of IDT–2BM and IDTT–2BM and the
computational details are described in the ESI.† As shown in
Fig. 2, both molecules adopted a nearly at backbone congu-
ration, while the phenyl groups on the IDT and IDTT moieties
exhibited a dihedral angle of ca. 115� to the backbone plane.
Generally, the coplanar structure of conjugated molecules
facilitated p–p stacking, which was favorable for high mobility.
Table 1 Optical and electrochemical properties of IDT–2BM and IDTT–

Compound

lmax [nm]

lonset [nSolution Film

IDT–2BM 660 688 775
IDTT–2BM 672 668, 714 805

This journal is © The Royal Society of Chemistry 2015
However, the high degree of planarity and strong intermolec-
ular interaction of parent IDT and IDTT moieties will lead to
severe aggregation and large scale phase separation in blended
lms, nally to poor device performance. The phenyl groups on
the IDT and IDTT moieties can restrict severe aggregation
without reducing the backbone planarity. As shown in Fig. S7,†
The HOMO and LUMO orbitals are delocalized on the whole
molecular backbone.
Photovoltaic properties

To investigate the potential application of these two compounds
as electron acceptors in OSCs, BHJ OSCs with a conguration of
ITO/PEDOT:PSS/donor:acceptor/Ca/Al were fabricated using
classical low-bandgap polymer PBDTTT-C-T as the electron
donor material. Firstly, all active layers were spin-coated with a
solution in o-DCB, and we found that the optimal D/A (PBDTTT-
C-T : acceptor) ratio was 1.5 : 1 for two acceptors (Table S1 in
the ESI†). To improve the morphologies and photovoltaic
performance of blended lms, solvent optimization was per-
formed. 6% (v/v) of 1-chloronaphthalene (CN) was added to a o-
DCB solution of PBDTTT-C-T:IDT–2BM, while 3% (v/v) of DIO
was added to a PBDTTT-C-T:IDTT–2BM solution in a mixed
solvent (o-DCB : CF ¼ 3 : 2, v/v). Fig. 3a shows the J–V curves of
the devices based on the PBDTTT-C-T : acceptor (1.5 : 1, w/w)
processed under different conditions under the illumination of
AM 1.5G, 100 mW cm�2. Table 2 summarizes VOC, short circuit
current (JSC), ll factor (FF), and PCE of the corresponding
devices. Aer the addition of 6% CN, the PCE of IDT–2BM-
based devices improved from 3.79% to 4.26% mainly due to
the FF enhancement from 45.6% to 55.1%. Aer solvent opti-
mization using o-DCB:CF mixed solvent and DIO additive, the
VOC, JSC and FF of IDTT–2BM-based PSCs were improved,
leading to PCE enhancement from 2.09% to 4.81%.
2BM

m] Eoptg [eV] HOMO [eV] LUMO [eV]

1.60 �5.6 �3.8
1.54 �5.5 �3.8

J. Mater. Chem. A
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Fig. 3 (a) The J–V curves of the devices based on PBDTTT-C-T : IDT–
2BM or IDTT–2BM (1.5 : 1, w/w) processed under different conditions
under the illumination of AM 1.5G, 100 mW cm�2; and (b) IPCE curves
of corresponding devices.
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As an interesting phenomenon, the VOC of the device based on
IDTT–2BM increased from 0.771 V to 0.845 V aer solvent opti-
mization. It may be attributed to the decreased donor concen-
tration of the interface between the active layer and cathode,
which will result in a reduced charge recombination.67–70 Among
the devices prepared under the optimal conditions, the IDTT–
2BM based device showed an average VOC of 0.845 V, which is
0.085 V higher than that of the IDT–2BM based device, although
these two molecules possessed the same LUMO levels. In the
optimal devices, the IDTT–2BM based active layer possessed a
better morphology than the IDT–2BM based active layer, which
resulted in less charge recombination and smaller VOC loss.
Table 2 Photovoltaic performance of the OSCs based on the PBDTTT-

PBDTTT-C-T : acceptor
(1.5 : 1, w/w) Solution VOC

c (V)

IDT–2BM o-DCB 0.762 � 0.003 (0.766)
o-DCB/CNa 0.760 � 0.004 (0.766)

IDTT–2BM o-DCB 0.771 � 0.002 (0.773)
o-DCB/CF/DIOb 0.845 � 0.004 (0.851)

a o-DCB/CN¼ 100 : 6 (v/v). b o-DCB/CF/DIO ¼ 60 : 40 : 3 (v/v). c The perform
obtained from over 20 devices.

