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Conformational diversity due to different orientations of structural subunits has a complex impact on

morphological disorder of organic semiconductors. Here, we isolate the impact of a specific structural

change: replacing bithiophene (biTh) units with thieno[3,2-b]thiophene (TT). We compare four molecules

with an alternating donor–acceptor structure (D0–A–D–A–D0) composed of a central, electron-rich

dithienosilole (DTS) unit flanked by pyridyl-[2,1,3]thiadiazole (PT) or fluorinated benzo[c][1,2,5]thiadiazole

(FBT) and end-capped with bithiophene biTh or TT groups. We find that using TT instead of biTh results

in an increased degree of order within films cast directly from solution by influencing the self-assembly

tendencies of the different molecules. Unlike switching the acceptor subunit, such as FBT for PT, the TT

for biTh structural change has little impact on the electronic structure of these molecular

semiconductors. Instead, these morphological effects can be understood within the context of the

predicted conformational diversity. TT units limit the number of rotational conformations (rotamers)

available within this molecular architecture; low rotamer dispersity facilitates self-assembly into ordered

domains. As a practical illustration of this greater drive toward self-assembly, we use the TT-containing

molecules as donors in bulk heterojunction solar cells with PC70BM. Devices with TT-containing

molecules show improved photovoltaic performance compared to their previously characterized biTh

analogs (d-DTS(PTTh2)2 and p-DTS(FBTTh2)2) in both as-cast and optimized conditions, with efficiencies

up to 6.4% and 8.8% for PT-TT and FBT-TT, respectively. The TT subunit and, more broadly, the strategy

of limiting conformational diversity can be readily applied toward the design of solution-processable

organic semiconductors with increased as-cast order.
Introduction

Organic semiconductors (OSCs) offer several potential advan-
tages over their inorganic counterparts: low-cost production,
mechanically exible lms, tunable optical and electronic
response, and solution processability.1–3 However, the opto-
electronic performance of OSCs depends upon their ability to
self-assemble into ordered phases in the solid-state during
solvent deposition, a process that imposes considerable kinetic
constraints.4–6 Complex solvent mixtures and post-deposition
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treatment may be required to reach the solid-state
morphology needed for optimal optoelectronic performance.7,8

While the degree of order within OSC lms can be estimated
empirically by X-ray scattering techniques and relatively by
changes in device performance,4,9 there is still a vital need to
understand what molecular substructures govern reliable self-
assembly into ordered phases,5 despite varying deposition
conditions, which is key for all solution-processed OSC tech-
nologies. Indeed, substantial efforts have been dedicated
toward distilling such structural design guidelines though the
systematic study of OSC subunits, including backbone topology
modication through conformational locking,10 side-chain
engineering to manipulate solubility,11,12 blend miscibility,13

and backbone planarity control.14,15

Conformational diversity due to different orientations of the
component subunits has a complex impact on the possible
solid-state structures and thus properties of organic crystals.16,17

This is best illustrated by crystal engineering in the develop-
ment of active pharmaceutical ingredients, as a drug's poly-
morphic form can strongly affect its bioavailability and dosing
J. Mater. Chem. A, 2018, 6, 383–394 | 383
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efficacy.18–21 However, the effect of conformational poly-
morphism on morphological disorder in OSCs is comparatively
less well understood.22–25 In polymers, these contributions are
difficult to distinguish from polydispersity effects, which may
cause batch-to-batch variability in relevant properties. By
contrast, molecular systems have both dened chemical struc-
tures and lengths, leading to less variable optical and electronic
properties – in addition to offering ease of synthesis and puri-
cation.1,3 The conformational space of molecular materials is
also signicantly smaller, making them better suited for
understanding the complex and subtle inuences of specic
structural variations on material properties.26

In this work, we compare a set of four molecules with
a modular architecture consisting of electron-donating (D) and
accepting (A) subunits in a D0–A–D–A–D0 conguration. Our goal
is to investigate the impact of a specic structural change:
replacing bithiophene (biTh) units with thieno[3,2-b]thiophene
(TT). All fourmolecules have the same central electron-donating
dithienosilole (DTS) core, but use either pyridyl[2,1,3]thiadia-
zole (PT) or 6-uoro-benzo[c][1,2,5]thiadiazole (FBT) as their
electron-accepting subunits, and are capped with either
electron-donating biTh or TT. For ease of comparison in this
paper, we refer to these compounds as PT-biTh, PT-TT,
FBT-biTh and FBT-TT, with structures shown in Fig. 1. PT-TT
and FBT-TT were designed and synthesized for this study;
PT-biTh was previously reported as d-DTS(PTTh2)2.27–29

FBT-biTh (previously reported as p-DTS(FBTTh2)2) is a widely-
studied molecular donor material in bulk heterojunction
organic photovoltaics (BHJ OPVs).30–33

TT-containing polymeric semiconductors oen show
increased mobility in eld-effect transistors (FETs)34 and higher
efficiency in OPVs35,36 relative to their thiophene-derivatives.
This improved performance has been attributed to greater
order and closer p-stacking. However, there are counter exam-
ples: direct substitution of TT for thiophene or biTh yields little
morphological or performance change in a PCDTBT analog,37
Fig. 1 Chemical structures of the four molecules in this study, emp
robenzothiadiazole (FBT, orange), bithiophene (biTh, pink), and thieno[3

384 | J. Mater. Chem. A, 2018, 6, 383–394
and provides lower efficiency due to reduced morphological
order in a polythiophene-based polymer.38 We aim to better
understand how the structural subunit TT inuences self-
assembly by comparing the molecular and bulk properties of
PT-TT to PT-biTh and FBT-TT to FBT-biTh pairwise, using
combined experimental and computational methods.

