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ABSTRACT: Conjugated polymers with nearly planar back-
bones have been the most commonly investigated materials for
organic-based electronic devices. More twisted polymer
backbones have been shown to achieve larger open-circuit
voltages in solar cells, though with decreased short-circuit
current densities. We systematically impose twists within a
family of poly(hexylthiophene)s and examine their influence
on the performance of polymer:fullerene bulk heterojunction
(BHJ) solar cells. A simple chemical modification concerning
the number and placement of alkyl side chains along the
conjugated backbone is used to control the degree of backbone
twisting. Density functional theory calculations were carried
out on a series of oligothiophene structures to provide insights on how the sterically induced twisting influences the geometric,
electronic, and optical properties. Grazing incidence X-ray scattering measurements were performed to investigate how the thin-
film packing structure was affected. The open-circuit voltage and charge-transfer state energy of the polymer:fullerene BHJ solar
cells increased substantially with the degree of twist induced within the conjugated backbonedue to an increase in the polymer
ionization potentialwhile the short-circuit current decreased as a result of a larger optical gap and lower hole mobility. A
controlled, moderate degree of twist along the poly(3,4-dihexyl-2,2′:5′,2′′-terthiophene) (PDHTT) conjugated backbone led to a
19% enhancement in the open-circuit voltage (0.735 V) vs poly(3-hexylthiophene)-based devices, while similar short-circuit
current densities, fill factors, and hole-carrier mobilities were maintained. These factors resulted in a power conversion efficiency
of 4.2% for a PDHTT:[6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) blend solar cell without thermal annealing. This
simple approach reveals a molecular design avenue to increase open-circuit voltage while retaining the short-circuit current.

■ INTRODUCTION
The performance of bulk heterojunction (BHJ) solar cells has
steadily improved over the past few years, with power
conversion efficiencies (PCEs) recently pushing over 8% for
polymer:fullerene blends.1 Much of the improvement can be
attributed to the design of new polymers with (i) increased
ionization potentials (IPs) to achieve large open-circuit voltages
(Voc) and (ii) reduced optical gaps to increase the short-circuit
current (Jsc). The optimization of functional polymers has
primarily focused on the engineering of the conjugated
backbone.2−5 By controlling the number4 and the strength of
the electron-donating or electron-withdrawing substituents,6,7

one can readily modify both the polymer IP and, hence, the
device Voc. The side chains can also impact the polymer
electronic properties. Conjugated side chains have been
incorporated to increase the extent of conjugated regions so
as to broaden light absorption;8,9 the substituent investigated in

these studies, however, produce devices with limited PCEs and
low Jsc, possibly due to a smaller charge-carrier mobility (caused
by excessive twisting in the polymer backbone) or reduced
absorption coefficients (due to a reduction in the spatial overlap
of the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) wave functions).10

Structural modification to the geometry of the conjugated
backbone provides an additional route to influence the
electronic and optical properties. The degree of curvature
within the conjugated backbone has been shown to have
considerable impact on the polymer electronic properties, film
morphology, and charge-carrier mobility.11 The curvature (or
zigzag pattern) of poly(thienothiophene−benzodithiophene)
systems has been suggested as a distinct feature leading to face-
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on π-stacking with respect to the substrate and improved
charge-transport across the interface.12 Sterically induced
twisting of the polymer backbone has been shown to influence
the energy levels of conjugated polymers through modification
of the conjugation length along the backbone. Andersson and
co-workers showed that the optical gap of polythiophenes can
be tuned by nearly 1 eV by varying the side-chain bulkiness.13

Bulky substituents increase the degree of twisting (from
planarity) in the backbone, resulting in a decreased conjugation
length and larger optical gaps vs less bulky/linear substituents.
While it is often assumed that bulky substituents hinder charge
transport and thus are detrimental for organic solar cells, they
have been shown to increase Voc in small-molecule bilayer solar
cells, which was attributed to a reduction the intermolecular
interactions between the donor and acceptor materials at the
interface, resulting in a smaller dark current.14 A similar
investigation of the influence of side-chain-induced polymer
backbone twisting on the performance of polymer:fullerene
solar cells has yet to be performed.
Polythiophene derivatives are attractive systems for inves-

tigating the influence of backbone twisting due to their facile
preparation with various substituents. Recently we demon-
strated that 3,4-disubstituted polyalkylthiophenes, which do not
show distinct π−π stacking, can be used to make thin-film
transistors (TFTs) and BHJ solar cells that rival benchmark
poly(3-hexylthiophene) (P3HT) devices.15 Herein, we present
a systematic study of how sterically induced polymer backbone
twisting influences the device characteristics of BHJ solar cells.
The geometric structure, electronic and optical properties,
charge-carrier mobilities, and photovoltaic characteristics of
polymer:fullerene blends for a family of poly(hexylthiophene)s
(both regioregular and regiorandom P3HT, PDHTT, and
PDHBT, shown in Chart1) are systematically investigated.

Poly(3,4-dihexyl-2,2′:5′,2″-terthiophene) (PDHTT)15,16 and
poly(3,4-dihexyl-2,2′-bithiophene) (PDHBT)17 contain dialkyl
substituents on the 3- and 4-positions of thiophene with bi- and
monothiophene spacers, respectively. We show that the 3,4-
dialkyl substituents have a significant influence on the degree of
backbone twisting both in solution, due to torsional strain, and
in solid films, where the side-chain placement additionally
influences the molecular packing and morphology.
Larger backbone twisting is found to increase the poly-

(hexylthiophene) IP, resulting in a larger Voc. Reducing the
average number of electron-donating alkyl substituents per

thiophene ring in PDHTT additionally increases the IP and Voc.
Excessive backbone twisting, on the other hand, results in a
reduced Jsc and fill factor due to an increase (blue shift) of the
optical gap and lower hole mobility. A balance between these
factors is reached with PDHTT, which has a relatively large
diode hole mobility of 3 × 10−4 cm2/V·s despite a lack of
identifiable π−π stacking in films. BHJ solar cells using PDHTT
produce a Voc that is 19% larger than P3HT devices (built
herein) without a significant sacrifice of either the Jsc or fill
factor, resulting in solar cell PCE of 4.2%.

