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ABSTRACT: Essentially all research done to date on the
mechanical properties of polymeric semiconductors (e.g., for
organic photovoltaics and thin-film transistors) has had the
underlying goal of increasing the “stretchability”: that is, the
deformability and softness. However, softness is the wrong
characteristic for many of the applications envisioned for organic
semiconductors, including touch screens, chemical sensors, and
many distributed sources of solar energy at risk of damage by
indentation, scratching, and abrasion. A focus on modulus and
ultimate extensibilityi.e., properties characteristic of “stretch-
ability”at the expense of strength, toughness, and elastic range
i.e., properties characteristic of hardness and resilienceleaves
many potentially lucrative applications on the table. For example, in the field of organic photovoltaics, applications in which materials
can be integrated into surfaces already modified by human artifacts (e.g., rooftops, roads, and painted outdoor surfaces) comprise a
much greater potential source of renewable energy than the niche uses envisioned for highly ductile devices (e.g., portable and
wearable solar cells). Here, we examine the published mechanical behavior of a range of π-conjugated (semiconducting) polymers
(both donor−acceptor polymers and homopolymers) and investigate some of the molecular characteristics associated with strength,
toughness, and elastic range. In particular, we extract these quantities from published measurements performed using pseudo-free-
standing tensile tests (“film-on-water,” FOW). The principal criterion for inclusion in our analysis is that at least one characteristic of
the molecular structure (e.g., side-chain length, regioregularity, degree of polymerization, length of aliphatic spacer units, and ratio of
semiconducting to insulating blocks in copolymers) is varied systematically by chemical synthesis. In doing so, it is possible to isolate
the effects of these aspects of the chemical structure on the strength, toughness, and elastic range, even if these relationships were not
reported in the primary literature.

1. INTRODUCTION
Modern life is replete with objects coated with polymeric films
exhibiting exceptional resistance to indentation, scratch, and
abrasion. These properties are exemplified by everyday
products such as car paint, flooring, scratch-resistant eye-
glasses, and the surfaces of roads and parking lots. The
functionality of many of these objects could be profitably
augmented by the incorporation of electronic polymers for
applications in sensing, optics, or energy harvesting, but such
polymers would require the ability to sustain mechanical
insults of the real worldi.e., hardness. However, the current
zeitgeist in the chemistry of electronic polymers favors
flexibility and stretchabilityi.e., softness.1 In the field of
soft electronics, it is common to contrast the mechanical
properties of metals and inorganic semiconductors with those
of polymers and biological structures. In this conception, “hard
electronics” are associated with inflexibility and also possibly
brittleness. However, this association is not accurate, as
flexibility is an extensive property determined as much by
thinness as by intrinsic mechanical properties.2 Moreover, it is
routine to engineer a polymer with high strength, toughness,

and abrasion resistance but without brittleness (e.g.,
thermosetting polyurethane).
π-Conjugated (semiconducting) polymers have the potential

to combine electronic functionality with mechanical robust-
ness. However, the goal of nearly all work in this area has been
focused on increasing the stretchability and flexibility (the
notable exception being a subset of literatureprimarily by
Dauskardt and co-workersmeasuring the physical stability
and failure mechanisms of semiconducting materials2−9).10−17

Achieving these properties stands to enable potential
applications of conjugated polymers in wearable health
monitors,18,19 neurological recording,20,21 and solar tarps for
disaster relief.22 However, the exclusive focus on facile
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deformability comes with at least three costs. First, the most
common organic semiconductors can often be rubbed off a
substrate with tissue paper or a gloved finger. While most
envisioned applications will involve encapsulation, the weak-
ness of the active material will cause the device stack to
decohere under shear and torsion.2,3,7,8 Second, the “stretch-
ability” of most organic semiconductors beyond 10% is plastic
and irreversible. (One questions whether an object can be
considered “stretchable” at all if it does not return to
equilibrium.23) Third, the properties required for good charge
transport are often (but not always)24−27 antithetical to those
required for stretchability. For example, highly extensible
conjugated polymers have long, flexible alkyl side chains.
However, because charge is conducted primarily among the
polymer backbone,28 the large volume fraction occupied by the
insulating side chains is likely to reduce the maximum
achievable charge-carrier mobility of the solid film. On the
other hand, the characteristics associated with high mobility
(e.g., high molecular weight, high degrees of polymerization,
strong intermolecular interactions, and low free volume)
naturally favor mechanical properties associated with strength
and toughness.
This Perspective argues that the range of potential

applications for organic semiconductors that are merely
stretchable is far surpassed by those envisioned are strong,
tough, and rebound elastically (Figure 1), especially for
polymer solar cells. It is true that interest in (and funding
for) organic photovoltaics has waned in recent years (at least in
the U.S.) due to better power conversion efficiencies of devices
based on perovskite absorbers; perovskite absorbers, however,
are mechanically weak.29−31 Thus, enthusiasm for polymer
solar cells may increase if they can be shown to exhibit high
mechanical robustness, which is a necessary characteristic for
integrating solar cells with human-transformed surfaces already
subject to mechanical insult. Moreover, the highest-efficiency
perovskite solar cells generally contain organic semiconductors

