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a b s t r a c t

Bulk heterojunction films, which typically comprise a polymer donor and fullerene acceptor, are
considerably stiffer than films of the neat polymer. The increase in stiffness upon blending is dependent
on the miscibility of the polymer and the fullerene, and potentially on the details of molecular mixing, in
particular, intercalation of the fullerene molecules between the polymer side chains. This paper
describes the effects of molecular mixing on the tensile modulus of polythiophenes in 1:1 blends with
[6,6]-phenyl C61 butyric acid methyl ester (PC61BM). A series of four polymers and their blends with
PC61BM are tested using mechanical, spectroscopic, and photovoltaic device-based measurements to
determine if it is possible to predict trends in the tensile modulus based on the extent of molecular
mixing. The four polymers are poly-2,20:50 ,2″-(3,3″-dihexyl-terthiophene) (PT2T), which forms an
amorphous, molecularly mixed composite, poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thio-
phene) (PBTTT), which forms a well ordered blend with bimolecular crystallization, and regioregular
poly(3-hexylthiophene) (P3HT) and poly(3-heptylthiophene) (P3HpT), which form a ternary blend with
an amorphous mixed phase. The tensile moduli are measured by the buckling technique and correlations
are found between the modulus of the neat polymer and the blends. Although spectroscopic and
photovoltaic device-based measurements of P3HT:PC61BM and PT2T:PC61BM, along with literature
precedent, suggest completely different extents of molecular mixing, they were found to have similar
moduli (2.7570.59 GPa and 2.6170.39 GPa, after annealing). A strong correlation between the moduli
of the blended films and the moduli of the neat polymers suggest that the stiffness of the blend is
determined to a large extent by that of the polymer, and is unexpectedly insensitive to the details of
molecular mixing, at least for the materials investigated.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The pursuit of low-cost, flexible and stretchable organic elec-
tronics requires an understanding of the ways in which state-of-
the-art electronic properties can coexist with mechanical resili-
ence. Bulk heterojunction (BHJ) photovoltaic devices, which have a
photoactive layer comprising donor and acceptor phases mixed on
the molecular scale or nanoscale, are the most commonly studied
organic photovoltaic (OPV) devices because of their high efficiency
and easy processability [1–4]. The extent of molecular mixing (or
the size of the phases) in BHJs influences the molecular packing
and interfacial interactions, which in turn, greatly affects exciton
dissociation, recombination, and charge transport [5,6]. While the
relationship between molecular mixing and electronic properties
has been studied extensively, the effect of the extent of mixing on
the mechanical properties and stability against fracture is not well

known. Improving the mechanical resilience of active materials
and interfaces will improve the yield of working devices in roll-to-
roll manufacturing, and the lifetime in outdoor, portable, and
wearable applications [7–9].

The goal of our experiments was to understand the influence of
molecular mixing on the stiffness – i.e., tensile modulus – of BHJ
films. In particular, we measured the tensile moduli of four
different blends of polymers with main-chains comprising thio-
phene rings and the methanofullerene [6,6]-phenyl C61 butyric
acid methyl ester (PC61BM), (Fig. 1) whose behaviors in a blend are
known in the literature to span a range from an amorphous,
molecularly mixed composite (PT2T:PC61BM) [10,11], a well
ordered blend with bimolecular crystallization (PBTTT:PC61BM)
[12,13], and two ternary blends with pure or enriched phases
separated by mixed phases (P3HT:PC61BM [14,15] and P3HpT:
PC61BM [16,17]). The ternary blends are differentiated primarily
by the relationship of the glass transition temperature (Tg) of the
pure polymer to ambient temperature: Tg for P3HT is close to
room temperature [18,19] and is generally reported as stiff (tensile
modulus !1 GPa) [20,21], while Tg is below room temperature for

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/solmat

Solar Energy Materials & Solar Cells

http://dx.doi.org/10.1016/j.solmat.2014.11.030
0927-0248/& 2014 Elsevier B.V. All rights reserved.

n Corresponding author.
E-mail address: dlipomi@ucsd.edu (D.J. Lipomi).

Solar Energy Materials & Solar Cells 134 (2015) 64–72

www.sciencedirect.com/science/journal/09270248
www.elsevier.com/locate/solmat
http://dx.doi.org/10.1016/j.solmat.2014.11.030
http://dx.doi.org/10.1016/j.solmat.2014.11.030
http://dx.doi.org/10.1016/j.solmat.2014.11.030
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2014.11.030&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2014.11.030&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2014.11.030&domain=pdf
mailto:dlipomi@ucsd.edu
http://dx.doi.org/10.1016/j.solmat.2014.11.030


P3HpT [16] and is highly elastic (tensile modulusr0.1 GPa) [16].
While all polymer:fullerene blends reported so far have greater
elastic moduli than do the neat polymers [9,11,16,20–22], the
factor by which the blend is stiffer than the neat polymer varies
over a wide range (Fig. 1). Our goal was to understand the role of
molecular mixing by combining our mechanical measurements
with knowledge of the well studied microstructures of these four
systems. Understanding the effects of molecular mixing on the
compliance of BHJs will provide the insight necessary for the
selection of materials with mechanical properties appropriate to
the application and to mitigate mechanical forms of degradation.