■ RESULTS AND DISCUSSION
Synthesis. PDHTT16 and PDHBT17 contain dialkyl

substituents on the 3- and 4-positions of thiophene with bi-
and monothiophene spacers, respectively. The polymers were
independently synthesized from the dialkyl substituted
monomers by Stille polymerization (Supporting Information
(SI)). Regioregular P3HT and regiorandom P3HT (RRa-
P3HT) were purchased from Rieke Metals, Inc. We note that
there may be small differences in purity among the studied
polymers as the synthetic and purification procedures differ
among the commercial sources23 and the independently
synthesized polymers (see SI).
As listed in Table 1, the number-averaged molecular weight

for PDHTT is lower than for the other polythiophenes

considered in this study since PDHTT has fewer solubilizing
alkyl chains per thiophene ring (2/3) versus the other
polythiophenes (1) and is consequently slightly less soluble.

Structural Analysis. Density functional theory (DFT)
calculations at the B3LYP/6-31G(d,p) level were carried out on
a series of oligothiophene structures to investigate the influence
of alkyl side-chain number and placement on twisting of the
conjugated backbone. The results discussed here are for
oligomers with similar conjugation path lengths (12 thiophene
rings for each oligomeric structure as shown in Figure S1), and
the geometric patterns reported are taken from the central
portion of the structure so as to mitigate end effects. As
expected, the differing substitution patterns along the oliogth-
iophene backbone result in rather distinct differences in the
(gas-phase) degree of twisting. P3HT has a calculated backbone
twist of 21°, in agreement with previous results;18,19 planarizing
the system to give the fully planar form (the inferred thin-film
structure) results in an energetic destabilization of 3.3 kcal/mol
for the 12-ring oligomer (Figure S2). The asymmetric nature of
the hexyl chain placement on the individual thiophene rings
induces slight differences in the carbon−carbon bond lengths
(C2−C3 = 1.393 Å, C3−C4 = 1.420 Å, and C4−C5 = 1.383 Å)
within the ring, which in turn leads to a slight asymmetry in the
bond-length alternation (BLA) pattern within the thiophene
ring (0.037 and 0.027 Å).

Chart 1. Chemical Structures of P3HTa, PDHTT, and
PDHBT

aChemical structures of the two regiorandom P3HT analogues are
provided in the Supporting Information. The atom numbering scheme
is shown for reference.

Table 1. Number-Average Molecular Weights (Mn) and
Polydispersity Index (PDI)

polymer Mn (kDa)
a PDI

P3HTb 25 1.8
PDHTT 8.6 1.5
PDHBT 22 2.0
RRa-P3HTb 24.5 2.9

aDetermined from GPC using THF as an eluent and polystyrenes as
the standards. bReported by Rieke Metals, Inc.
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For the two regiorandom P3HT structures considered
(Figure S3), there is a notable difference in the twist angles,
bond lengths, and BLA between the thiophene rings. In
particular, the twist angles between the imposed head-to-head
defects are larger than 65°, while the other thiophene−
thiophene torsions are on the order of 15−25°, as in
regioregular P3HT. Among the two regiorandom P3HT
oligomers, RRa2-P3HT is the most energetically stable (by
1.2 kcal/mol).
For PDHTT and PDHBT, two symmetric structural forms of

thiophene are presentunsubstituted and dihexyl-substituted.
The carbon−carbon bonds in the dihexyl-substituted structure
(C2−C3 ≈ 1.39 Å and C3−C4 ≈ 1.44 Å) are longer than their
unsubstituted counterparts (C2−C3 ≈ 1.38 Å and C3−C4 ≈
1.42 Å), and manifest a slightly larger BLA (∼0.05 vs 0.03 Å).
The twists within the PDHTT and PDHBT backbones
between the substituted and unsubstituted structures is on
the order of 30−40° (Figures S4 and S5); for PDHTT, the
twist between the unsubstituted thiophene rings is 16°. We
note that for PDHBT, syn- and anti-arrangements among the
monomer units were investigatedin the case of the syn-
conformer, the hexyl chains are on opposite sides of the
backbone, while in the anti-conformer the hexyl chains are on
the same side of the backbone; the syn-conformation is 1.4
kcal/mol more stable. Overall, the DFT calculations suggest
that regioregular P3HT has the lowest degree of backbone
twisting, while PDHTT, PDHBT, and the regiorandom P3HT
oligomers are progressively more twisted across the entire
length of the oligomer.
To estimate the energy barriers associated with the

thiophene−thiophene torsions along the conjugated backbone,
torsion energy profiles for four terthiophene derivatives were
examined at the B3LYP/6-31G(d,p) level of theory,20 shown in
Chart 2 and Figure 1. The thiophene−thiophene twists of the

energy-minimized structures for the various terthiophenes are
similar to those observed for the full oligomer structures. The
energy required to planarize the unsubstituted (3T) and
monohexyl-substituted (m-3T) terthiophenes falls well within
thermal energy at room temperature (RT, 0.6 kcal/mol); these
results are similar to those previously described for
bithiophene.21 Due to the steric interactions induced by the
additional alkyl chain, the energetic requirements to planarize
the dihexyl-substituted structures are 2.1−3.6 kcal/mol. Such
energetic differences suggest that the polymers could pack in
different manners in the solid state.
To examine the nature of the twisted dialkyl-substituted