J. Mater. Chem. A
The incident photons to current conversion efficiency (IPCE)
curves of the corresponding devices are shown in Fig. 3b. The
IPCE curves of these devices covered a broad response from
300–850 nm, and the peak values approached or exceeded 50%
under optimal conditions. The JSC calculated from integration
of the IPCE spectra with the AM 1.5G reference spectrum was
similar to that obtained from J–V measurements (the average
error was 5%).
Blend lm properties

To understand the inuence of charge carrier transport on
photovoltaic performance, electron and hole mobilities of
PBDTTT-C-T : acceptor (1.5 : 1, w/w) blended lms were
measured by the SCLC method with the device structure: ITO/
PEDOT:PSS/sample lm/Au for holes and Al/sample lm/Al for
electrons (Fig. S8 in ESI†), and the detailed data are summa-
rized in Table S2 in the ESI.† Before solvent optimization,
PBDTTT-C-T:IDT–2BM blended lms exhibited average hole
and electron mobilities of 8.3� 10�5 and 5.0� 10�7 cm2 V�1 s�1

(mh/me ¼ 166), and PBDTTT-C-T:IDTT–2BM blended lms
exhibited average hole and electronmobilities of 1.7� 10�3 and
2.8 � 10�6 cm2 V�1 s�1 (mh/me ¼ 607), respectively. Clearly, the
hole and electron mobilities in these two blends were not
balanced, which was responsible for the low FF of the devices.
Aer the solvent optimization, the PBDTTT-C-T:IDT–2BM
blended lm exhibited average hole and electron mobilities of
2.5 � 10�4 and 1.0 � 10�5 cm2 V�1 s�1 (mh/me ¼ 25), and the
PBDTTT-C-T:IDTT–2BM blended lm exhibited average hole
and electron mobilities of 4.1� 10�4 and 1.3� 10�5 cm2 V�1 s�1

(mh/me ¼ 32), respectively. Obviously, aer optimization, hole
and electron mobilities in the IDT–2BM system and electron
mobility in the IDTT–2BM system signicantly improved, and
hole and electron mobilities in both blends became more
balanced. The better charge transport led to enhancement of FF
and thus a higher PCE.

To understand the effect of solvent optimization on the
blended lm morphologies, PBDTTT-C-T : acceptor (1.5 : 1,
w/w) blended lms were investigated using an atomic force
microscope (AFM) in the tapping mode. The height and phase
images of blend lms fabricated with different solvents are
shown in Fig. 4. Compared to the lm processed without CN,
PBDTTT-C-T:IDT–2BM blend lms with CN additive exhibited a
slightly smoother surface with the root-mean-square (RMS)
roughness decreasing from 1.9 to 1.7 nm. In terms of phase
C-T:acceptor under the illumination of AM1.5G, 100 mW cm�2

JSC
c (mA cm�2) FFc (%) PCEc (%)

10.63 � 0.18 (10.85) 45.2 � 0.4 (45.6) 3.67 � 0.12 (3.79)
9.81 � 0.23 (10.10) 54.4 � 0.5 (55.1) 4.19 � 0.15 (4.26)
6.92 � 0.09 (7.03) 38.1 � 0.2 (38.5) 2.01 � 0.06 (2.09)
9.67 � 0.16 (9.87) 56.8 � 0.4 (57.2) 4.70 � 0.10 (4.81)

ance of the best device is given in parentheses and the average PCE was

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 R-SoXS profiles of PBDTTT-C-T:IDT–2BM processed with o-
DCB and o-DCB/CN, and PBDTTT-C-T:IDTT–2BM processed with o-
DCB and o-DCB/CF/DIO.
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images, the blend lm processed with CN exhibited a smaller
size but clearer phase separation and more uniform
morphology than that without CN. The clearer phase separation
and more uniform morphology were benecial to charge
transport. According to the height images, the PBDTTT-C-
T:IDTT–2BM blend lm exhibited a smooth surface with a RMS
roughness of 0.6 nm. Aer solvent optimization, the PBDTTT-C-
T:IDTT–2BM blend lm exhibited larger domains with an
increased roughness of 7.8 nm.