2. Background

The first organic solar cells (OSCs) had a planar heterojunction
between a layer of pure donor and a layer of pure acceptor in
direct contact [23,24]. This architecture exhibited relatively low
efficiencies because of the limited interfacial area between the
donor and the acceptor [25]. The discovery of the bulk hetero-
junction (BHJ) – an intimately mixed blend of donor and acceptor,
which are frequently a conjugated polymer and a soluble fullerene
derivative – led to devices exhibiting much higher efficiencies
[1–4,26,27]. The advent of BHJs generated significant interest in
understanding the extent of molecular mixing to elucidate the
relationship between microstructure and electronic performance
[5,14,28]. Of equal interest, in terms of the yield of functional
devices and their stability in outdoor and portable environments,
are the ways in which the morphology of the bulk heterojunc-
tion influence the mechanical properties of the composite film
[7–9,29,30]. The mechanical aspects of the stability of organic
electronic devices have, until recently, received relatively little
attention.

The most extensively studied bulk heterojunction blend is
P3HT:PC61BM [9,14,20–22,31–37]. The current model for this
system comprises a ternary blend of a pure polymer phase, a pure
(or enriched) fullerene phase, and an amorphous mixed phase of
polymer and fullerene [38]. These ternary blends form because
PC61BM exhibits high solubility in amorphous P3HT, and is
excluded from the pure polymer phase, which is well ordered
[33,39]. For efficient charge transport, pure phases of both polymer
and fullerene are required so that, once separated, charges can
travel to the electrodes [14]. Without these percolated networks,
losses due to recombination reduce the efficiency. In P3HT:
PC61BM, the segregated polymer and fullerene phases are believed
to account for most of the charge transport in BHJ devices; the

presence of the mixed phase is regarded as deleterious to the
efficiency due to the disruption of contiguous pathways for charge
transport to the electrodes [14]. Like P3HT, P3HpT – a polythio-
phene with a side-chain longer than P3HT by one methylene unit
(n¼7) – is also believed to form ternary blends with PC61BM [17].
P3HpT is of particular interest because it has previously been
shown to simultaneously display excellent compliance and good
photovoltaic characteristics [16].

Very little is known about what, if any, specific molecular
interactions are responsible for the solubility of PCBM in amor-
phous P3HT. On the other hand, some conjugated polymers, which
exhibit lower densities of side chains than do P3HT, contain
notches along the polymer chain into which fullerenes can sit
[10,13]. This outcome – intercalation – either prevents crystal-
lization or produces bimolecular crystallites; the morphology
depends on the dimensions of the fullerene compared to the
dimensions of the free volume between side chains. For example,
the poly(terthiophene) PT2T is similar to P3HT except that every
third thiophene in PT2T is without a side chain (and also that the
coupling between 3-alkylthiophene rings is tail-to-tail in PT2T and
head-to-tail in P3HT, Fig. 1). In neat form, the side chains of PT2T
interdigitate, and a highly ordered film is obtained [10]. In bulk
heterojunction films, due to the notch between side chains, PT2T is
hypothesized to allow intercalation of fullerene along the main
chain [10]; intercalation forces the formation of a largely amor-
phous molecularly mixed phase. Intercalation of the PC61BM likely
inhibits cofacial π-stacking as well as lamellar stacking, and this
disruption in order produces lowered efficiencies of devices
[10,11]. This hypothesis is supported by the much lower power
conversion efficiency (PCE) demonstrated in PT2T:PC61BM devices
when compared to those of P3HT:PC61BM, even though the
relative positions of the frontier molecular orbitals of PT2T to
PC61BM suggest that this system might be more efficient than
P3HT:PC61BM [10].

Miller et al. studied the intercalation of fullerenes between the
alkyl solubilizing groups of PBTTT and found that the fullerene
solubilizing groups were critical in determining if [13,40]. Mono-
functionalized fullerenes, such as PC61BM and PC71BM, readily
intercalated between the side chains of PBTTT, while some multi-
functionalized fullerenes, such as bis-PC61BM and bis-PC71BM, did
not intercalate between the side chains due to steric hindrance
[13]. The absence of intercalation of multifunctionalized fullerenes
was not a generalizable rule, though. Because of its less bulky
solubilizing groups, indene-C60 bisadduct (ICBA) was found to
intercalate [40]. (It should be noted that photovoltaic devices
made with ICBA underperformed those made with PC61BM
because the ICBA preferentially aligned with its side groups
parallel to the polymer backbone, which prevented efficient
charge transport between fullerenes [40].) In the cases where
the fullerene intercalated – such as with PC61BM and PC71BM – an
excess of fullerene was required to make efficient devices. At a
ratio of 1:1 PBTTT:fullerene, the fullerene completely intercalated
between the side chains of the polymer; the absence of pure
fullerene domains prevented the formation of a percolated net-
work to transport electrons to the cathode. The efficiency of
PBTTT:PC71BM devices was optimized at a ratio of 1:4 [5,41,42].
That is, an excess of fullerene was necessary to form a percolated
network of pure (or enriched) phases. While a large volume
fraction of fullerene improved electronic performance, it also had
a deleterious effect on the mechanical properties. Dauskardt,
McGehee, and coworkers studied the effect of intercalation on
the cohesion of poly(3,30 0 0-didocecyl quaterthiophene) (PQT-12)
and PBTTT and found that high ratios of fullerenes (1:4) produced
BHJ films with decreased cohesive energy compared to 1:1 blends
[8]. A lower cohesive energy was also found in 1:1 blends with
fullerene that did not intercalate (bis-PC71BM) when compared to