thiophene derivatives in more detail, a hexamer analogue of
PDHTT (3′,4′,3′′′′,4′′′′,-tetrabutyl-2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′′:5′′′′,2′′′′′-

hexathiophene) was synthesized and crystals grown for single-
crystal X-ray analysis. The hexathiophene was synthesized via
reported oxidative homocoupling,22 where 3,4-dihexyl chains
were truncated to 3,4-dibutyl chains to facilitate eventual crystal
growth. Single crystals were obtained by slow diffusion of
methanol in a solution of the sexithiophene derivative in
chloroform.
Focusing on the central portion of the crystalline hexamer

structure (Figure S6), the carbon−carbon bonds in the dihexyl-
substituted thiophene (C2−C3 ≈ 1.37−1.39 Å and C3−C4 ≈
1.44 Å) are longer than those in the unsubstituted thiophene
(C2−C3 ≈ 1.36−1.38 Å and C3−C4 ≈ 1.42 Å), and manifest a
slightly larger BLA (∼0.06 vs 0.03 Å); these results are in good
agreement with the calculated oligomer structure of PDHTT
(Figure S6). The twists between the substituted and
unsubstituted thiophenes are on the order of ∼20°, while the
central twist between the unsubstituted thiophenes is ∼0° (as
noted above, the energy to planarize unsubstituted thiophenes
is smaller than RT). Notably, the twisted backbone of this
hexathiophene contrasts with the previously reported coplanar
backbone of the 3-butylthiophene pentamer as determined
from XRD studies.23 These twist angles, though, are smaller
than those calculated for the isolated PDHTT oligomer, but fall
in line with expectations of smaller torsions due to
intermolecular packing forces in the crystal. Evaluation of the
butyl-substituted hexamer at the B3LYP/6-31G** level of
theory shows (nearly) identical geometric parameters (bond
lengths, twist angles) to the hexyl-substituted PDHTT
oligomer described above, indicating little-to-no influence
imparted by the butyl versus the hexyl side chains. These
results provide confidence in the accuracy of the geometric
structures predicted by the model oligomers of the full polymer
systems. Importantly, the observed twisted backbone demon-
strates that the 3,4-dialkylthiophene unit should induce
pronounced twists in the oligomer/polymer chain.

Thin-Film GIXS Characterization and Field-Effect
Transistor Mobility. Grazing incidence X-ray scattering
(GIXS) measurements were performed on thin films of
P3HT, PDHTT, and PDHBT to investigate the packing
structure of the polymers in as-cast and annealed films (Figure
2). The polymers containing the more twisted backbone
structure, as determined by the DFT calculations, pack in a
more disordered fashion and exhibit a lower degree of
crystallinity. High-intensity scattering from lamellar d(100)
spacings are observed along the qz direction for the P3HT films
(15.8 Å in as-cast film and 16.0 Å in annealed film), with a
strong in-plane diffraction pattern arising from the (010) peak
that corresponds to π−π stacking between the polymer
backbone (3.83 Å in as-cast film and 3.81 Å in annealed
film); such a diffraction pattern in an annealed film indicates
that P3HT is mostly oriented with the polymer backbone edge-
on with respect to the substrate surface (π−π stacking direction
parallel to the substrate).15,24 With increasing backbone twist,
isotropic rings near q ≈ 1.42 Å−1 are more visible, indicating
less ordered packing structure in as-cast films of PDHTT,
PDHBT, and RRa-P3HT. Diffraction peaks from interlayer
lamellar d(100) spacings are also observed for PDHTT (19.2 Å
in as-cast film and 19.0 Å in annealed film) and PDHBT (23.9
Å in as-cast film and 22.5 Å in annealed film).
Although diffraction peaks from lamellar d(100) spacings are

observed for PDHTT and PDHBT, the distinct scattering
patterns from π−π stacking near qxy ≈ 1.7 Å−1 are not observed.
These results signify that the more twisted nature of the

Chart 2. Terthiophene Chemical Structures
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polymer backbone leads to less ordered packing structures
compared with P3HT; these results are consistent with the
terthiophene torsion potential energy surfaces that revealed a
considerably larger energetic requirement to planarize thio-
phene backbones containing dialkyl substitution. In addition,
the longer lamellar d-spacings and lack of pronounced (010)
scattering patterns from PDHTT and PDHBT films suggest
that these polymers do not have the commonly observed edge-
on packing structure; specifically, annealed PDHBT may adopt
a hexagonal (cylindrical) lattice from the helical conformation
caused by twisted hair-rod polymer backbones (see also Figure
S5).25−28 Precise peak indexing and visualizing packing
structure within a unit cell are underway.
No obvious scattering patterns (corresponding to either

d(100) or d(010)) were observed for the amorphous RRa-
P3HT films (see also Figure S8). This indicates RRa-P3HT has
the lowest degree of crystallinity and highest degree of

backbone twisting among the studied polymers, in agreement
with the DFT results.
A number of high-performance polymer semiconductors

make use of 3-alkylthiophenes as the key monomer unit to
promote side-chain interdigitation and strong π−π stacking to
provide lamellar packing in the solid state.29−31 P3HT, with a
high degree of regioregularity (>90% HT linkages) and an
edge-on orientation (with respect to the substrate), has TFT
mobilities of 0.05−0.2 cm2/V·s, while P3HT with low degrees
of regioregularity shows mobilities of 10−4 cm2/V·s.24 Previous
studies with PDHTT revealed comparable mobilities to P3HT
of up to 0.17 cm2/V·s (μavg = 0.12 cm2/V·s) despite very weak
π−π stacking.15 PDHBT has an average charge-carrier mobility
of 2.6 × 10−4 cm2/V·s (Figure S9).
As noted above, the 2D diffraction patterns of as-cast and

annealed films (Figure 2) indicate that the PDHTT and
PDHBT polymers have different packing structures from that

Figure 1. Thiophene−thiophene torsion potential energy surface for the four terthiophene derivatives as determined at the B3LYP/6-31G(d,p) level
of theory. The inset shows the full potential energy surface, while the larger image focuses on the region around the minimum. The figures to the
right illustrate the defined torsion angles.