Resonant so X-ray scattering (R-SoXS) is further employed
to probe the phase-separated morphologies of the blends in
the bulk under the different conditions.71–73 A photon energy of
283 eV was selected to provide polymer/small molecule contrast
while avoiding high absorption, which would produce back-
ground uorescence and can lead to radiation damage.74 Fig. 5
shows the R-SoXS proles of the PBDTTT-C-T:IDT–2BM blend
lms cast from o-DCB without or with CN and PBDTTT-C-
T:IDTT–2BM blend lms cast from o-DCB or o-DCB/CF/DIO.
Themedian of the distribution smedian of scattering corresponds
to the characteristic median length scale, x, of the corre-
sponding log-normal distribution in real space with x ¼ 1/
smedian, a model independent statistical quantity (Fig. S10 in the
ESI†). When the PBDTTT-C-T:IDT–2BM blend lms are pro-
cessed with pure o-DCB, the prole shows a low scattering
intensity with a x of �80 nm; when CN is used as an additive,
x decreases to �30–40 nm and the scattering intensity is
improved. Higher integration of scattering intensity aer pro-
cessing with CN indicates that the phase is purer,75 which is
favorable to reduce bimolecular recombination and is thus
benecial for FF.76 The x of PBDTTT-C-T:IDTT–2BM processed
with pure o-DCB is about 40 nm. Aer using o-DCB/CF/DIO, x of
Fig. 4 AFM height (top) and phase (bottom) images (3 mm � 3 mm) of
PBDTTT-C-T:IDT–2BM (o-DCB, 6% CN), (c) and (g) PBDTTT-C-T:IDTT–
DIO).

This journal is © The Royal Society of Chemistry 2015
PBDTTT-C-T:IDTT–2BM decreases to �15 nm and the integra-
tion of scattering intensity becomes higher. It is noted that the
scattering of PBDTTT-C-T:IDTT–2BM processed with o-DCB/CF/
DIO shows two peaks. The peak near q ¼ 0.01 nm�1 originates
from mass variation, which is conrmed with the scattering at
270 eV (strong material: vacuum contrast) (Fig. S9 in the ESI†).
The emergence of the peak at q ¼ 0.2 nm�1 (indicated by an
arrow) at the resonant energy 283 eV indicates the phase sepa-
ration between PBDTTT-C-T and IDTT–2BM. The smaller and
purer domains are favorable for charge separation and trans-
port, which will induce higher performance.77
active layers: (a) and (e) PBDTTT-C-T:IDT–2BM (o-DCB), (b) and (f)
2BM (o-DCB), and (d) and (h) PBDTTT-C-T:IDTT–2BM (o-DCB/CF, 3%

J. Mater. Chem. A
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Conclusions

We developed two novel A–D–A type molecules IDT–2BM and
IDTT–2BM, using extended fused-ring units IDT and IDTT as
cores and electron-withdrawing unit BM as the end-capping
group, and investigated their performance as electron acceptors
in solution-processed PSCs. Theoretical calculations revealed that
bothmolecules adopted a nearly at backbone conguration with
non-coplanar phenyl substituent groups, which was benecial to
forming favorable nanoscale phase separation in active layers
without severe aggregation. IDT–2BM and IDTT–2BM exhibited
strong and broad absorption in the visible region. IDTT–2BM
exhibited red-shied absorption relative to IDT–2BM, due to an
increase in the conjugation length of IDTT. IDT–2BM and IDTT–
2BM exhibited similar LUMOs (�3.8 eV) but different HOMOs
(�5.6 and �5.5 eV), due to the stronger electron-donating ability
of IDTT. IDTT–2BM lms exhibited higher electron mobilities
than IDT–2BM, due to their bigger planar structure. By opti-
mizing the morphologies, PSCs based on PBDTTT-C-T:IDT–2BM
or IDTT–2BM afforded promising PCEs of 4.26% and 4.81%,
respectively. The higher PCE of IDTT–2BM-based devices was
attributed to highermobility andmore suitablemorphology. This
work demonstrates the great potential of BM-basedmolecules for
constructing high-efficiency fullerene-free OSCs.
Experimental section
Synthesis of IDT–2BM