Fig. 1. The ratios of the tensile moduli of as-cast/annealed 1:1 polymer:fullerene
blends to as-cast/annealed neat polymers and the chemical structures of the
conjugated polymers examined in this work: regioregular poly(3-hexylthiophene)
(P3HT), regioregular poly(3-heptylthiophene) (P3HpT), poly-2,20:50 ,2″-(3,3″-
dihexyl-terthiophene) (PT2T), and poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno
[3,2–b]thiophene) (PBTTT).
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blends with fullerene that did intercalate (PC71BM) [8]. The lower
cohesion was attributed to the weak van der Waals interactions in
the fullerene-enriched phases; weakened intermolecular forces
facilitated decohesion of the active layer [8].

3. Experimental design

3.1. Selection of materials

To isolate the effects of molecular mixing on the mechanical
properties of polymer:fullerene blends from the effects of different
mechanical properties inherent with different fullerenes, we used
a single fullerene, PC61BM, in our experiments. PC61BM was
selected because it is ubiquitous in literature and has previously
been studied in blends with all of the polymers of this work
[11,16,40,43]. We chose four different conjugated polymers for this
work on the basis of the nature of the molecular mixing with
fullerenes and the overall morphology of the bulk heterojunction.
To summarize, P3HT and P3HpT are believed to form ternary
blends comprising crystalline polymer phases, PC61BM-enriched
phases, and mixed phases. The principal difference in properties of
the two polymer films is that the tensile modulus of P3HpT is
about an order of magnitude lower than that of P3HT at ambient
temperature [16]. PBTTT and PT2T have lower side chain densities
than do the P3ATs, and thus permit intercalation of fullerenes. In
the case of PBTTT, intercalation produces bimolecular crystallites
[5,42]. In the case of PT2T, intercalation produces an amorphous,
molecularly mixed blend [10,11].

3.2. Mechanical characterization

The tensile moduli of the neat polymer and 1:1 polymer:
fullerene thin films were measured using the mechanical buckling
technique originally described by Stafford et al. [44]. Under
compressive strain on a relatively compliant substrate, a thin film
forms a sinusoidal wrinkled or buckled pattern. The wavelength of
the buckled pattern is then related to the tensile modulus. The
distinct advantage of using the buckling technique is that it
eliminates the difficulty of preparing and handling free-standing
films r100 nm that would be required for conventional mechan-
ical testing. The tensile modulus of the neat fullerene was difficult
to measure by the buckling technique using a single layer of
fullerene due to its brittleness. We instead determined the
modulus using the bilayer buckling technique [45], which utilizes
a second, more compliant layer with a modulus determined
independently using the conventional single-layer buckling
method (PEDOT:PSS), layered with the more brittle material of
unknown modulus (in this case, PC61BM).

The deviation from the rule of mixtures (or the volume fraction
average) tensile modulus was calculated utilizing the simplex
method first used by Kleiner to describe polymer composites
[46]. This method allowed a qualitative description of the relative
strength of interactions between the polymers and the PC61BM.

3.3. UV–vis spectroscopy

To describe qualitatively the relative order within the thin
films, we measured the absorption spectra of the polymers and
polymer:fullerene blends, and compared the vibronic peaks asso-
ciated with absorption of the aggregated (e.g., ordered) phases. We
have previously applied the weakly interacting H-aggregate model
to P3ATs and found that the aggregated phases of both P3HT and
P3HpT have essentially identical degrees of extent and intra-
aggregate order in neat polymer films [16]. Here, we did not use
the H-aggregate model, but simply compared the differences in

vibronic and maximum absorption peaks between thin films of
neat polymer and polymer:fullerene blends before and after
annealing.

3.4. Photovoltaic devices

We compared the photovoltaic properties of the polymers in
1:1 blends with PC61BM as the electron acceptor. The ratio of 1:1
was selected to isolate the effects of molecular mixing and to limit
the formation of pure fullerene phases. In the case of high
molecular mixing, there is expected to be limited fullerene
percolation pathways and a reduction in electron transport, as
manifested in a low power conversion efficiency [40]. The trans-
parent anode was spin-coated from a solution of PEDOT:PSS with
7% DMSO and 0.1% Zonyl fluorosurfactant (now called Capstone by
Dupont) [47–49]. The top contact was a liquid metal cathode,
eutectic gallium–indium (EGaIn), which was extruded from a
syringe. We selected EGaIn because it has been shown to produce
similar results as Al top contacts [50], allowed for rapid character-
ization of devices, and by nature of being a liquid metal, is
stretchable [51].

