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ABSTRACT: A pair of donor−acceptor polymers PBDThDTBT and PBDTchDTBT are synthesized, which share the same
conjugated backbone, but are designed with hexyl and cyclohexyl side chains, respectively. The stronger steric hindrance of
cyclohexyl endows PBDTchDTBT a deeper lying HOMO energy level of −5.39 eV compared to −5.22 eV for PBDThDTBT.
However, PBDThDTBT and PBDTchDTBT exhibit a similar optical bandgap around 1.72 eV and a hole mobility around 10−5

cm2 V−1 s−1. Interestingly, the PBDTchDTBT/PC71BM blends exhibited higher hole mobility than PBDThDTBT/PC71BM after
DIO was added. The higher hole mobility and fibrillar network in the active layer endows PBDTchDTBT higher power
conversion efficiency of 7.9%, together with simultaneously improved open-circuit voltage of 0.80 V, short-circuit current density
of 13.50 mA cm−2, and fill factor of 72.74% after a systemic study of their solar cell devices.

Semiconducting polymer is considered as the ideal material
for next generation large area optoelectronics application in

virtue of its superior solution processing and film forming
ability.1−5 When a semiconducting polymer is employed,
research is mainly focused on its frontier molecular orbital
energy levels and optical and optoelectronic characteristics,
which have reliance on the polymer’s planarity, interchain
aggregation, alkyl substituents, and molecular weight.6−9 One
simple and effective strategy employed to adjust the energy
levels and optical property of a semiconducting polymer is
intra- or intermolecular steric hindrance effect (SHE).10−13

However, SHE has been reported with negative effect on
molecular self-organization in the donor−acceptor (D−A)
oligmers.14 Intermolecular SHE introduced to the polymer
backbone could prevent molecular packing and then result in
weaker crystallinity.15 Intramolecular SHE may reduce the π-
orbital overlap between two adjacent units and lead to
undesirable hypochromatic shifted absorption spectra and
wide bandgap (Eg),

10,16−20 however, as is well-known, wide

absorption spectra, and narrow Eg of the absorber are crucial for
organic solar cells (OSCs) application.21

Although SHE has been considered as a negative effect for
polymer’s self-aggregation and effective conjugation, one
advantage should be pointed out, that is, SHE can significantly
decrease the highest occupied molecular orbital (HOMO)
energy levels of the polymer. For example, poly(3-cyclo-
hexylthiophene) (P3chT) exhibited more twisted conjugating
backbone than poly(3-hexylthiophene) (P3hT) because of
stronger SHE of cyclohexyl than hexyl, which resulted in a
larger dihedral angle (θ) between the two adjacent thiophene
rings together with a wider Eg and a deeper lying HOMO of
−5.72 eV, 0.72 eV lower than that of P3hT (−5.0 eV)
experimentally.10 Theoretically, Bred́as and co-workers re-
ported that the ionic potential of the polythiophene increased
gradually as the torsion angle increased from 0 to 90°.22 This
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will be very interesting for OSCs application, which is
composed of a polymeric donor and a fullerene acceptor, and
the deeper lying HOMO of the polymer donor will be
beneficial for higher open-circuit voltage (Voc).

23 Several
examples have been reported employing SHE (alkyl side
chains) to design deeper HOMO polythiophenes with
improved Voc in their OSCs, unfortunately, Eg of the polymers
became wider together with decreased hole mobility (μhole),
which resulted in lower short-circuit current density (Jsc), fill
factor (FF), and inconspicuous improvement of power
conversion efficiency (PCE) compared to P3hT.24 Further-
more, lower Jsc, FF, and extremely low μhole were also obtained
when SHE was employed to design an indacenodithiophene-
based polymer for OSCs application.25 Thus, it can be seen,
employing simple SHE to design semiconducting polymer for
highly efficient OSCs will be a challenging issue. A
comprehensive survey of the chemical methods for designing
high PCE polymers found that the inductive effect such as
introducing fluorine or sulfur atoms to the polymer backbone
has been considered as one of the most effective and successful
methods, which can bring about simultaneous improvement of
Voc, Jsc, and FF on their OSCs devices.26−30 However,
chemically introducing fluorine31 or sulfur32 always makes the
synthetic route more complicated and expensive, and fluorine
atoms sometimes reduce the solubility of the polymers
remarkably.33