Figure 2. 2D GIXS images in films of (a) as-cast P3HT, (b) as-cast PDHTT, (c) as-cast PDHBT, (d) as-cast RRa-P3HT, (e) P3HT annealed at 225
°C, (f) PDHTT annealed at 210 °C, (g) PDHBT annealed at 225 °C, and (h) RRa-P3HT annealed at 225 °C.
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of P3HT. Although exact packing structures of PDHTT and
PDHBT are not yet resolved, this result indicates that 3,4-
dialkyl substituents are an effective way to modify the polymer
packing structure, since comonomers can be easily varied for
Stille polymerization with a 3,4-dialkylthiophene unit. This is
analogous to the case of small conjugated oligomers where
significant changes in packing motifs can be achieved by varying
the substituent bulkiness. For example, the herringbone packing
structure of pentacene and tetracene can be changed to a face-
to-face π-stacking structure in the substituted molecules, 6,13-
bis(triisopropyl-silylethylnyl)pentacene and 5,11-dichlorotetra-
cene.32−34

Redox, Electronic Structure, and Optical Properties.
Cyclic voltammetry (CV) was carried out to estimate the solid-
state IP of the polymers in thin films deposited on Pt electrodes
(see voltammograms in Figure S10). Onset oxidation potentials
were determined relative to Fc/Fc+, and the IP energies were
estimated using 4.8 eV below vacuum level as the potential of
Fc/Fc+ (Table 2). The solid-state IPs systematically increase
with the larger degree of backbone twist from 4.99 eV for
P3HT to 5.15, 5.22, and 5.25 eV for PDHTT, PDHBT, and
RRa-P3HT, respectively. We note that PDHTT has fewer

electron-donating alkyl chains per thiophene ring compared to
P3HT and PDHBT (2/3 vs 1), which has been previously
suggested to influence polymer IPs (and the Voc of polymer−
fullerene BHJ solar cells).4 While this indeed may have some
influence on the varying IPs of the polymers studied here, it is
important to recall that a delicate interplay exists between the
side-chain density, the side-chain placement along the
conjugated backbone, and the way in which steric interactions
among the side chains influence the geometry (e.g., bond
lengths, bond angles, and torsion angles) of the main chain. For
instance, even though PDHBT and P3HT have the same
density of alkyl side chains, the HOMO of the two longest
oligomers studied here differ by ∼0.2 eV (with the HOMO of
planar PDHBT being more energetically stable, see SI) in
enforced planar configurations.
The frontier molecular orbital energies for the oligomeric

structures as determined at the B3LYP/6-31G(d,p) level of

theory (molecular orbital iso-surfaces can be found in the SI)
are listed in Table 2. The HOMO energies vary considerably
with the twist angle along the oligothiophene backbone
ranging from −4.25 eV (P3HT) to −4.81 eV (PDHBT)
while the LUMOs fall within a narrower energetic rangefrom
−1.81 eV (PDHBT) to −2.11 eV (P3HT); not surprisingly, the
transport (fundamental) electronic gap (ΔHL) increases with
increasing twist angle in the P3HT analogues.
Introduction of the second hexyl chain and unsubstituted

thiophene spacers in PDHTT and PDHBT induces a
substantial energetic stabilization of the calculated HOMO
energy versus (twisted) P3HT, corresponding with the
increased twists within the oligothiopene backbone. However,
unlike the P3HT structures, the LUMO energies are only
slightly affected by the increased twist within the conjugated
backbone, with the direction of the energetic shift differing
between the two systems. In PDHBT, the more twisted nature
of the oligothiophene backbone causes a slight energetic
destabilization (−1.81 eV syn, −1.88 eV anti), in agreement
with the influence of the degree of twisting within the P3HT
series. On the other hand, the LUMO of PDHTT is stabilized
(−2.05 eV) versus the twisted P3HT form and is similar to the
LUMO energy of the fully planar P3HT (−2.11 eV) structure.
This is a consequence of the delocalization of the PDHTT
LUMO over the two more planar bithiophene units that
neighbor each dialkyl-substituted thiophene. Overall, the
HOMO energy trends across the oligomeric series are
consistent with the polymer CV IPs.
Table 3 and Figure 3 depict the optical properties of P3HT,

PDHTT, PDHBT, and RRa-P3HT, investigated both in
solution (chlorobenzene) and thin films. P3HT, PDHTT and
PDHBT have a similar absorption onset, while RRa-P3HT has
a significantly larger optical gap (2.32 eV) in solution compared

to the other polymers, a result in agreement with the large
calculated twists in the backbone due to the head-to-head
defects. A low-energy shoulder is observed in the PDHBT
solution absorption spectra, and may be due to aggregation.35

Table 4 provides the vertical transition energy, transition
dipole moment and oscillator strength, and electronic
configurations of the lowest-lying excited states of the
oligomeric structures as determined with time-dependent
DFT (TDDFT) at the B3LYP/6-31G(d,p) level of theory.
The S0→S1 transition energies increase in energy on going from
P3HT (twisted 2.10 eV, planar 1.84 eV), to PDHTT (2.28 eV)
and PDHBT (2.56 eV syn, 2.43 eV anti); the S0→S1 transition