To a three-necked round bottom ask were added IDT–bis-
(trimethylstannane) (370 mg, 0.30 mmol), 2-((7-bromobenzo[c]
[1,2,5]thiadiazol-4-yl)methylene)malononitrile (203 mg, 0.70
mmol) and toluene (20 mL). The mixture was deoxygenated with
argon for 15 min, and then Pd(PPh3)4 (40 mg, 0.034 mmol) was
added. The mixture was reuxed for 24 h and then cooled to
room temperature. 40 mL KF (0.1 g mL�1) solution was added
and stirred at room temperature overnight to remove the tin
impurity. Water (150 mL) was added and the mixture was
extracted with CHCl3 (2 � 150 mL). The organic phase was dried
over anhydrous MgSO4. Aer removing the solvent, the residue
was puried by column chromatography on silica gel using
petroleum ether/CHCl3 (1 : 2) as eluent yielding a blue black solid
(272.5 mg, 68.5%). 1H-NMR (400 MHz, CD2Cl2): d 8.77 (s, 2H),
8.70 (d, J ¼ 8 Hz, 2H), 8.29 (s, 2H), 7.98 (d, J ¼ 8 Hz, 2H), 7.66 (s,
2H), 7.27 (d, J ¼ 8 Hz, 8H), 7.14 (d, J ¼ 8 Hz, 8H), 2.59 (m, 8H),
1.61 (m, 8H), 1.29 (m, 24H), 0.85 (m, 12H). 13C-NMR (100 MHz,
CDCl3): d 158.43, 155.05, 154.71, 152.30, 151.18, 147.85, 142.38,
141.92, 141.45, 136.30, 134.01, 130.96, 128.95, 128.19, 126.95,
123.69, 121.49, 118.84, 114.42, 113.64, 81.87, 63.58, 35.91, 32.04,
31.69, 29.46, 22.92, 14.42. MS (MALDI-TOF): m/z 1326 (M+). Anal.
calcd for C84H78N8S4: C, 75.98; H, 5.92; N, 8.44. Found: C, 76.07;
H, 5.85; N, 8.48%. lmax,s ¼ 660 nm (1.2 � 105 M�1 cm�1).
Synthesis of IDTT–2BM

To a three-necked round bottom ask were added IDTT–bis-
(trimethylstannane) (201.8 mg, 0.15 mmol), 2-((7-bromobenzo
[c][1,2,5]thiadiazol-4-yl)methylene)malononitrile (95.7 mg, 0.33
J. Mater. Chem. A
mmol) and toluene (20mL). Themixture was deoxygenated with
argon for 15 min, and then Pd(PPh3)4 (40 mg, 0.034 mmol) was
added. The mixture was reuxed for 24 h and then cooled to
room temperature. 40 mL of KF (0.1 g mL�1) solution was added
and stirred at room temperature overnight to remove the tin
impurity. Water (150 mL) was added and the mixture was
extracted with CHCl3 (2 � 150 mL). The organic phase was dried
over anhydrous MgSO4. Aer removing the solvent, the residue
was puried by column chromatography on silica gel using
petroleum ether/CHCl3 (1 : 2) as eluent yielding a blue black solid
(140 mg, 64.8%). 1H-NMR (400 MHz, CD2Cl2): d 8.78 (s, 2H), 8.73
(s, 2H), 8.68 (d, J ¼ 8 Hz, 2H), 7.91 (d, J ¼ 8 Hz, 2H), 7.66 (s, 2H),
7.26 (d, J¼ 8 Hz, 8H), 7.16 (d, J¼ 8 Hz, 8H), 2.59 (m, 8H), 1.56 (m,
8H), 1.26 (m, 24H), 0.84 (m, 12H). 13C-NMR (100 MHz, CDCl3):
d 154.51, 154.33, 151.88, 150.77, 147.30, 146.81, 143.85, 142.24,
139.60, 136.84, 136.54, 133.27, 130.58, 128.75, 127.99, 125.19,
123.55, 121.23, 117.68, 114.06, 113.20, 81.53, 63.04, 35.59, 31.67,
31.25, 29.14, 22.55, 14.05. MS (MALDI-TOF): m/z 1438.6 (M+).
Anal. calcd for C88H78N8S6: C, 73.40; H, 5.46; N, 7.78. Found: C,
73.14; H, 5.70; N, 7.57%. lmax,s ¼ 672 nm (5.6 � 104 M�1 cm�1).