We nd that substituting TT for biTh has minimal impact on
the isolated molecular properties but inuences the solid-state
– as seen by optical absorbance, X-ray scattering and thermal
analysis. Grazing-incidence wide-angle X-ray scattering
(GIWAXS) reveals that the TT-containing molecules more
readily form crystalline domains in both neat and blend lms.
For a demonstration of practical implementation, we used these
molecules as donors in BHJ OPVs. The charge generation and
transport mechanisms required for efficient photovoltaic
performance rely on the self-assembly of specic structural
features, including internal domains and interfaces between
the donor and acceptor and continuous pathways for charge
extraction.4 This delicate BHJ morphology is oen kinetically
constrained by short solvent evaporation times and frustrated
self-assembly of the blend components; however, it can be
manipulated by solvent additives.39 Despite negligible changes
in molecular structure and electronic properties, PT-TT and
FBT-TT outperform their biTh counterparts in OPV applica-
tions, particularly when cast directly from solution without
additional processing. The changes in self-assembly and the
resulting morphology when TT is substituted for biTh can be
understood within the context of predicted conformational
diversity.
Results and discussion
Synthesis and structure verication

Full details of the synthesis and characterization of PT-TT and
FBT-TT can be found in the ESI.†
hasizing their constituent units: pyridylthiadiazole (PT, green), fluo-
,2-b]thiophene (TT, blue).

This journal is © The Royal Society of Chemistry 2018
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Optical properties and electronic structure

The UV-visible absorption spectra of dilute solutions in chlo-
roform are compared in Fig. 2a for PT-biTh and PT-TT and
Fig. 2b for FBT-biTh and FBT-TT. The shape of the solution
absorbance is nearly identical for all four molecules, with broad
absorbance from 500 to 750 nm. The choice of electron-poor
unit (PT or FBT) more strongly inuences absorbance than
that of the end-capping units; the peak absorbances of
FBT-biTh and FBT-TT are blue-shied by 0.13 eV from PT-biTh
and PT-TT, respectively. TT substitution causes a slight blue
shi of 0.05 eV in the absorbance of both PT-TT and FBT-TT but
does not have a clear impact on molar absorptivity. Absorptivity
is increased slightly for PT-TT (25% greater than PT-biTh) but
decreased for FBT-TT (50% less than FBT-biTh).

In thin lms cast from 20 mg mL�1 chlorobenzene, the
absorbance spectra of the four molecules broaden and red-shi
out to 800 nm, as shown in Fig. 2c and d. All exhibit two prin-
cipal absorption peaks. One of these peaks is a vibronic
shoulder that appears at 700 nm for PT-biTh and PT-TT, and
690 nm for FBT-biTh and FBT-TT; the emergence of such ne
structure indicates effective stacking of the p-conjugated
backbones in as-cast neat lms of all four molecules.40–42 The
optical band gaps (based on the onset of absorption) of the PT-
derivatives in solution are approximately 0.15 eV less than their
FBT-analogs, but this reduces to 0.04 eV in the solid state. We
used cyclic voltammetry (CV) to determine the energy levels of
the newly synthesized PT-TT and FBT-TT relative to ferrocene,
as shown in Fig. S1.†

The optical properties and energy levels of all four molecules
are presented in Table 1. Examining the PT- and FBT-containing
molecules pairwise, TT and biTh appear to contribute equally to
Fig. 2 Molar absorptivities (M�1 cm2) in dilute chlorobenzene solution of
absorbance of (b) PT-biTh and PT-TT, and (d) FBT-biTh and FBT-TT.

This journal is © The Royal Society of Chemistry 2018
the electronic structure. Specically, there are negligible
differences in the redox potentials and absorbance features of
PT-TT and FBT-TT, when compared to PT-biTh and FBT-biTh,
respectively.
Solid-state morphology and single crystal structure

GIWAXS was used to probe the thin lm solid-state morphology
of all four molecules. This diffraction technique has been used
to correlate organizational tendencies of OSCs on the nanoscale
to the observed properties of bulk thin lms.9,43 Solutions of
each molecule were spun cast onto untreated silicon substrates
under identical preparation and casting conditions to compare
their internal thin-lm order and propensity for self-assembly
from solution.