In this communication, we reported two D−A polymers
incorporating 4,8-bis(hexyldecyloxy)benzo[1,2-b:4,5-b′]-
dithiophene (alkoxy−BDT) as the donor unit and either 4,7-
bis(4-hexylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (hDTBT)
or 4,7-bis(4-cyclohexylthiophen-2-yl)benzo[c][1,2,5]-
thiadiazole (chDTBT) as the acceptor unit (Scheme 1). As

shown in Scheme 1, analogous hexyl and cyclohexyl were
chosen as side chains because they have the same carbon
number and similar electronic effect except they were
connected to the polymer backbone with a primary carbon
and a secondary carbon, respectively. PBDTchDTBT exhibited
a deeper lying HOMO of −5.39 eV compared to −5.22 eV for
PBDThDTBT. Interestingly, the two polymers had almost the
same Eg. In their OSC devices, PBDTchDTBT exhibited higher
Voc, Jsc, and FF than PBDThDTBT, giving rise to a PCE value
up to 7.9%, which was much higher than that of PBDThDTBT
(5.9%). These obvious improvements were ascribed to a deeper
lying HOMO of PBDTchDTBT together with a tunable fine

nanoscale fibrillar network in PBDTchDTBT/[6,6]-phenyl C71
butyric acid methyl-ester (PC71BM) blend. To our knowledge
now, SHE is first designed with simultaneously improved Voc,
Jsc, and FF for OSCs application, and 7.9% is the highest PCE
among alkoxy-BDT and DTBT copolymers.34

4,7-Bis(5-bromo-4-hexylthiophen-2-yl)benzo[c][1,2,5]-
thiadiazole (DBrhDTBT)35 and 2,6-bis(trimethyltin)-4,8-bis-
(hexyldecyloxy)benzo[1,2-b:4,5-b′]dithiophene (MBDT)

36 were
synthesized according to the literature methods. The cyclohexyl
substituted monomer 4,7-bis(5-bromo-4-cyclohexylthiophen-2-
yl)benzo[c][1,2,5]thiadiazole (DBrchDTBT) was first reported
here with similar synthetic route of DBrhDTBT (Scheme S1).
The final copolymers PBDThDTBT and PBDTchDTBT were
prepared via Stille coupling polymerization. PBDThDTBT and
PBDTchDTBT show excellent solubility in halogenated
solvents and high number-average molecular weight (Mn) of
57.2 kg mol−1 and 38.8 kg mol−1 with polydispersity index
(PDI) of 2.4 and 2.0, respectively. The relative lower Mn of
PBDTchDTBT compared to PBDThDTBT may be because of
the stronger SHE of cyclohexyl than hexyl, which made the
Stille coupling copolymerization more difficult. However, the
relatively high molecular weights of PBDThDTBT and
PBDTchDTBT indicated an efficient polymerization reaction
occurred. PBDThDTBT and PBDTchDTBT exhibited nearly
indistinguishable decomposition temperature (Td) with 5%
weight loss denoted at ∼318 °C (Figure S1).
The onset oxidation potential of PBDThDTBT was

estimated at about 0.82 V (Figure S2), and the HOMO was
calculated to be −5.22 eV relative to ferrocene as an internal
standard. Interestingly, because of the SHE of cyclohexyl side
chain, PBDTchDTBT exhibited a higher oxidation potential
with an onset at 0.99 V, a deeper HOMO of −5.39 eV was
derived. The dihedral angles in the repeated BDThDTBT and
BDTchDTBT units were optimized with the density functional
theory (DFT) method under B3LYP/6-31G(d,p) level.37 As
shown in Figure S3, PBDTchDTBT exhibited a larger θ1 =
42.7° compared to θ1 = 33.9° of PBDThDTBT. The larger θ1
of PBDTchDTBT showed us clearly stronger intramolecular
SHE of cyclohexyl than hexyl which could reduce the π-orbital
overlap between BDT and adjacent thiophene rings and result
in a deeper lying HOMO.
In dilute solutions, as shown in Figure 1, PBDThDTBT and