Table 2. Solid-State Ionization Potentials Measured by
Cyclic Voltammetry, Frontier Molecular Orbital Energies,
and Twist Angles across the Thiophene Series Determined
at the B3LYP/6-31G(d,p) Level of Theorya

polymer
IP(CV)
(eV)b

HOMO
(eV)

LUMO
(eV) ΔHL

dihedral angle
φ (°)

P3HT
(twisted)

4.99 −4.43 −1.99 2.44 21

P3HT
(planar)

−4.25 −2.11 2.14 0

PDHTT 5.15 −4.71 −2.05 2.66 30, 16
PDHBT
(syn)

5.22 −4.81 −1.81 3.00 34

PDHBT
(anti)

−4.71 −1.88 2.83 36

RRa-P3HT-1 5.25 −4.75 −1.83 2.92 ∼1525, 65
RRa-P3HT-2 −4.59 −1.92 2.67 ∼1525, 65
aTwo conformations were examined for all of the polymers except
PDHTT. Perspectives of the 3D structure for all of the conformations
are shown in Figures S2−S5. bIonization potentials were determined
from CV using the onset of oxidation (Eox

onset) of thin films spun from
chloroform on platinum electrode in 0.1 M n-Bu4NPF6−acetonitrile
solution and the conversion relationship IP (eV) = e (Eox

onset + 4.8).

Table 3. Solution and Thin-Film Optical Properties for the
Polythiophene Series

solutiona thin filmb

polymer
λmax
(nm)

λonset
(nm)

Eg
opt

(eV)c
λmax
(nm)

λonset
(nm)

Eg
opt

(eV)c

absorption
coefficient
(cm−1)e

P3HT 464 557 2.23 553 652 1.90 1.8 × 105

PDHTT 477 563 2.20 508 632 1.96 1.7 × 105

PDHBT 463 559d 2.22d 511 596 2.08 1.8 × 105

RRa-
P3HT

441 534 2.32 443 558 2.25 1.1 × 105

aMeasured in solution in chlorobenzene. bMeasured in films spun
from chlorobenzene. cOptical gaps in the solution and thin films
calculated from the onset of the absorption spectra. dAggregation
shoulder was excluded in absorption onset fitting. eObtained using the
equation = (optical density × ln 10)/thickness.
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energies for the two regiorandom structures are 2.33 eV (RRa-
P3HT-1) and 2.55 eV (RRa-P3HT-2). As noted above, these
results are somewhat different from the solution data, in
particular with regard to the slightly larger transition energy of
PDHTT vs P3HT and PDHBT vs RRa-P3HT; it is expected
that polarization effects and the variety of polymer
conformations available in solution, along with the choice of
oligomeric structure for the TDDFT calculations (in particular
for the regiorandom P3HT structures), could lead to these
modest discrepancies. These S0→S1 transitions are principally
described as being HOMO→LUMO excitations, with very
small contributions from a HOMO−1→LUMO+1 excitation.
The ordering of the vertical transition energies correspond well
with the transport gap energies, which are highly influenced by
the twisting of the conjugated backbone and spatial arrange-
ment of the wave functions.
In thin films, P3HT has the smallest optical gap (1.90 eV),

followed by PDHTT (1.96 eV), PDHBT (2.08 eV), and RRa-
P3HT (2.25 eV). The absorption spectrum of P3HT shows
vibronic bands at 600 nm, which are typically attributed to
ordered interplane interactions of the polymer backbones in the
solid state.36 These vibronic bands are weaker for PDHBT and
are not present in either PDHTT or RRa-P3HT. The
absorption profiles for each of the polythiophene thin films
are red-shifted compared to those obtained in solution due to
interchain electronic coupling. The size of the red-shift going
from solution to thin-film correlates well with the optical gap of
the polymer in the solid state and is larger for the smallest
optical gap P3HT (0.33 eV) vs PDHTT (0.24 eV), PDHBT
(0.14 eV), and RRa-P3HT (0.07 eV). The large variation in the
red-shift from solution to thin-film suggests significant

differences in the interchain interactions of the polymers and
the ability for the polymers to pack in a dense, orderly fashion.
For this polymer series, the ability of the polymers to pack in an
orderly fashion, as evidenced by the GIXS measurements,
correlates with the degree of polymer twisting and leads to
changes to the polymer optical gaps in thin films due to
interchain interactions and possible changes in the backbone
twisting. This suggests an interplay between the polymer
backbone twisting and the solid film packing structure:
torsional twisting of individual polymer chains influences the
solid-state packing structures that the polymer can form when
the chains aggregate together, which in turn influences the final
twisting of the polymer backbone in solid films. The
particularly large red-shift of the P3HT film absorption can
be explained by the ability of the chains to pack in a compact
fashion that causes the thiophene rings to be more coplanar in
the solid state than in solution. This orderly packing motif is
not available to the other polymers, which need to remain
twisted in order to fill space. A smaller film peak absorption
coefficient of RRa-P3HT was observed which may be a
consequence of a reduction in conjugation length and
interchain interactions of RRa-P3HT compared to the other
polymers due to a larger degree of backbone twisting.

Solar Cell Properties and Diode Hole Mobilities. The
photovoltaic properties of P3HT, PDHTT, PDHBT, and RRa-
P3HT were investigated in the device structure ITO/
PEDOT:PSS/polymer:PC71BM/Ca/Al, with the active layers
spun from chlorobenzene. Hole-only diodes were fabricated
with the same device structure but using a top gold contact.
Optimized P3HT-, PDHTT-, and PDHBT-based solar cells
were obtained with weight ratios of 1:0.8 (polymer:PC71BM),

Figure 3. Normalized UV−vis spectra of polymers in (a) solution (chlorobenzene) and (b) films.