GIWAXS shows that the diffraction patterns from as-cast
lms of PT-TT and FBT-TT exhibit altered packing structure
and increased denition and texture compared to their biTh
analogs. Changing from PT to FBT also increases the relative
degree of thin-lm order observed for these molecules, similar
to other examples in the literature;44,45 however, this is due to
a convolution of changes in electronic structure as well as intra-
and intermolecular interactions. To isolate the impact of the TT
for biTh substitution, we focus on the molecules pairwise, with
PT-biTh and PT-TT shown in Fig. 3, and FBT-biTh and FBT-TT
shown in Fig. 4. A summary of crystalline features is provided in
Table S1.†

From Fig. 3a, PT-biTh exhibits isotropic alkyl features at
0.32 Å�1 and p-stacking features at 1.77 Å�1. PT-TT, in Fig. 3b,
has tighter alkyl packing at 0.38 Å�1 with a similar p-stacking
peak at 1.76 Å�1. Notably, PT-TT orients preferentially edge-on
relative to the substrate and, instead of PT-biTh's broad
(a) PT-biTh and PT-TT, and (c) FBT-biTh and FBT-TT. Normalized film

J. Mater. Chem. A, 2018, 6, 383–394 | 385
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Table 1 Optical properties and energy levels of the four molecules, summarizing the spectra in Fig. 2 and cyclic voltammetry in Fig. S1

Donor

Solution Thin lm Energy levels

lmax (nm)
lonset
(nm) Egap (eV)

3

(M�1 cm�1)
lmax

(nm)
lonset
(nm) Egap (eV)

HOMO
(CV, eV) LUMO (CV, eV) Egap (eV)

PT-biTh 630 730 1.70 5.43 � 104 710 780 1.59 �5.26 (ref. 21) �3.54 (ref. 21) 1.72
PT-TT 615 710 1.74 6.76 � 104 700 770 1.61 �5.24 �3.56 1.68
FBT-biTh 590 665 1.87 6.07 � 104 690 760 1.63 �5.12 (ref. 45) �3.34 (ref. 45) 1.78
FBT-TT 575 655 1.89 3.34 � 104 690 765 1.62 �5.30 �3.42 1.88

Fig. 3 GIWAXS images of (a) PT-biTh and (b) PT-TT.

Fig. 4 GIWAXS images of (a) FBT-biTh and (b) FBT-TT.
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isotropic band from 0.9–1.5 Å�1, Bragg rods and diffraction
spots are observed. Both of these features indicate increased
order in as-cast PT-TT.

FBT-biTh and FBT-TT display distinct diffraction spots in
Fig. 4 and have strong Bragg reections parallel to the qz axis.
While the alkyl-stacking feature at 0.41 Å�1 of FBT-TT does not
exhibit overtones like FBT-biTh in Fig. 4a, more distinct spots
are seen off-axis, even at high q-values. This quality is most
strongly seen for the p-stacking peak at 1.75 Å�1, which is 5� off
the qxy axis – indicating both long-range order and strong edge-
on preferential orientation toward the substrate surface.46

Interestingly, the alkyl stacking distances for both PT-TT and
FBT-TT are signicantly shorter than their biTh-analogs, while
their p-stacking distances are comparable.

Single-crystal structures of molecular semiconductors, when
available, can offer fundamental insight into their organiza-
tional tendencies.29 The single-crystal structure of FBT-biTh has
been characterized, allowing for in-depth analysis of its
distinctive GIWAXS diffraction pattern.29,30 In the FBT-biTh unit
cell, p-stacking occurs between molecules with the same
386 | J. Mater. Chem. A, 2018, 6, 383–394
conformation and orientation, in a slip-stacked fashion.24 The
short-axis dipole moments of each molecule within the stack
are oriented together, canceled by an adjacent anti-symmetric
stack. The repeat ordering of the two molecular stacks results
in the large 2.33 nm alkyl spacing seen in FBT-biTh thin lms.24

Slow diffusion of acetonitrile into a dilute chloroform solu-
tion of FBT-TT yielded single crystals suitable for structure
determination. Features of the crystal structure are shown in
Fig. 5. FBT-TT exhibits a different packing motif than FBT-biTh
and is consistent with the observed features in its the GIWAXS
pattern. Unlike FBT-biTh, molecules of FBT-TT are interleaved
with closep-stacking occurring between pairs of anti-symmetric
molecules in a single stack (Fig. 5c). The repeat spacing occurs
across one molecular backbone, rather than two, resulting in
the shorter alkyl spacing of 1.77 nm (Fig. 5b). This packing
structure is also denser (at 1.332 g cm�3) than FBT-biTh (at
1.267 g cm�3), despite the lower molecular mass of FBT-TT.
There are partial probabilities of multiple conformations of
FBT-TT present in the crystal structure, i.e. disorder, which will
be discussed further in Section 2.7.
Thermal transitions by DSC

The thermal transitions of the four molecules were investigated
using differential scanning calorimetry (DSC) measurements
under a nitrogen atmosphere – please refer to Fig. S2.† All four
exhibit reversible melting and crystallization behavior, indi-
cating the presence of crystalline phases. PT-TT has an
increased melting temperature (Tm ¼ 254 �C) and enthalpy of
melting (DHm ¼ 51.7 J g�1) relative to PT-biTh's major melting
transition at 220 �C (DHm ¼ 35.5 J g�1). PT-biTh exhibits
a minor exothermic transition at a lower temperature (Tm ¼
120 �C), indicative of polycrystallinity or a possible liquid crys-
talline state; FBT-biTh also exhibits a weak exotherm at 150 �C,
visible only with rapid heating rates above 100 �C min�1, which
is attributed to a liquid crystalline transition.47 However, PT-TT
exhibits only one exothermic transition. These differences
imply that PT-TT likely exhibits stronger intermolecular inter-
actions in the solid state that favor one crystalline form.