4. Results and discussion

4.1. Mechanical properties of the neat polymers

The tensile moduli of the neat polymers were determined using
the buckling method on thin films spin-coated from chloroform
(Fig. 2). The tensile moduli of films of P3HT were found to be
similar both as-cast (AC, 0.8070.12 GPa) and after annealing at
125 1C for 30 min (AN, 0.8270.05 GPa). P3HpT exhibited moduli
that are about an order of magnitude lower than those of P3HT
(0.08270.001 GPa as-cast and 0.13070.001 GPa after annealing
at 100 1C for 30 min). We previously attributed the lower modulus
of P3HpT to its side-chain length of seven carbon atoms to be the
critical side-chain length for polythiophenes, that is, the critical
side-chain length is the length at which Tg no longer drops
monotonically with increasing side-chain length; n¼7 is also the
shortest side-chain length for which Tg is significantly below room
temperature [16]. Because PT2T is very similar structurally to
P3HT, it is not surprising that the two materials had nearly
identical tensile moduli as-cast (1.0770.23 GPa) and after anneal-
ing at the same conditions (1.0170.27 GPa). The higher stiffness
of PBTTT (2.9070.30 GPa) has been attributed to interdigita-
tion of the side chains in the crystalline phase, and the fused

Fig. 2. Summary of the tensile moduli of both as-cast (AC) and annealed (AN) films.
All were cast from CHCl3. P3HpT was annealed at 100 1C, P3HT and PT2T were
annealed at 125 1C, and PBTTT was annealed at 180 1C.
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thienothiophene moieties between the separated bithiophene
units along the backbone.

4.2. Mechanical properties of the polymer:fullerene blends

Organic photovoltaic devices (OPVs) are frequently fabricated
with active layers comprising a conjugated polymer acting as an
electron donor and a fullerene acting as the electron acceptor.
Devices reported in literature often have polymer:fullerene blends
with concentrations between 1:1 and 1:4. Because we were
motivated to determine the effects of molecular mixing on

compliance, we decided to measure the tensile moduli of 1:1
polymer:fullerene blends (Fig. 2a). The ratio of 1:1 limits the
formation of pure fullerene phases, which we were concerned
would dominate the mechanical properties of the blend. P3HpT:
PC61BM (0.6170.09 GPa AC, 1.4670.16 GPa AN) had the lowest
moduli of all of the blends. The fullerene blends with P3HT
(1.9770.75 GPa AC, 2.7570.59 GPa AN) and PT2T (2.007
0.36 GPa AC, 2.6170.39 GPa AN) exhibited similar tensile moduli.
This similarity is somewhat surprising considering the extent of
molecular mixing is expected to be different for P3HT, which does
not allow fullerene intercalation, and PT2T, which does allow

Fig. 3. The tensile moduli of the polymer:fullerene blends studied here deviate from the rule of mixtures. The volume fractions were calculated for the films and the
interaction term, β12, was determined from Eq. (1); the moduli for the neat polymer films as well as the fullerene blends are plotted here. Additionally, the rule of mixtures
and the simplex equation moduli are plotted for all volume fractions of PC61BM for blends with (a) P3HT, (b) P3HpT, (c) PT2T, and (d) PBTTT. The negative of the calculated
values of the interaction term, as well as the equation for calculating them, are shown in (e). The large error bars in (e) are a consequence of the error obtained when
measuring the modulus of PC61BM by the bilayer bucking method; the uncertainty is in the absolute value, as opposed to in the qualitative ranking of the magnitude of the
interaction term.
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fullerene intercalation, and is in effect “all mixed”. PBTTT, which
also allows fullerene intercalation, was found to have the highest
tensile modulus both as-cast (3.7670.80 GPa) and after annealing
(4.3870.68 GPa). This stiffness can be attributed to the intercala-
tion of the fullerenes and the subsequent reduction in free volume.

To compare how much stiffer films become upon addition of
fullerene, we calculated the ratio of the tensile modulus of the
polymer:fullerene blend to that of the neat polymer, Eblend/Epoly
(Fig. 1). The factor by which the modulus of the P3HpT:PC61BM
blend was greater than that of the neat polymer was the highest of
all four systems tested (7.4471.4 as-cast, 11.271.5 after anneal-
ing). We attribute this high value to the anti-plasticizing effect of
PC61BM on the amorphous domains of P3HpT. Since P3HT
(2.4571.0 as-cast, 3.3770.75 after annealing), PT2T (1.877
0.52 as-cast, 2.5870.79 after annealing), and PBTTT (2.0970.50
as-cast, 1.5170.28 after annealing), are already in the glassy state
at room temperature, the effect on the mechanical properties of
the amorphous domains may have been masked.