Table 4. TDDFT First Excited-State Vertical Transition Energies, Transition Dipole Moments, and Electronic Configurations
As Determined at the B3LYP/6-31G(d,p) Level of Theory

TDDFT

polymer conformation Evert (eV)
e μge (D) fge electronic configuration

P3HT twisted 2.10 21.35 3.62 HOMO→LUMO (94%); HOMO−1→LUMO+1 (4%)
planar 1.84 24.00 4.03 HOMO→LUMO (93%); HOMO−1→LUMO+1 (3%)

PDHTT 2.28 20.18 3.52 HOMO→LUMO (91%); HOMO−1→LUMO+1 (6%)
PDHBT syn 2.56 16.84 2.76 HOMO→LUMO (87%); HOMO−1→LUMO+1 (9%)

anti 2.43 17.55 2.84 HOMO→LUMO (91%); HOMO−1→LUMO+1 (6%)
RRa-P3HT-1 2.33 18.45 3.01 HOMO→LUMO (96%); HOMO−1→LUMO+1 (2%)
RRa-P3HT-2 2.55 17.04 2.81 HOMO→LUMO (92%); HOMO−1→LUMO+1 (4%)
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while an optimal blend ratio of 1:4 was found for the RRa-
P3HT devices. J−V curves and lower external quantum
efficiency (EQE) spectra are shown in Figure 4, while the
optimized device characteristics are summarized in Table 5.
Solar cells made with PDHTT and PDHBT exhibit Voc’s that

are more than 0.1 V larger than the corresponding P3HT
devices. This voltage improvement is primarily attributable to
the larger IP of the two polymers, a direct consequence of the
increased twist in the conjugated backbone. The PDHTT

devices have a slightly smaller Jsc than the P3HT devices, due to
the larger optical gap. Combined with similar fill factors
between the PDHTT and P3HT devices, these parameters
result in a slight PCE improvement for PDHTT (4.20%) versus
P3HT (4.00%). In contrast, the more twisted PDHBT and
RRa-P3HT have a significantly lower Jsc, both due to their
larger optical gap and lower EQE spectrum over all
wavelengths.
The optimal device thickness systematically decreases with

increased twisting of the polymer backbone (Table 6). To
determine if hole extraction is being impeded in devices
employing the more twisted polythiophenes, hole mobilities
were estimated from space-charge-limited current measure-
ments on hole-only diodes of the polymer:fullerene blends.37

The hole mobility of the PDHTT blend is similar to that of
P3HT, while the more twisted backbones of PDHBT and RRa-
P3HT result in hole mobilities that are 0.5 and 1 order of
magnitude smaller, respectively.
The differences in hole mobility can also explain the

reduction in internal quantum efficiency (IQE) for devices
containing the more twisted PDHBT and RRa-P3HT polymers.
The internal quantum efficiency is calculated by taking into
account optical interference effects and parasitic absorptions in
the electrodes.38 The calculated IQE is relatively wavelength

independent for the PDHTT, PDHBT, and RRa-P3HT devices
(Figure 5). The IQE is smaller at shorter wavelengths for the
P3HT devices. This has been previously reported for
P3HT:PC61BM blend devices cast from dichlorobenzene, and
was attributed to the recombination of excitons formed in the
large fullerene domains that are not able to diffuse to the
heterojunction.39 Since the optimal PDHTT, PDHBT, and
RRa-P3HT devices were not annealed, or annealed at lower

temperatures for less time than the P3HT devices, the fullerene
domains in these devices are likely smaller than in the P3HT
devices, resulting in a wavelength independent IQE. The IQE is
similar at longer wavelengths (>500 nm) for the large-mobility
polymers P3HT and PDHTT, but about 10% smaller for the
more twisted polymers PDHBT and RRa-P3HT. This suggests
that the reduced hole extraction ability of PDHBT and RRa-
P3HT is responsible for a reduction in both the optimal

Figure 4. (a) Current−voltage plots under illumination with AM 1.5G solar simulated light (100 mW/cm2) and (b) EQE spectra of the BHJ solar
cells of P3HT, PDHTT, PDHBT, and RRa-P3HT with PC71BM.

Table 5. Photovoltaic Properties of Highest Efficiency
Polymer Solar Cells Blended with PC71BM

polymer
blend
ratio

Jsc
(mA/cm2)

Voc
(V)

fill
factor

PCEmax (PCEavg)
(%)

P3HT 1:0.8 9.57 0.620 0.67 4.00 (3.92)a

PDHTT 1:0.8 8.93 0.735 0.64 4.20 (4.01)
PDHBT 1:0.8 5.96 0.745 0.65 2.87 (2.68)b

RRa-
P3HT

1:4 5.99 0.900 0.42 2.27 (2.21)

aAnnealed at 150 °C for 30 min. bAnnealed at 110 °C for 10 min.

Table 6. Hole Mobility, Optimized Thickness, and Internal
Quantum Efficiency

polymer
μh

(cm2/V·s)a
thickness
(nm)

fill
factorc

IQE
(%)b

Jsc
(mA/cm2)c

P3HT 3 × 10−4 225 0.66 67 9.56
PDHTT 3 × 10−4 165 0.66 67 8.54
PDHBT 7 × 10−5 105 0.61 55 5.87
RRa-
P3HT

2 × 10−5 65 0.41 57 5.97

aSpace charge limited hole mobility measured for hole only diodes.
bWavelength-averaged internal quantum efficiency accounting for
optical interference effects and parasitic absorptions in the electrodes.
cAverage values.