Substituting TT for biTh into the FBT-biTh molecular
framework lowers the thermal transitions, as seen in Fig. S2b.†
One observes that the melting point decreases from 211 �C for
FBT-biTh to 178 �C for FBT-TT, and the crystallization temper-
ature decreases from 185 �C to 152 �C. Notably, the enthalpy of
melting (DHm) of FBT-TT is signicantly lower, 15.7 J g�1 vs.
61.0 J g�1. This exotherm was conrmed as melting transition
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Structural details obtained through single X-ray diffraction of FBT-TT. (a) Molecular conformation of FBT-TT with C, N, S and F atoms
shown in grey, blue, yellow, and green respectively. (b) Unit cell showing 1.77 nm alkyl spacing, oriented approximately along the b-vector. (c)
Packing viewed along the (102) plane to highlight p-stacking and hexyl-stacking. (d) Skeletal schematic showing the overlap of p-conjugated
backbone between adjacent molecules in FBT-biTh and FBT-TT crystals.
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by loss of X-ray diffraction peaks from thin lms during heating,
shown in Fig. S3.† The lower enthalpies of FBT-TT's transitions,
compared to FBT-biTh, likely arise from a reduction in the
degree of p–p overlap between adjacent molecular backbones
in its crystal structure, as shown in Fig. 5d. Thus, fusing biTh
into TT substantially inuences the stability of the crystalline
phase by changing the dominant packing structure favored by
FBT-TT, despite similar molecular connectivity.

Photovoltaic performance

Crystalline domains with long-range order are usually sought
aer with efficient charge transport in organic semiconductor
applications, such as in transistors and solar cells.48 Photovol-
taic performance provides insight into how a material's self-
assembly tendencies translate into bulk properties under
various kinetic constraints, such as the blend ratio, choice of
solvent(s) and other deposition parameters. Materials that are
less sensitive to processing also tend to exhibit strong self-
assembly tendencies.47,49,50 Thus, by comparing the blend lm
morphology and photovoltaic performance of these four mole-
cules, we can probe how their self-assembly tendencies with-
stand kinetically constrained lm forming conditions and
isolate the role of TT in directing self-assembly.

We used the OPV device fabrication conditions and optimi-
zation protocols published for PT-biTh:PC70BM27,28 and
FBT-biTh:PC70BM,30,51 respectively, allowing for direct compar-
ison to literature performance values. Details of the device
fabrication, optimization and processing conditions are pre-
sented in the ESI.† 1,8-Diiodooctane (DIO) was used as pro-
cessing additive alter the morphology and resulting
This journal is © The Royal Society of Chemistry 2018
performance of the active layer.52 Photovoltaic performance has
been shown to improve due to the higher degree phase sepa-
ration and increased donor domain purity in blend lms pro-
cessed by DIO.53–55 Notably, the best device performances for
PT-TT:PC70BM and FBT-TT:PC70BM were achieved for the same
donor : acceptor blend ratios and DIO concentrations as
PT-biTh:PC70BM and FBT-biTh:PC70BM, respectively. These
similarities simplify comparison of their resulting lm morphol-
ogies and performance. As-cast and optimized device character-
istics are summarized in Table 2. Representative current–voltage
curves under AM 1.5 G illuminations (100mWcm�2) are shown in
Fig. 6. Traces for PT-biTh:PC70BM28 and FBT-biTh:PC70BM51 from
the literature are also provided in grey.

BHJ solar cells were fabricated with
a ITO/MoOx/PT-TT:PC70BM/Al architecture, to prevent detri-
mental interactions with the widely-used PEDOT:PSS hole-
transport layer.28 Open-circuit voltage (Voc) values are similar
for the two PT-derivatives, which is expected given their similar
HOMO levels. However, PT-TT:PC70BM signicantly improves
upon the as-cast PCE of PT-biTh:PC70BM (from 2.5 to 4.2%),
largely due to increases in short-circuit current (Jsc) and ll
factor (FF). We attribute this to a greater degree of donor
organization in PT-TT:PC70BM as-cast, as observed by GIWAXS
in Fig. 7c. The highest efficiencies were obtained from devices
cast from solutions containing 0.25% DIO by volume, the same
required for PT-biTh.28 Not surprisingly, PT-TT:PC70BM also
outperforms PT-biTh:PC70BM processed with DIO, with average
PCEs of 6.4% (see Fig. S5a†), compared to PT-biTh's 5.6%.