PBDTchDTBT exhibited almost unanimous intramolecular CT
transition absorption38 centered at ∼595 nm, indicating that
although cyclohexyl could result in larger θ1, however, such

Scheme 1. Synthesis of PBDThDTBT and PBDTchDTBT

Figure 1. UV−vis absorption spectra of PBDThDTBT and
PBDTchDTBT in chloroform solutions (S) and neat films (F).
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intramolecular SHE can negligibly affect the CT transition
state. In their solid state films, PBDTchDTBT exhibited slightly
blue-shifted peak wavelength (λmax = 616 nm). The reason may
be that cyclohexyl reduced the intermolecular aggregation of
the polymer because of its stronger intermolecular SHE.
However, there was nearly no change of the absorption edge
(λedge) for PBDTchDTBT compared to PBDThDTBT, and,
interestingly, PBDTchDTBT exhibited wider absorption
spectra with full width at half maximum estimated to be 170
nm in the CT transition band, 10 nm wider than that of
PBDThDTBT. The optical Eg of PBDThDTBT and
PBDTchDTBT were estimated to be 1.71 and 1.72 eV,
respectively, indicating efficient CT transition states and
interchain aggregation existed in both the polymers although
sterical ly hindered cyclohexyl was introduced in
PBDTchDTBT. The lowest unoccupied molecular orbitals
(LUMOs) of PBDThDTBT and PBDTchDTBT were
calculated as −3.51 and −3.67 eV, respectively. Both the
HOMO and LUMO of PBDTchDTBT down-shifted, while the
Eg of the two polymers were almost identical. However, the
cyclohexyl will destroy the π−π conjugation for P3chT by
reducing the π orbital overlap along the whole backbone and
resulting in wider Eg.

10

Both the polymers have three dihedral angles per repeat unit
as depicted in Figure 2 and simulated in Figure S3. Obviously,

larger θ1 can significantly influence the effective conjugation
between BDT and thiophenes and resulted in a deeper lying
HOMO. However, the wide absorption of these D−A polymers
was originated from the CT transition state between the
electron donating group and electron withdrawing unit. Here,
benzo[c][1,2,5]thiadiazole (BT) unit plays the role of electron
acceptor; therefore, effective conjugation is indispensable
between BT and flanking thiophene rings. θ2 and θ3 usually
determine whether effective conjugation and CT transition
states exist in the DTBT system.39 In order to elucidate how
the substituents could affect θ2 and θ3 in the D−A polymers,
we designed two π−π conjugating small molecules 2,5-bis(4′-
hexyl-2′-thienyl)thiophene (hTTT) and 2,5-bis(4′-cyclohexyl-
2′-thienyl)thiophene (chTTT); in addition, D−A-type oligmers
hDTBT and chDTBT were also included (Figure 2, inset). In
the oligomer thiophene systems, their absorption originated
from the π−π conjugation was very sensitive to the twisted