Figure 5. IQE spectra for the various polymer:PC71BM devices.
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thickness and IQE, resulting in the lower EQE for these
devices.
The placement of the side chains also was found to have a

significant impact on the optimal polymer:fullerene blend ratio
for solar cell performance. Previous studies have found that
fullerene molecules can intercalate between the side chains of
several polymers (which have sufficient spacing between the
side chains to accommodate a fullerene molecule), as evidenced
by an increase in the lamellar d-spacing of the polymer blend
film compared to the pure polymer.40,41 Polymers in which
intercalation was observed produced solar cells at an optimal
blend ratio of roughly 1:4 (polymer:fullerene), while those that
do not undergo intercalation (such as P3HT) optimize around
1:1. For the polythiophenes in this study, the lamellar (100) d-
spacing derived from GIXS studies is almost the same in the
neat films as in the blends (Figure 6). This indicates that there
is no intercalation between fullerene and PDHTT or PDHBT.
The lack of intercalation for the PDHTT and PDHBT blends is
consistent with the optimal blend ratio of 1:0.8 for photovoltaic
devices containing these materials (Table 5). The optimal ratio
of 1:4 for the RRa-P3HT:PC71BM devices suggests inter-
calation likely occurs in these blends, though this could not be
verified by GIXS due to the lack of clear scattering
contributions from the amorphous polymer film (see Figure
S8).
Charge-Transfer States and Polymer−Fullerene Cou-

pling. We have shown in previous sections that polymers with
more twisted backbones exhibit a larger IP, resulting in devices
with larger Voc. Several reports have suggested that reducing
polymer−fullerene electronic interactions can also increase Voc
by reducing the dark current and radiative recombination
losses.14,42,43 To determine if the large Voc’s in the devices made
from the more twisted polymers are partly due to a decrease in
polymer−fullerene coupling, we examined the charge-transfer

(CT) states of each of the polymer:fullerene blends. Excited-
state CT complexes are weakly bound excitons at the
polymer:fullerene interface. Since CT excitons are believed to
be immediate precursors to free carriers, the Voc of BHJ solar
cells has been shown to depend linearly on the CT energy
(ECT).

42−45 According to the detailed balanced model proposed
by Vandewal et al.,42,43 which expands on the work of Rau,46

the difference between ECT/q and Voc provides a measurement
of the radiative and nonradiative recombination in the device,
where −q is the charge of an electron. Devices with stronger
coupling between the polymer and fullerene are thus expected
to have a larger difference between ECT/q and Voc due to
increased losses from radiative recombination and dark current.
The energy of CT complexes can be determined by

measuring the absorption spectra or EQE spectra of the
polymer:fullerene blend. The absorption coefficient for directly
exciting CT states at the interface is typically low (102−103

cm−1) and requires sensitive detection techniques, such as
photothermal deflection spectroscopy (PDS).47,48 The photo-
current produced by directly exciting CT states can also be
detected in BHJ devices using an optical chopper and lock-in
amplifier (Figure 7). A small contribution to the EQE spectra
below the absorption onset of the polymers and fullerenes
(<1.55 eV) is observed, which is attributed to photocurrent
generated from excitation of the CT state. This feature in the
EQE spectrum is also observed in the absorption spectrum of
blend films, but not present in the absorption of the pure
polymers or fullerene, as measured by PDS (Figure S11). A
representative value for ECT for each device can be obtained
using Marcus theory and assuming a Gaussian distribution of

Figure 6. (a−c) Out-of-plane and (d−f) in-plane diffraction plots extracted from 2D GIXS patterns of polymer and polymer:PC71BM blends for
(a,d) P3HT, annealed at 150 °C for 30 min, (b,e) PDHTT, as cast, and (c,f) PDHBT, annealed at 110 °C for 10 min.
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CT states by fitting the low energy portion of the EQE spectra
(EQEPV(E)) with eq 1:42

∝
πλ

−
+ λ −
λ

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟E

E kT
E E

kT
EQE( )

1
4
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( )

4
CT

2

(1)

Here, k denotes the Boltzmann constant, T is the temperature,
and λ is related to the width of the CT absorption and
reorganization energy of the CT state.42 The EQE spectra of
the devices are shown in Figure 7 on a logarithmic scale, while
the fitted values for ECT are presented in Table 7.
A strong linear correlation is observed between the ECT, Voc,

and polymer IP. For the PDHTT, PDHBT, and RRa-P3HT

devices, the Voc is roughly 0.57 V less than the measured CT
potentials, ECT/q (Figure 8). This voltage loss is comparable to
other polymer:fullerene BHJ devices, whose losses fall in the
range of 0.53−0.59 V.42 The CT photocurrent spectrum is
significantly broader and red-shifted for the optimized (225 nm
thick) P3HT devices, suggesting a broader and lower
distribution of CT state energies which has been shown to be
due to fullerene aggregation.51 Equation 1 could not accurately
describe the shape of the entire CT contribution to the EQE
spectra for these devices. Consequently there may be some

error in the value of ECT =1.14 eV determined from fitting only
the lowest energy portion of the spectra, which would explain
why the apparent difference between the fitted ECT/q and Voc
(0.52 V) is smaller for the P3HT devices.
Interestingly, when the P3HT devices are spun from a more