FBT-containing molecules are less sensitive to the acidity of
the PEDOT:PSS layer than PT-containing molecules,51 so the
J. Mater. Chem. A, 2018, 6, 383–394 | 387
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Table 2 Average current–voltage characteristics of solar cells whose active layers contain the four molecules blended with PC70BM and
optimized DIO concentration (v/v)

Active layer
D : A
ratio DIO (v/v%) Voc (V) Jsc (mA cm�2) FF (%) PCE (%)

Number
of devices

As-cast PT-biTh:PC70BM
22 7 : 3 0 0.75 8.9 37 2.5 —

PT-TT:PC70BM 7 : 3 0 0.74 � 0.02 11.4 � 0.2 47 � 1 4.2 � 0.2 20
FBT-biTh:PC70BM

45 6 : 4 0 0.78 6.6 36 1.8 —
FBT-TT:PC70BM 6 : 4 0 0.85 � 0.02 11.4 � 0.2 55 � 1 5.4 � 0.3 15

With DIOa PT-biTh:PC70BM
22 7 : 3 0.25 0.73 12.7 60 5.6 —

PT-TT:PC70BM 7 : 3 0.25 0.74 � 0.01 13.4 � 0.1 64 � 1 6.4 � 0.1 40
FBT-biTh:PC70BM

45 6 : 4 0.4 0.81 12.8 68 7.0 —
FBT-TT:PC70BM 6 : 4 0.4 0.84 � 0.01 14.3 � 0.1 73 � 1 8.8 � 0.2 45

a Devices processed with DIO were annealed at 80 �C for 15 minutes aer spin-casting, to drive off residual solvent.

Fig. 6 Representative current–voltage curves (a) PT-TT:PC70BM (blue, compared to PT-biTh:PC70BM22 in grey), and (b) FBT-TT:PC70BM (green,
compared to FBT-biTh:PC70BM45 in grey). Both as-cast (circles) and optimized DIO additive (triangles) devices are represented.

Fig. 7 2D GIWAXS images of bulk heterojunction films of (a) as-cast
PT-biTh:PC70BM, (b) PT-biTh:PC70BM with 0.25% v/v DIO, (c) as-cast
PT-TT:PC70BM, and (d) PT-TT:PC70BM with 0.25% v/v DIO.

388 | J. Mater. Chem. A, 2018, 6, 383–394
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ITO/PEDOT:PSS/PT-TT:PC70BM/Al architecture was used.
FBT-biTh:PC70BM exhibits a low performance as-cast (PCE of
1.8%), but improves to 7.0% upon processing with DIO. As-cast
blends of FBT-TT:PC70BM exhibit a PCE of 5.4%, a signicant
improvement over the as-cast performance of FBT-biTh:PC70BM.
Improved FF and Jsc suggest more facile self-assembly into the
desirable morphology during the evaporation of the chloroben-
zene solvent. Like with FBT-biTh:PC70BM, FBT-TT:PC70BM
exhibits signs of more efficient charge extraction when processed
with 0.4% DIO additive,56–58 such as a high ll factor of 73% and
an external quantum efficiency (EQE) of 74%. Optimized
FBT-TT:PC70BM blend lms achieve PCEs of 8.8 � 0.1% over an
average of 45 devices (see Fig. S5b†). The recorded maximum of
9.1% for FBT-TT:PC70BM is comparable with the highest
performances observed for small molecule donors with
PC70BM.59–61
Blend lm morphology by GIWAXS

We used GIWAXS to examine morphological differences
between as-cast molecule:PC70BM lms under the same depo-
sition conditions as for the devices in Table 2. GIWAXS images
of the PT-derivatives are shown in Fig. 7, and the
This journal is © The Royal Society of Chemistry 2018
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FBT-derivatives in Fig. 8. Table S1 in the ESI† lists a summary of
the GIWAXS data for ease of comparison.

The alkyl-stacking andp-stacking features in PT-biTh:PC70BM
blends in Fig. 7a showmore edge-on character than in neat donor
lms. None of PT-biTh's other diffraction features for can be
distinguished against PC70BM's isotropic band at �1.35 Å�1.62

PT-biTh:PC70BM lm processed with DIO have longer range
order and surface texture than in neat lms, evidenced by addi-
tional overtones of the alkyl stacking peak and the appearance of
off-axis features in Fig. 7b. In Fig. 7c, PT-TT retains its well-
dened diffraction features in PC70BM blend lms, such as the
Bragg rods at 0.3 and 0.6 Å�1 along the qxy axis. The denition of
these features increases with DIO processing (shown in Fig. 7d),
resulting in longer crystalline correlation lengths (CCLs, see
ESI†).

Both FBT-biTh:PC70BM and FBT-TT:PC70BM exhibit low
donor crystallinity as-cast. This low degree of order is expected
for FBT-biTh, which previous GIWAXS studies have shown is
kinetically trapped in a metastable liquid crystalline state, with
a distinct alkyl feature at 0.45 Å�1.31 The features seen in Fig. 8a
are consistent with a FBT-biTh:PC70BM lm that is transition-
ing between the metastable phase to the desired crystal form
seen in neat lms. DIO allows for a more rapid conversion
between the metastable and crystalline phases, with most of the
development occurring an hour aer deposition.41 Accordingly,
FBT-biTh:PC70BM lms processed with 0.4% DIO exhibit strong
donor diffraction features (see Fig. 8b).

The frustrated self-assembly of FBT-TT evidenced in Fig. 8c is
unexpected; the most prominent feature of as-cast
FBT-TT:PC70BM lms is the isotropic fullerene band at
�1.35 Å�1.63 No evidence of a metastable phase was observed by
DSC or when comparing the as-cast and DIO-processed
GIWAXS. However, the features of crystalline FBT-TT in
Fig. 8 2D GIWAXS images of bulk heterojunction films of (a) as-cast
FBT-biTh:PC70BM, (b) FBT-biTh:PC70BM with 0.25% v/v DIO, (c) as-
cast FBT-TT:PC70BM, and (d) FBT-TT:PC70BM with 0.25% v/v DIO.