Characterization

The 1H and 13C-NMR spectra were recorded using a Bruker
AVANCE 400 MHz spectrometer employing tetramethylsilane
(TMS; d¼ 0 ppm) as an internal standard. Elemental analysis was
carried out using a Flash EA 1112 elemental analyzer. Mass
spectra were recorded using a Bruker Daltonics Biex III MALDI-
TOF Analyzer in the MALDI mode. Solution (chloroform) and
thin lm (on a quartz substrate) UV-vis absorption spectra were
recorded using a Jasco V-570 spectrophotometer. Electro-
chemical measurements were carried out under nitrogen in a
deoxygenated solution of tetra-n-butylammonium hexa-
uorophosphate (0.1M) in acetonitrile using a potential scan rate
of 100 mV s�1 employing a computer-controlled Zahner IM6e
electrochemical workstation, a glassy-carbon working electrode
coated with the acceptor lm, a platinum-wire auxiliary electrode,
and an Ag/AgCl electrode as a reference electrode. The potentials
were referenced to a ferrocenium/ferrocene (FeCp2

0/+) couple
using ferrocene as an external standard. Thermogravimetric
analysis (TGA) measurements were performed using a Shimadzu
thermogravimetric analyzer (Model DTG-60) under owing
nitrogen gas at a heating rate of 10 �C min�1. Differential scan-
ning calorimetry (DSC) measurements were performed using a
Mettler differential scanning calorimeter (DSC822e) under
nitrogen gas at a heating rate of 10 �C min�1. Wide angle X-ray
diffraction of the thin lms was performed in the reectionmode
at 40 kV and 200 mA using Cu-Ka radiation in a 2 kW Rigaku D/
max-2500 X-ray diffractometer. The nanoscale morphology of the
blend lms was observed using a Veeco Nanoscope V atomic
force microscope (AFM) in the tapping mode.

Fabrication and characterization of photovoltaic cells

Organic solar cells were fabricated with the structure ITO/
PEDOT:PSS/PBDTTT-C-T:acceptor/Ca/Al. The patterned indium
tin oxide (ITO) glass (sheet resistance ¼ 15 U sq�1) was pre-
cleaned in an ultrasonic bath of acetone and isopropanol,
This journal is © The Royal Society of Chemistry 2015
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and treated in an ultraviolet-ozone chamber (Jelight Company,
USA) for 23 min. A thin layer (35 nm) of poly(3,4-ethyl-
enedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS, Bay-
tron PVP AI 4083, Germany) was spin-coated onto the ITO glass
and baked at 150 �C for 20 min. A PBDTTT-C-T:IDT–2BM
mixture (30 mg mL�1 in total) in o-DCB without or with 6% (v/v)
CN, or a PBDTTT-C-T:IDTT–2BM mixture (30 mg mL�1 in total)
in o-DCB or o-DCB/CF/DIO (60/40/3, v/v) was spin-coated on the
PEDOT:PSS layer to form a photosensitive layer. The calcium
layer (ca. 20 nm) and the aluminum layer (ca. 100 nm) were then
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 4mm2. The J–V curve was measured using
a computer-controlled B2912A Precision Source/Measure Unit
(Agilent Technologies). An XES-70S1 (SAN-EI Electric Co., Ltd)
solar simulator (AAA grade, 70 � 70 mm2 photobeam size)
coupled with AM 1.5 G solar spectrum lters was used as the light
source, and the optical power at the sample was 100 mW cm�2. A
2 � 2 cm2 monocrystalline silicon reference cell (SRC-1000 TC-
QZ) was purchased from VLSI Standards Inc. The IPCE spectrum
was measured using a solar cell spectral response measurement
system QE-R3011 (Enlitech Co., Ltd). The light intensity at each
wavelength was calibrated using a standard single crystal Si
photovoltaic cell. Hole-only or electron-only diodes were fabri-
cated using the architectures ITO/PEDOT:PSS/active layer/Au for
holes and Al/active layer/Al for electrons. The mobility was
extracted by tting the current density–voltage curves using the
Mott–Gurney relationship (space charge limited current).
Computational details

Density functional theory calculations were performed with the
Gaussian 09 program,78 using the B3LYP functional.79,80 All-
electron double-x valence basis sets with polarization functions
6-31G* were used for all atoms.81 Geometry optimizations were
performed with full relaxation of all atoms in the gas phase
without solvent effects. Vibration frequency calculation was
performed to check that the stable structures had no imaginary
frequency. Charge distribution of the molecules was calculated
by Mulliken population analysis.
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