dilute solution and made thinner (∼100 nm), there is both a
significant narrowing of the CT contribution to the EQE
spectra and an increase in the measured Voc and fitted ECT. The
difference between ECT/q and Voc for the thin P3HT devices is
the same (0.57 V) as for the PDHTT, PDHBT, and RRa-P3HT
devices. The decrease in Voc and ECT and broadening of the CT
state distribution in the thick devices is likely an indication of
larger phase segregation in the blend film morphology. The
morphology and length scale of horizontal and vertical phase
segregation in P3HT:PCBM blends has been shown to depend
on film thickness due to thickness-dependent kinetics of solvent
evaporation and crystallization.52 A similar change in Voc and
the CT state distribution was reported for annealed
P3HT:PCBM and MDMO-PPV:PCBM blend devices and
was attributed to the formation of PCBM clusters which
stabilize the CT states.51 A coarser morphology in the thick
P3HT devices may also result in larger spatial variations in the
local dielectric constant and degree of crystallinity of the P3HT,
which could produce the observed inhomogeneous CT state
broadening. The same drop in potential of 0.57 V between the
ECT/q and Voc for the entire family of poly(hexylthiophene)s
suggests that the total impact of radiative and nonradiative
losses on Voc is similar for all of the polymers. Assuming
nonradiative recombination (which is related to the electro-
luminescence efficiency) is similar within this family of
polymers:fullerene blends, this implies that there are no
significant differences in either the electronic coupling or
radiative recombination losses due to polymer twisting.
DFT methods were also employed to evaluate both the CT

state energy (ECT,DFT) and the effective electronic coupling
between the model oligomers and fullerene (for simplicity, C60
was used to represent the fullerene in the donor−acceptor
complex) (Tables S6 and S7). To determine the complex
geometry, the pentagonal face of C60 was placed parallel to the
plane of the central unsubstituted thiophene unit in PDHTT
and PDHBT or hexyl-substituted thiophene unit in P3HT.
Grimme’s dispersion-corrected B97D functional53 and a 6-
31G(d,p) basis set was used to determine the binding energy of
the complex as the oligomer−C60 distance was varied from 2.8

Figure 7. EQE spectra vs photon energy of optimized polymer−
fullerene devices and an example fit of sub-bandgap region to eq 1 for
measuring ECT. The EQE spectrum for a thinner-than-optimal (100
nm) P3HT device is also shown, which exhibits a narrower CT state
distribution than the thicker (225 nm) P3HT devices.

Table 7. Solid-State Polymer IPs, CT Energies, and Average
Voc of the Solar Cell Devices

polymer IP(CV) (eV)a ECT (eV)b ECT,DFT (eV)c Voc (V)
d

P3HT 4.99 1.14e 1.49 0.622e

PDHTT 5.15 1.30 1.69 0.712
PDHBT 5.22 1.32 1.84 0.748
RRa-P3HT 5.25 1.45 1.93 0.891

aIPs measured by cyclic voltametry. bCharge-transfer state energy
measured by fitting the sub-bandgap region of the EQE spectra to eq
1. cSinglet ECT,DFT calculated using the constrained DFT formalism49

at the B3LYP/6-31G(d,p) level and the continuum solvation
conductor-like screening model50 with a dielectric constant (ε) of 3.
Note that the acceptor used in the calculated ECT is C60.

dAverage
measured open-circuit voltage. eMeasured for 225 nm thick devices.

Figure 8. Charge-transfer energy (ECT) determined from EQE
measurements fit to eq 1, versus Voc. The solid line represents a loss
of 0.57 V between the CT state potential and Voc.
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to 4.4 Å (Figures S12−S14). The largest binding-energy
configuration was then used to evaluate both the CT state
energy and effective electronic coupling. As could be expected,
the largest binding energy for the complex is calculated to shift
to larger oligomer−fullerene distances with increased twist
within the conjugated backbones; across the series, the
oligomer−fullerene distances ranged from 3.15 to 3.25 Å.
Based on these complex geometries, ECT,DFT was evaluated

by employing the constrained DFT formalism49 at the B3LYP/
6-31G(d,p) level coupled with the continuum solvation
conductor-like screening model (Table 7 and Table S7).50

Overall, the ECT,DFT values correspond well with those
determined by the EQE measurements, though the absolute
values of ECT,DFT are overestimated by 0.3−0.5 eV. The
overestimation of the CT state energy could come from a
variety of sources, including differences in the dielectric
constants between the donor and acceptor at the interface,
the simplicity of taking into account only a two-molecule
complex, and the potential for underestimation of the CT state
energies in the EQE measurements.
The effective electronic couplings between the HOMOs of

the oligothiophenes and the triply degenerate LUMO of C60
have been calculated at the B3LYP/6-31G(d,p) level using the
fragment orbital approach.54 As the twist within the oligomer
conjugated backbone increases, the increased distance between
the oligomer and C60 leads to a reduced electronic coupling
between the oligomer and fullerene. Although this correlates
well with the increase in Voc with increased twisting in the
polymer backbone, the variation in the electronic coupling is
quite small and results in an estimated icrease in Voc of 16, 28,
and 19 mV for PDHTT, PDHBT, and RRa-P3HT, respectively,
compared with P3HT (see SI). These values are roughly one-
order of magnitude smaller than the observed increases in Voc.
Consequently, the differences in Voc appear primarily
attributable to the differences in the polymer IP versus
differences in electronic coupling.

■ CONCLUSION
We have demonstrated that side-chain-induced twisting of the
poly(alkylthiophene)-conjugated backbone can have an im-
portant effect on the energetic and photogeneration properties
of poly(alkylthiophene):fullerene BHJ solar cells. Although
minimized torsions along the conjugated backbone are
important for increasing delocalization along the conjugated
backbone, which in turn can decrease the optical gap and
increase the polymer hole mobility so as to achieve large
photocurrents, optimal devices were surprisingly not those built
from the P3HT polymer with the least degree of backbone
twisting. Rather there exists an optimal balance (PDHTT) in
the degree of polymer backbone twisting that increases the IP
and enhances the Voc, while not appreciably sacrificing
photocurrent for the family of polymers considered. We note
that devices based on polymers with sufficiently large IP’s or
smaller hole-carrier mobilities than polythiophenes may not
benefit from more twisted backbone structures. Side-chain
placement modifications provide a simple synthetic method to
tune the degree of backbone twisting in polymer backbones for
the optimization of organic electronic devices.
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