This journal is © The Royal Society of Chemistry 2018
Fig. 8d bear a striking resemblance to those expected for the
FBT-biTh metastable phase: the alkyl-stacking peak at 0.41 Å�1

by GIWAXS in Fig. 4b, and lower melting temperature and
enthalpy by DSC in Fig. S2.† This suggests that the metastable
phase of FBT-biTh could have similar features to the FBT-TT
crystal structure, such as interleaved anti-symmetric pairs that
reduce the degree of p–p overlap when compared to the slip-
stacked symmetric pairs in the FBT-biTh crystal structure
(Fig. 5d).

The GIWAXS results described above indicate that the TT
moiety promotes molecular self-assembly into ordered phases
more so than biTh. Formation of large donor domains directly
from solution for PT-biTh:PC70BM is frustrated by the presence
of the acceptor, resulting poor as-cast PCE. PT-TT (Fig. 7c) is less
frustrated by PC70BM, based on the presence of Bragg rods,
resulting in more efficient photovoltaic output (Fig. 7a).
However, the as-cast performance from FBT-TT:PC70BM of 5.4%
is difficult to understand within the context of donor organi-
zation described by GIWAXS, compared to FBT-biTh:PC70BM's
1.8%, given that both blend lms exhibit weak diffraction from
the donor. FBT-TT:PC70BM lms with 0.4% DIO (Fig. 8d) regain
the distinct anisotropic scattering peaks corresponding to the
donor, with greater spot resolution than in neat FBT-TT or
FBT-biTh. It is possible that small crystallites are nucleated
during the chlorobenzene drying period, which ripen consid-
erably in the presence of the DIO solvent additive.63 Thus,
FBT-TT blend lms processed with DIO achieve longer CCLs
(see ESI†), which may be responsible for the improved PCEs
over FBT-biTh:PC70BM.
Rotational barriers and rotamer diversity

Structural variations in p-conjugated systems, like substituting
TT and biTh, are expected to inuence both conformational
diversity and rates of self-assembly through non-covalent
intramolecular (along the backbone) and intermolecular inter-
actions. For example, the sulfur lone-pair electrons in thio-
phene can induce through-space interactions with adjacent
atoms, such as F and H, that increase the rotational barrier
between thiophene and subunits with these atoms.64 Such
conformational locks can enforce long-range planarity in p-
conjugated molecules and polymers.10,14,65 Likewise, dipole–
dipole or hydrogen bonding interactions can be strong drivers
of molecular packing.15 To better understand why the TT for
biTh substitution changes the observed self-assembly tenden-
cies, we used computational methods to compare the respective
inuences of the biTh and TT units on rotational barriers, the
number and distribution of possible molecular conformations,
and the properties of the conformations most likely to be
populated.

TT is expected to have similar conformational locking pref-
erences with PT (or FBT) as biTh because it has S and C–H sites
in the same geometric arrangement. The dihedral potential
energy surfaces (PESs) between FBT and the adjacent fragments
(biTh or TT) are shown in Fig. S8.† The PESs were calculated
using density functional theory (DFT) at the uB97X-D/6-
31G(d,p) level of theory. As expected, the rotational barriers
J. Mater. Chem. A, 2018, 6, 383–394 | 389
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are comparable in magnitude and shape, with minima at �20�

and 150�. The energy barrier for rotation between adjacent
thiophenes (Th–Th) is estimated at 2.7 to 3.7 kcal mol�1.66,67

Thus, the observed differences in ability of FBT-biTh and
FBT-TT to organize cannot be the result of increased confor-
mational locking, as the rotational barriers between the
FBT–biTh, FBT–biTh and Th–Th fragments are essentially
identical.

We now consider the possible structural conformations
available to the fourmolecules. The orientation of each backbone
subunit can be arbitrarily designated up (U) or down (D) relative
to the central dithienosilole unit. TT lacks the internal point of
rotation of biTh, which reduces the number of inter-ring rota-
tions along the D0–A–D–A–D0 backbone from six to four, as shown
in Fig. 9. This structural exchange narrows the range of possible
near planar rotational isomers (rotamers) from sixty-four (26) for
biTh derivatives to sixteen (24) for the TT-analogs, see Table S5.†
Asymmetric rotamers are degenerate – i.e. they are energetically
equivalent to their mirror image – which reduces the number of
unique conformations; the ten unique rotamers of PT-TT are
shown in Fig. S9.† As illustrated in Fig. S10,† rotation within
bithiophene leads PT-biTh and FBT-biTh to have four rotamers
for each available to their TT-analogs.

Not all rotamers are equi-energetic. Intuitively, lower energy
conformations are expected to have higher relative populations
at a given temperature and may be anticipated to play a more
inuential role in determining the kinetics of crystallization.
The growth of ordered domains may be slowed by the presence
of rotamers with signicantly different conformations or dipole
Fig. 9 Schematic of the two backbone D0–A–D–A–D0 structures,
containing biTh or TT end-capping units. The number of points of
rotation determines the possible number of rotamers, with common
points of rotation highlighted in blue. PT-containing molecules have
X ¼ C–H, Y ¼ N, and FBT-containing molecules have X ¼ C–F, Y ¼
C–H. Alkyl groups are omitted for clarity.