angle of the adjacent thiophenes.40 Two dihedral angles θ4 and
θ5 existed in hTTT or chTTT, and their absorption spectra
(Figure 2, hexane solutions) were almost identical with the
same λmax = 355 nm and λedge = 410 nm, which indicated
effective π-orbital overlap between adjacent thiophene rings
both in hTTT and chTTT, and the 4-position substituents can
hardly influence θ4 and θ5. In the D−A system, same
phenomena were observed, and efficient CT transition between
thiophene and BT occurred regardless of the 4-positions were
substituted with hexyl or sterically hindered cyclohexyl. From
which we infer PBDThDTBT and PBDTchDTBT possess
similar θ2 and θ3, respectively, which warrants effective CT
transition in both the polymers. The simulated results also
show us a little differences between the two dihedral angles
(Δθ2 = 1.5° and Δθ3 = 3.5°, Figure S3). This can help to
explain why PBDThDTBT and PBDTchDTBT exhibited
similar CT transition absorption in their dilute solutions. And
the slightly blue-shifted λmax for PBDTchDTBT in the film state
was the result of intermolecular SHE of cyclohexyl and such
steric hindrance showed negligible effects of the polymer Eg. It
should be pointed out that the electrochemical and optical
differences of PBDTchDTBT compared to PBDThDTBT were
mainly induced by SHE because the electronic effects of
nonchromophoric cyclohexyl and hexyl can be eliminated
compared to some conjugated side chains.41 This will be an
encouraging strategy to design D−A polymers in conformity
with the “weak donor−strong acceptor” ideology.42

Solar cells were fabricated with a conventional device
structure ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al and
measured under the illumination of AM 1.5 G (100 mW
cm−2).43 Initially, different donor/acceptor ratios (1:1, 1:1.5,
1:2, and 1:2.5) were examined to find the optimum weight ratio
(Figure S4). At a ratio of 1:1, a high Voc of 0.84 V was obtained
for PBDTchDTBT and 0.07 V higher than that of
PBDThDTBT, which was even higher than the alkoxy-BDT
and fluorinated DTBT incorporated polymer.44 As PC71BM
amount increased, all the devices of PBDTchDTBT exhibited
higher Voc than PBDThDTBT at specific polymer/PC71BM
ratios (Table S1 and Figure S5). 1,8-Diiodooctane (DIO) was
used as the additive to optimize the morphology of the
polymer/PC71BM blends.45,46 In the PBDThDTBT/PC71BM
blend, DIO was added with volume fraction of 1, 1.5, and 2%,
unfortunately, the PCE declined gradually as the DIO volume
fraction increased (Figure S6 and Table S2). For
PBDTchDTBT/PC71BM blend, when 1% DIO was added,
the Jsc was improved significantly to 12.27 mA cm−2, which
resulted in a higher PCE of 6.6%. When 3% DIO was added, a
higher Jsc of 13.50 mA cm−2 was obtained and the FF improved
to 72.74%, highly efficient OSCs with PCE = 7.9% was realized
(Figure 3a and Table 1). The EQE spectra of PBDTchDTBT
was higher than PBDThDTBT in the whole response
wavelength from 300−750 nm, as shown in Figure 3b, resulting
in higher Jsc of the device based on PBDTchDTBT than
PBDThDTBT. The Jsc values (10.55 mA cm−2 for
PBDThDTBT and 13.48 mA cm−2 for PBDTchDTBT)
calculated from the integration of the EQE spectra agreed
well with the Jsc values recorded from the J−V measurements.
The only difference of PBDThDTBT and PBDTchDTBT

structurally was the nonchromophoric alkyl chains, besides
which, both the polymers shared the same conjugating
backbone together with comparative Eg and μhole of 1.23 ×
10−5 cm2 V−1 s−1 and 1.07 × 10−5 cm2 V−1 s−1, respectively,
measured using space−charge−limited−current (SCLC) model