Kleiner et al. showed that for a blend of two compatible glassy
materials, the modulus can be described by a simplex equation in
terms of the tensile moduli and volume fractions of the materials
as well as an interaction energy between the materials [46]. The
simplex equation describes the deviation of the blend modulus
from the expected value based on the rule of mixtures, which is
simply the average of the properties of the materials within the
composite, weighted by volume fraction [9]. While P3HT, PT2T,
and PBTTT are all glassy at room temperature, P3HpT is not [16].
However, it has been shown by others that the Tg of P3ATs
increases with the addition of PCBM [16,19]. This increase in the
Tg suggests that the simplex model is appropriate in describing the
tensile modulus of P3HpT:PC61BM blends.

Awartani et al. used the following simplex equation to describe
the interaction energy between P3HT and PC61BM [9]:

E12 ¼ E1ϕ1þE2ϕ2þβ12ϕ1ϕ2 ð1Þ

Here E12 is the modulus of the blend film, E1 and E2 are the moduli
of the neat polymer and neat fullerene films, respectively, and ϕ1

and ϕ2 are the volume fractions of the polymer and fullerene. The
volume fractions were calculated from reported densities of
1.1 g cm–3 for the thiophenes [52] and 1.6 g cm–3 for PC61BM
[52]. The interaction term, β12, describes the deviation from the
rule of mixtures. A positive interaction term may be attributed to
an increase in crystallinity of the components when compared to
the neat films, or a change in molecular packing resulting in a
negative volume of mixing. A negative interaction term suggests
opposite scenarios. The modulus of PC61BM was 15.1874.39 GPa

as measured by the bilayer buckling method. This value is
consistent with values of other small molecule semiconductors,
such as pentacene, for which Tahk et al. obtained a modulus of
15 GPa by the buckling method [20]. We have also found that the
moduli of PC61BM is highly dependent on purity (i.e., the extent to
which PC71BM is removed from the mixture) [53]. While the
uncertainty in the modulus of neat PC61BM was high, it did not
change our analysis because the sensitivity of the interaction term
to the modulus of the PC61BM is linear for all materials discussed
here. This linear sensitivity means that even if we used the
modulus of the fullerene measured by others (e.g., 3.06 GPa [9]
or 6.2 GPa [34]), it would affect all of the interaction terms
identically; that is, the values obtained for β12 would have the
same qualitative ranking.

The tensile moduli of the polymers, fullerene, and polymer:
fullerene blends, along with their moduli predicted on the basis of
the rule of mixtures and the simplex equation are plotted in Fig. 3.
After annealing, all of the polymer:fullerene blends had a negative
interaction term. The lowest interaction termwas observed in P3HpT
(&19.978.3 GPa). The interaction terms for P3HT (&16.278.7 GPa)
and PT2T (–17.378.5 GPa) are relatively similar, while the interaction
term for PBTTT is slightly higher (–14.678.9 GPa). The higher
interaction term of PBTTT is attributed to the negative volume of
mixing due to intercalation.

4.3. Photovoltaic properties

The interaction term indicates a deviation from the rule of
mixtures, but does not provide any insight as to the origin of the
deviation. For example, blending could change the crystallization
behavior of the pure phases. Bulk heterojunction OPVs need
percolated networks of both donor and acceptor rich regions to
separate charge and transport it to the electrodes. Intimate mixing
of the polymer donor and fullerene acceptor can have deleterious
effects on the creation of percolated networks for charge transport.
To determine if these percolated networks were disrupted by
extensive molecular mixing, photovoltaic devices were fabricated
by mixing the polymers in a 1:1 ratio with PC61BM (Fig. 4). Table 1
shows the figures of merit for the devices fabricated for this work.
The power conversion efficiencies (PCE) of the devices comprising
active layers of P3HT:PC61BM and P3HpT:PC61BM were
2.0470.27% and 2.1670.17%, respectively, as previously reported
[16]. The PCEs of PT2T:PC61BM (0.1570.01%) and PBTTT:PC61BM
(0.1070.01%) devices were much lower. These low PCEs were
attributed to a greater extent of molecular mixing than in P3HT
and P3HpT; the high extent of molecular mixing prevents the
formation of contiguous fullerene domains necessary for efficient
charge transport to the cathode.

Fig. 4. J–V curves of the 1:1 polymer:fullerene blends spin-cast from ODCB. P3HpT:
PC61BMa devices were annealed at 100 1C for 30 min, P3HT:PC61BMa and PT2T:
PC61BM devices were annealed at 125 1C for 30 min, and PBTTT:PC61BM devices
were annealed at 180 1C for 10 min. aPreviously reported data from Ref. [16].

Table 1
Summary of the averaged figures of merit for the solar cells fabricated in this work
(NZ3). The solar device architecture was PEDOT:PSS/polymer/PC61BM/EGaIn. The
active layer was spin-coated from a solution of 1:1 polymer:PC61BM in ODCB. All
devices were annealed at temperatures as described in the text in an inert
atmosphere.