390 | J. Mater. Chem. A, 2018, 6, 383–394
moment vectors, due to changes in the nature and strength of
their intermolecular non-covalent interactions. Dispersity,
regardless of its provenance, has been shown to frustrate self-
assembly and prevent long-range order in bulk lms.37,60 For
example, replacing benzothiadiazole as the A moiety in this D0–
A–D–A–D0 architecture with PT increases donor crystallinity and
OPV performance.28 The rotational barrier around the PT and
biTh linkage is signicantly higher than benzothiadiazole and
biTh, which decreases the rotamer diversity and orients the
rotamers' dipole moments along similar vectors. These factors
are suggested to promote self-assembly and drive phase sepa-
ration in PT-containing donors.28 Substituting TT for biTh has
similar potential to inuence the distribution of thermally
accessible rotamers.

To investigate this, we determined the optimized geometry
of each rotamer in Table S5† for all four molecules, at the
uB97X-D/6-31G(d,p) level of theory. From this, we obtained the
relative energy and short-axis dipole moment of each rotamer.
Transition state theory predicts that these molecules are ther-
mally equilibrated within milliseconds at room temperature, as
the energetic cost to rotation between each dihedral in Fig. 9 is
small.69 Thus, relative energy differences can be used to predict
the thermally-accessible rotamers at 300 K using the Boltzmann
distribution, irrespective of their starting conformations.69

From the summary of these calculated quantities in Fig. 10, one
observes that the overall energetic landscapes do not signi-
cantly change going from biTh- to TT-containing molecules, e.g.
the change in energy across all rotamers of PT-biTh resembles
that of PT-TT (5.3–5.6 kcal mol�1) and the same is true for
FBT-biTh and FBT-TT (3.0–3.5 kcal mol�1). PT-biTh and
FBT-biTh have more thermally-accessible species principally
because their structures contain additional degrees of freedom
with small energetic differences within that energy landscape.

The distribution of PT-biTh conformers is dominated by ve
states with relative populations greater than 0.2, while PT-TT
has only two such states available. Both molecules have large
short-axis dipole moments (on the order of 2 debye) that vary
substantially with changing rotational conformation. These
results suggest that not only could the self-assembly of PT-biTh
be frustrated by the existence of multiple rotamer populations
but also that dipolar disorder could impede the efficient
formation of crystalline domains. PT-TT, on the other hand, is
less affected by variation in rotamer population, but mis-
matched dipole orientation could still be problematic. This
analysis is consistent with the relative degree of order shown by
the GIWAXS scattering patterns of the pure as cast PT-biTh and
PT-TT lms in Fig. 3, where the degree of order of PT-TT is
greater than that of PT-biTh.

In our previous studies, we found that the presence of
fullerenes challenges the ability of D0–A–D–A–D0-type small
molecules to crystallize and thus drive phase separation,70

leading to low ll-factors and poor charge extraction in as-cast
blend lms.27,28,30 This frustration by PC70BM further exagger-
ates the differences between PT-biTh and PT-TT caused by
rotamer and dipolar diversity seen in Fig. 4. The relative degree
of order achieved in BHJ blends for PT-biTh and PT-TT can be
compared using the CCLs of the same molecular features in
This journal is © The Royal Society of Chemistry 2018
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Fig. 10 The relative populations (blue), energies (grey) and short-axis dipole moment magnitudes (orange) for the unique planar rotamers
described in Table S5† for (a) PT-biTh, (b) PT-TT, (c) FBT-biTh, and (d) FBT-TT. The relaxed potential energy (grey) is reported relative to the
lowest energy rotamer. The structure of the rotamer with the largest probability and its designation are shown in the inset.
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GIWAXS images in Fig. 7, presented in Table S1.† For example,
the CCL of the alkyl-stacking peak of PT-biTh in as-cast blend
lms is signicantly lower (at �9 nm) than in neat lms
(35 nm). PT-TT exhibits a smaller drop in alkyl-stacking CCL
from 32 nm to 13 nm and retains its higher-order diffraction
spots, which suggests that it is less frustrated by fullerene by
virtue of its narrower rotamer diversity. Thus, larger (or more
perfect) donor crystallites form in PT-TT:PC70BM lms which
drives phase separation in as-cast blend lms to achieve PCEs of
4.2% due to higher Jsc and FF (47%). PT-TT's more efficient
charge extraction is indicative of a greater degree of phase
separation than that of PT-biTh:PC70BM as-cast, having a PCE
of 2.5% and a lower FF (37%).