Figure 2. UV−vis absorption spectra of RTTT and RDTBT in hexane
solutions (Inset: molecular structures and dihedral angles existed in
the D−A polymers PBDTRDTBT, π−π conjugating oligmers RTTT,
D−A type molecules RDTBT).
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(Figure S7). In order to better explain their different
photovoltaic properties, atom force microscopy (AFM), and
bright field transmission electron microscopy (TEM) were used
to explore their morphology and phase separation character-
istics. Both PBDThDTBT and PBDTchDTBT exhibited good
film-forming ability with root-mean-square (RMS) surface
roughness <3 nm in their neat films (Figure S8). Smooth
films can also be observed from the AFM height images of
polymer/PC71BM blends, as shown in Figure 4a-1,b-1,c-1,d-1.
However, serious phase separation can be observed from the
phase images given from AFM phase (Figure 4a-2) and TEM
(Figure 4a-3) images in PBDThDTBT/PC71BM blends. Some
PC71BM aggregated even ∼100 nm in size, which would
diminish exciton migration to the donor/acceptor interface and
is not favorable for charge separation.47 When DIO was added,
there was no obvious improvement about the phase separation,
as shown in Figure 4b-2,b-3, and obvious PC71BM aggregations
can still be observed, which resulted in nearly no improvements
about the Jsc, and the FF dropped from 69.78% to 68.22%. As
shown in Figure 4c-2,c-3, fibril-like polymer aggregations ∼25
nm in width were observed for PBDTchDTBT/PC71BM blends
without DIO.48 However, typical exciton diffusion lengths for
conjugated polymers are a few nanometers, and hence, the
wider fibrils may affect the percentage of excitons that reach the

interface with the fullerene where charge generation occurs.49

Therefore, relative low Jsc of 10.24 mA cm−2 and PCE of 5.7%
were obtained for PBDTchDTBT/PC71BM device without
DIO. Interestingly, the fibril width was remarkably reduced to
∼7 nm (Figure 4d-2,d-3) after 3% DIO was added, and a
nanoscale fibrillar network was observed, which is desired for
better charge transfer according to Janssen’s work,50 and led to
improvement of FF from 66.47% to 72.74%. The narrow fibril
of the polymer is also beneficial for exciton diffusion to the
PBDTchDTBT/PC71BM interface then higher Jsc = 13.50 mA
cm−2 was achieved.50 Interestingly, the μhole of PBDThDTBT/
PC71BM declined from 3.08 × 10−5 cm2 V−1 s−1 to 2.18 × 10−5

cm2 V−1 s−1 when 1% DIO was added, however, the μhole of
PBDTchDTBT/PC71BM increased from 1.62 × 10−5 cm2 V−1

s−1 to 3.46 × 10−5 cm2 V−1 s−1 as 3% DIO was added (Figure
S9). This regular pattern aggreed with the morphology and
phase separation changing in both the polymer/PC71BM blends
before and after DIO was added. Higher μhole is also beneficial
for higher Jsc and FF.51,52

In conclusion, a reasonable conception of steric hindrance
affecting D−A polymer’s photophysical, electrochemical and
photovoltaic characteristics is realized by a parallel comparison
of hexyl and cyclohexyl substituted PBDTDTBTs. Our study
indicates that the well designed steric hindrance can decrease
both the HOMO and LUMO energy levels of the PBDT-
DTBTs but cannot influence their Eg, which is very important
for designing high efficiency OSC materials. Replacing hexyl by
cyclohexyl results in higher Voc, Jsc, and FF, and finally, highest
PCE = 7.9% is realized in their OSCs devices.

Figure 3. J−V (a) and EQE (b) curves of the devices based on
PBDThDTBT and PBDTchDTBT.

Table 1. Device Parameters of PBDThDTBT/PC71BM =
1:1.5 with 1% DIO and PBDTchDTBT/PC71BM = 1:1.5
with 3% DIO (h: PBDThDTBT; ch: PBDTchDTBT)

entry Voc (V) Jsc (mA cm−2) FF (%) PCEa (%)

h 0.75 11.60 68.22 5.9 (5.8)
ch 0.80 13.50 72.74 7.9 (7.7)

aAverage PCE in brackets (10 devices).

Figure 4. AFM height (2 × 2 μm, a-1, b-1, c-1, d-1), phase (a-2, b-2, c-
2, d-2), and TEM (a-3, b-3, c-3, d-3) images of the active layers
containing PBDThDTBT/PC71BM (a), PBDThDTBT/PC71BM with
1% DIO (b), PBDTchDTBT/PC71BM (c), and PBDTchDTBT/
PC71BM with 3% DIO (d).
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