Materials Jsc (mA cm–2) Voc (mV) FF (%) PCE (%)

P3HTa 6.9570.91 56879 51.771.9 2.0470.27
P3HpTa 6.2770.48 59875 57.571.8 2.1670.17
PT2T 0.9270.07 511728 31.770.9 0.1570.01
PBTTT 0.6070.03 460720 35.171.4 0.1070.01

a Previously reported data from Ref. [16].
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4.4. UV–vis absorption of the neat polymers and polymer:fullerene
blends

The performance of OPV devices is heavily dependent on
processing conditions [9]; therefore, OPV performance alone
cannot describe the extent of molecular mixing in polymer:full-
erene blends. To further examine the influence of the addition of
PC61BM on the order within the polymer phases, we measured the
absorption spectra of thin films of the neat polymers and polymer:
fullerene blends. Aggregated phases are evident (through vibronic
transition peaks) in the absorption spectra of neat P3HT and
P3HpT (Fig. 5a and b). When blended with the fullerene PC61BM,
these phases still exist, but the blue-shift in the maximum
absorption peaks and the decrease in magnitude of the vibronic
peaks at 550 and 605 nm for P3HT and P3HpT suggests that the
conjugation length (which is a measure of quality within the
aggregates) of the polymer decreases.

The absorption spectrum of neat PT2T (Fig. 5c), like P3HT, has
observable vibronic transition peaks associated with the ordered
phases. With the addition of PC61BM, these vibronic peaks dis-
appear and the absorption spectrum becomes broad and feature-
less, which is indicative of an amorphous polymer. The shift from
ordered to amorphous polymer with the addition of PC61BM is
attributable to the fullerene intercalating between the side chains
of PT2T and preventing crystalline lamellae from forming. Inter-
estingly, PBTTT, which is another polymer that has been shown to
allow fullerene intercalation, exhibits a qualitative change in order,
but not a complete loss thereof (as determined by the absorption
spectrum) with the addition of PC61BM (Fig. 5d). We attribute the

difference in order between the two polymers that allow fullerene
intercalation, PT2T and PBTTT, to the length of the side chains. The
side chains of PT2T are six carbon atoms long, while those of
PBTTT are 14 carbon atoms long. When the fullerene intercalates
between the side chains of PT2T, the interactions between side
chains are inhibited; the inhibition of side chain interactions
disrupts the formation of stacks of lamellae, and thus crystallites,
in PT2T. Conversely, the longer side chains in PBTTT reach past the
intercalated fullerene and the van der Waals interactions between
strands of PBTTT allow stacks of lamellae to form. This interpreta-
tion is consistent with the conclusions of McGehee and coworkers
upon grazing-incidence X-ray diffraction studies of intercalated
and non-intercalated blends [5,40,54].

4.5. Correlation between moduli of neat polymers and polymer:
fullerene blends

Though the moduli of the polymer:fullerene blends deviates
from the expected value based on the rule of mixtures, examina-
tion of Fig. 2 suggested that the moduli of the blends were
correlated to the moduli of the neat polymers. Interestingly, the
samples demonstrated a linear correlation (R2¼0.97 for as-cast,
R2¼0.95 for annealed, Fig. 6). There is a decrease in slope of the
linear fit from the as-cast films (Fig. 6a) to the annealed films
(Fig. 6b). We attribute this observation – i.e., an apparent
decreased dependence of the modulus of the blend on the
modulus of the neat polymer upon thermal annealing – principally
to two factors: (1) the large increase in modulus of P3HpT:PC61BM
compared to P3HpT upon thermal annealing (which reflects

Fig. 5. Absorption spectra of neat polymers and polymer:fullerene blends both as-cast (AC) and annealed (AN). (a) P3HT and 1:1 P3HT:PC61BM; annealing was at 125 1C for
30 min. (b) P3HpT and 1:1 P3HpT:PC61BM; annealing was at 100 1C for 30 min. (c) PT2T and 1:1 PT2T:PC61BM; annealing was at 125 1C for 30 min. (d) PBTTT and 1:1 PBTTT:
PC61BM; annealing was at 180 1C for 10 min. All films were spin-coated from CHCl3.
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substantial enrichment of the fullerene phases and increased order
in the polymer phases, possibly due to the increased fluidity of
P3HpT chains compared to P3HT) and (2) the fact that PBTTT:
PC61BM films exhibit similar levels of order in both the as-cast and
annealed films (as seen in Fig. 5d, which suggests a strong driving
force for intercalation for these materials that is operative before
thermal annealing). While it is possible that the linear correlation
between the moduli of the polymer:fullerene blends and the
moduli of the neat polymer of the materials studied here was
coincidental, it at least warrants further investigation, and at most
suggests a design rule for flexible OPV devices: the stiffness of the
polymer substantially determines the stiffness of the blend. This
conclusion seems intuitive, but perhaps not in light of the very
different microstructures of the blended films.