Trends observed for PT-biTh and PT-TT extend to the FBT-
containing molecules: the TT subunit reduces the rotamer
population of FBT-TT to primarily four conformers, compared
to ten for FBT-biTh. The reduced rotamer population is ex-
pected to facilitate assembly into ordered domains, which is
conrmed by the increased denition of the diffraction features
seen by GIWAXS in Fig. 4.68 Furthermore, analysis of FBT-biTh's
and FBT-TT's thermally-accessible rotamer populations may
explain the reduced diffraction in both of their as-cast blend
lms in Fig. 8. Recall that the FBT-molecules have a more
shallow energy landscape and thus more conformational
This journal is © The Royal Society of Chemistry 2018
dispersity than their PT-analogs. Indeed, the smaller energy
differences give degeneracy more pronounced effects on their
rotamer distribution, such that their most populated rotamer is
the second lowest energy conformer and is asymmetric. This is
expected to slow their relative rate of self-assembly (see Fig. S11
in the ESI† for a comparison of each molecules' two most
populated rotamers). Additionally, rotamers of FBT-containing
molecules exhibit less drastic shis in dipole moment than
their PT-analogs. The lowest energy conformers of FBT-TT have
particularly low dipolar disorder compared to those of
FBT-biTh, such that the different rotamer conformations could
still be stabilized together in an ordered lattice.28 Thus, FBT-TT
may be able to more readily form interconnected donor
domains than FBT-biTh.

Note that lowest energy rotamers of PT-biTh and FBT-biTh
are in the same conguration, labeled UDUSUDU. This
“banana” shape is observed for the single crystal structures of
proximal PT-biTh.71 The most populated FBT-TT rotamer is
predicted to be DUSDU, which matches the primary confor-
mation in the crystal structure in Fig. 5. Notably, this structure
was resolved aer theoretical analysis was completed. There are
also partial contributions from less populous rotamers, such as
DUSDD (ranked 6th most populous), DDSDU (8th) and DDSDD
(10th). The reduced variation in dipole moment vectors between
J. Mater. Chem. A, 2018, 6, 383–394 | 391
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the rotamers likely allows them to be readily accommodated into
the same packing structure. Isolated single-crystals of FBT-biTh
adopt a DUDSDUD (ranked 11th) or DUDSDUU (14th) conforma-
tion.71Unlike our original prediction that low energy states would
bemore inuential in the crystal structure, this hints that certain
molecular conformations are more favorable for forming stable
solid-state lattices. These states may have a greater tendency to
nucleate crystalline growth during lm formation, regardless of
their starting population. However, arguments on the resistance
to crystallization due to a poorly compacted distribution of
conformers and, particularly wide variation in dipole moment
vectors, still apply under these conditions.

Conclusions

We examined how a small change to molecular structure –

substituting thienothiophene (TT) for bithiophene (biTh) –

impacts the optical and electronic properties, self-assembly
tendencies and ultimately photovoltaic performance of
organic molecular semiconductors. Morphological studies
show that this substitution leads to more distinct donor
diffraction features in neat and bulk heterojunction blend
lms, indicating more facile self-assembly from solution.

We attribute the higher degree of self-assembly observed for
PT-TT and FBT-TT to a reduction of conformational diversity
relative to PT-biTh and FBT-biTh, respectively. Substituting the
biTh subunit for TT reduces the number of points of rotation
along the p-conjugated backbone. We calculated the relative
energies and dipole moments of the possible conformations of
each molecule in this tetrad, and found that TT-containing
molecules have fewer thermally-accessible rotamers. Varia-
tions in the molecules' rotamer populations are consistent with
the trends observed by GIWAXS, particularly the signicantly
increase in thin-lm order for TT-containing molecules in
blend lms processed with DIO. We also found that
FBT-containing molecules have higher degrees of thin-lm
order when compared to their PT counterparts. While
substituting FBT for PT has complex inuences on the material
properties,44,45 we can attribute changes in morphology, in part,
to the smaller degree of dipolar disorder in the FBT molecules.

Increased rotamer dispersity exacerbates kinetic constraints
during solution processing, such as competitive assembly of the
acceptor PC70BM and varied drying time in bulk heterojunction
lms. Thus, the solar cell performance of the four molecular
donors provides a practical demonstration of these effects. Both
PT-TT:PC70BM and FBT-TT:PC70BM signicantly improve upon
the as-cast OPV performance of their biTh-analogs,
PT-biTh:PC70BM and FBT-biTh:PC70BM, by virtue of their
more facile self-assembly. FBT-biTh and FBT-TT have a greater
number of populated states than their PT-analogs, which
appears to frustrate their ability to phase separate from PC70BM
in blend lms. However, the thermally-accessible rotamers of
the FBT-containing molecules exhibit lower dipole variation.
The low dipolar dispersity of FBT-TT, in particular, may account
for its more ideal bulk heterojunction morphology as-cast,
resulting in a PCE of 5.4% that further improves to 8.8%
when processed with DIO.
392 | J. Mater. Chem. A, 2018, 6, 383–394
Within a similar molecular semiconductor framework, TT
limits rotamer distribution relative to biTh and thus aids self-
assembly without signicantly changing desirable optical and
electronic properties. As such, the impact of molecular subunits
on rotamer diversity should be considered future materials
design. Indeed, reduced conformational dispersity and thus
more reliable self-assembly may factor into the recent successes
of extended rigid or fused backbone systems in the solution-
processable OSC eld, such as ITIC.72–75 More robust under-
standing of conformational entropy – such as the diversity of
rotamer conformation, energy, and dipole moment – will help
us translate molecular structure into the desired degree of solid-
state ordering.
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