5. Conclusion

This paper examined the effects of the extent of molecular
mixing on the tensile modulus of polymer:fullerene blends.
Unexpectedly, our analysis suggests that there is no direct correla-
tion between the extent of molecular mixing and the tensile
modulus or differential tensile modulus of polymer:fullerene
blends. This observation is highlighted by the nearly identical
tensile moduli of the structurally similar PT2T, which allows
intercalation of PC61BM, and P3HT, which prohibits intercalation.
We also found a roughly linear correlation between the tensile

moduli of the polymer:fullerene blends to those of the neat
polymers studied in this work. This correlation suggests that the
molecular interactions that determine the tensile modulus of neat
polymer films are dominant in determining the tensile modulus of
polymer:fullerene blends.

Our findings suggest that for some polymers, the details of
molecular mixing, while important to the electronic properties,
apparently do not have an equally large effect on the stiffness of
bulk heterojunction films. Although the extent of molecular
mixing is evidently not a strong predictor for mechanical com-
pliance for the materials tested in this work, the linear correlation
between the tensile moduli of the neat polymer films and the
polymer:fullerene blends suggests that flexibility and mechanical
resilience can be tuned at the level of the polymer; while all
polymer:fullerene blends reported so far have greater moduli than
do the neat polymers, low-modulus polymers produce compara-
tively low-modulus blends. A greater understanding of the ways in
which molecular mixing and phase separation dictate the
mechanical properties of photoactive blends is of critical impor-
tance for the rational design of functional devices and for their
stability in outdoor and portable environments.

6. Experimental

6.1. Materials

Poly(3-hexylthiophene) (P3HT, Mw¼29,000 g mol&1, PDI¼2.0)
and [6,6]-phenyl C61 butyric acid methyl ester (PC61BM) were
purchased from Sigma-Aldrich and used as received. Poly(3-
heptylthiohene) (P3HpT, Mw¼30,100 g mol&1, PDI¼1.49) was
purchased from Rieke Metals, Inc. Poly(2,5-bis(3-tetradecylthio-
phen-2-yl)thieno[3,2-b]thiophene) (PBTTT, Mw¼23,000 g mol–1,
PDI¼1.9) was purchased from Solarmer Materials, Inc. and used
as received. Poly-2,20:50,2″-(3,3″-dihexyl-terthiophene) (PT2T,
Mw¼19,400 g mol&1, PDI¼1.31) was synthesized using previously
established procedures [10,55]. Poly(dimethylsiloxane) (PDMS),
Sylgard 184 (Dow Corning), was prepared according to the
manufacturer's instructions at a ratio of 10:1 (base:crosslinker)
and cured at room temperature for 36–48 h before it was used for
mechanical testing. (Tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-tri-
chlorosilane (FOTS) was obtained from Gelest. Chloroform (CHCl3),
ortho-dichlorobenzene (ODCB), acetone, and isopropyl alcohol
(IPA) were obtained from Sigma-Aldrich and used as received.

6.2. Preparation of substrates

Glass slides used as substrates for UV–vis spectrophotometry
measurements were cut into 2.5 cm'2.5 cm squares with a
diamond-tipped scribe. They were then subsequently cleaned with
Alconox solution (2 mg ml–1), deionized water, acetone, and then
isopropyl alcohol (IPA) in an ultrasonic bath for 10 min each and
then rinsed and dried with compressed air. Next, the glass was
plasma treated at !30 W for 3 min at a base pressure of
200 mTorr ambient air to remove residual organic material and
activate the surface.

Glass slides used as substrates for thin films to be transferred to
PDMS for buckle testing were prepared in the same manner as
above, and then subsequently placed in a vacuum desiccator with
a glass vial containing !100 mL of FOTS and put under house
vacuum for a minimum of 3 h to passivate the surface.

6.3. Preparation of polymer solutions

Solutions of P3HT, P3HpT, PT2T, and PBTTT in CHCl3 (7.5 mg ml–1)
and 1:1 polymer:PC61BM (15.0 mg ml–1) were prepared for the

Fig. 6. Tensile moduli of the 1:1 polymer:fullerene blends versus moduli of the
neat polymers for both (a) as-cast and (b) annealed films.
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buckling technique and UV–vis. Solutions of 1:1 P3HT:PC61BM and
P3HpT:PC61BM (40 mg ml–1), 1:1 PBTTT:PC61BM (15 mg ml–1), and
1:1 PT2T:PC61BM (10 mgml–1) in ODCB were prepared for fabricat-
ing photovoltaic devices. All solutions were allowed to stir overnight
(PBTTT and PBTTT:PC61BM solutions were heated to 90 1C) and
filtered with a 1-mm glass microfiber (GMF) syringe filter immedi-
ately before being spin-coated onto glass substrates.

6.4. Characterization of materials

The tensile moduli of the materials was measured with the
buckling method as described elsewhere [21]. Briefly, the elasto-
mer PDMS was chosen as the substrate for all tests. The PDMS was
prepared as described above and then cut into rectangular strips
(l¼8 cm, w¼1 cm, h¼0.3 cm) before being stretched 4% using a
computer-controlled linear actuator. While still under strain, FOTS
treated glass slides (5 cm'2.5 cm) were clipped onto the back of
each strip using binder clips. To transfer the polymer or polymer:
fullerene films to PDMS, the films were first spin-coated onto FOTS
treated glass slides (2.5 cm'2.5 cm) and then scored to facilitate
transfer. The films were then placed against the PDMS, and after
applying minimal pressure to achieve a conformal seal, the PDMS
and glass slide with film were separated in one fast motion,
leaving behind the film on the PDMS. After transfer, the PDMS
substrates were relaxed; this action created a compressive strain
that forced the conjugated polymer film to adopt sinusoidal
buckles. The buckling wavelength, λb, and the thickness of the
film, df, can be related to the tensile moduli of the film and the
substrate, Ef and Es, and the Poisson ratios of the two materials, νf
and νs by the following equation:

Ef ¼ 3Es
1&υ2f
1&υ2s

 !
λb

2πdf

! "3

ð2Þ

We measured the tensile modulus of the substrate, Es (using a
commercial pull tester), the buckling wavelength, λb (by optical
microscopy), and the film thickness, df (by stylus profilometry).
The slope of a plot of λb versus df for three different film
thicknesses was inserted into Eq. (2). The Poisson's ratios were
taken as 0.5 and 0.35 for PDMS and the conjugated polymers films,
respectively. The experimental method is described in detail
elsewhere.

Determination of the tensile modulus of PC61BM was difficult
using the method described above because of its propensity to
crack upon transfer to the PDMS substrate. To measure this
modulus, we instead used a bilayer buckling method. The bilayer
buckling method entails measuring the tensile modulus of a
bilayer film – one compliant layer with a known modulus layered
with the more brittle material of unknown modulus. The effective
modulus of the bilayer film is expressed with the following
equation:

Eeff ¼
1þm2n4þ2mn 2n2þ3nþ2

# $

1þnð Þ3 1þmnð Þ
E1 where m¼

E2
E1

; n¼
h2
h1
ð3Þ

where E1 and E2 are the moduli of the two films and h1 and h2 are
the thicknesses of the two films. To calculate the modulus for
PC61BM, we mathematically solved the above equation using
PEDOT:PSS as the layer with the known modulus.

6.5. Fabrication of solar cells

We deposited a layer of PEDOT:PSS from an aqueous solution
containing 92.9 wt% Clevios PH 1000 (!0.9–1.2 wt% PEDOT:PSS),
7.0 wt% DMSO, and 0.1 wt% Zonyl fluorosurfactant as the trans-
parent anode. The solution was filtered with a 1 μm glass

microfiber syringe filter and then spin-coated at a speed of
500 rpm (250 rpm s&1 ramp) for 60 s, followed by 2000 rpm
(750 rpm s&1 ramp) for 60 s. The samples were subsequently
dried at 150 1C for 30 min. The photoactive layer was then spin-
coated onto the electrode layer at a speed of 500 rpm
(250 rpm s&1 ramp) for 240 s, followed by 2000 rpm (750 rpm s&1

ramp) for 60 s for the P3HT:PC61BM and P3HpT:PC61BM devices,
and at a speed of 300 rpm (250 rpm s&1 ramp) for 240 s, followed
by 2000 rpm (750 rpm s&1 ramp) for 60 s for all other devices. A
thin strip of the PEDOT:PSS electrode was exposed by wiping away
some of the photoactive layer with chloroform so that electrical
contact could be made. The samples were then immediately
placed in a nitrogen-filled glovebox. The P3HpT:PC61BM samples
were annealed at 100 1C for 30 min. The P3HT:PC61BM and PT2T:
PC61BM samples were annealed at 125 1C for 30 min, while the
PBTTT:PC61BM samples were annealed at 180 1C for 10 min. All
substrates were then allowed to cool slowly to room temperature.
EGaIn (extruded by hand from a syringe) was used as the top
contact. The photovoltaic properties were measured in a nitrogen-
filled glovebox using a solar simulator with a 100 mW cm&2

flux
that approximated the solar spectrum under AM 1.5G conditions
(ABET Technologies 11,016-U up-facing unit calibrated with a
reference cell with a KG5 filter). The current density versus voltage
was measured for both dark and under illumination using a
Keithley 2400 SourceMeter.

6.6. UV–vis spectroscopy

The absorbance of the materials was measured using a Perki-
nElmer Lambda 1050 UV–vis–NIR spectrophotometer. The wave-
length range measured was 850–300 nm with a step size of 1 nm.
The polymer solutions were spin-coated onto the glass slides at a
spin speed of 500 rpm (250 rpm s–1 ramp) for 240 s followed by
2000 rpm (750 rpm s–1 ramp) for 60 s. For each solution, two films
were prepared. The first film was left as-cast and the second film
was heated at 100 1C for 30 min for P3HpT, 125 1C for 30 min for
P3HT and PT2T, and 180 1C for 10 min for PBTTT. After heating, all
samples were allowed to cool for at least 30 min under a Pyrex
Petri dish covered in aluminum foil. All fullerene blends were
prepared in the same manner as the neat polymer films.
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