as either the hole- or electron-transporting layers,32−35 and
thus any effort to increase the robustness of semiconducting
polymers will be automatically transferred to the benefit of
perovskites. Beyond solar cells, strong, tough, and resilient
organic semiconductors will also be to the benefit of flexible,
interactive displays based on OLEDs and wearable biosensors,
whose active components are by necessity exposed to prodding
by human users.
Measurements of strength, toughness, and elastic range in

thin films of conjugated polymers were hampered until
recently by a lack of testing protocols. While thick samples
of inexpensive, easy-to-synthesize polymers are amenable to
conventional pull testing, the fragility of films with thicknesses
less than approximately 100 nm precludes this method. Thus,
in the first several years of the rebirth of interest in the
mechanical properties of conjugated polymers, quantities such
as elastic modulus, crack-onset strain, and yield point were
measured using the surface wrinkling technique.36−39 This
technique takes advantage of the buckling instability that
manifests when stiff films (e.g., conjugated polymers) are
subjected to small (<5%) compressive strains on elastomeric
substrates (e.g., polydimethylsiloxane, PDMS).40 However,
since the mechanical response is dominated by the thick
substrate (and cannot be decoupled from the mechanical
response of the film itself), forces and energies accommodated
by film cannot be obtained directly. Thus, other approaches are
needed to measure ultimate tensile strength (N m−2) and
modulus of toughness (J m−3).
In 2013, Kim and co-workers introduced a technique that

made it possible to obtain a pull test from an ultrathin film by
suspending it on water.41 The high surface tension of water
prevents the film from collapsing on itself. A force gauge with a
sensitive load cell is positioned horizontally, and grips made
from PDMS adhere to the ends of the film by van der Waals
forces. Film-on-water (FOW), however, is not without its own
weaknesses. The fragility of these polymer films can result in
wrinkles, bends, and tearsparticularly along defect sites
that result in a high localization of stress. For example, bends in
the stress−strain curve that seem to indicate plastic
deformation can instead occur due to physical tears in the
film. Likewise, water can slowly diffuse into the film and affect
the measurement, although it is not clear to what degree this
impacts the mechanical data, and the ways in which water
influences the measurement are likely to be dependent on the
chemical structure of the polymer.
Since the initial report, stress−strain behavior has been

reported for a variety of semiconducting polymers. In most of
these studies, quantities related to stretchabilitye.g., modulus
and strain at fracturewere the key figures of merit, and
quantities related to hardness such as strength and toughness
were not always calculated, even though these quantities were
embedded in the data. In this Perspective, we compiled and
reanalyzed the stress−strain data from papers which have
performed pull tests on conjugated polymers. The goal of
performing this analysis was to serve as a starting point for
understanding the molecular and microstructural parameters
that influence these important but overlooked mechanical
properties.

1.1. Mechanical Properties of Organic Semiconduc-
tors. In a solid film of a semiconducting polymer, mechanical
energy is stored or dissipated by a variety of mechanisms.5,6,42

The dominant mechanisms depend on the molecular structure
(e.g., atomic arrangement and degree of polymerization) and

Figure 1. Conceptual plot of tensile strength vs elastic range for
several envisioned applications of conjugated polymers. Applications
that are subject to abrasion, indentation, and scratching require
materials with a high tensile strength (shown in red). Some examples
include solar-integrated devices on constructed surfaces (e.g., human-
transformed concrete surfaces, roads, and buildings), mounted
electronics, and photovoltaic coatings. Applications that are subject
to high strains, torsion, and nonplanar deformation require a large
elastic limit (shown in blue). Some examples include stretchable
sensors and regenerative medicine. However, many modern
applicationssuch as hard wearable devices, “Internet of Things”
(IoT) sensors, and tough fabrics used for disaster reliefrequire both
high strength and elastic limits (shown in purple). Common “off-the-
shelf” materials used for these applications are highlighted in white for
reference.
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its properties in the condensed phase at a particular operating
temperature. Important aspects include the microstructure,
rubbery or glassy state, density, cohesive energy, entangle-
ments, and other properties which may be mutually depend-
ent.43 For an amorphous polymer below its glass transition
temperature (Tg), energy is stored elastically in the bending
and stretching of covalent bonds and also by mechanical
modulation of the van der Waals forces between chains. Energy
can be dissipated by sub-Tg relaxation mechanisms, such as
bond rotations.44 Catastrophic failure ultimately results from
the breakage of covalent bonds. In ordered domains within
semicrystalline samples, energy is stored by the reversible
displacement of monomer residues and whole chains about
their equilibrium positions within crystallites. Energy is
dissipated by slip and ultimately disruption of crystallites.45

In amorphous domains of cross-linked or semicrystalline
samples above their Tg, energy is stored as an entropic spring,
and dissipated by breaking van der Waals interactions between
chains and ultimately by chain pullout.44 The Tg is dependent
on a number of factors, including the flexibility of the
backbone (more flexibility corresponds to a lower Tg), the
steric effects of side chains (bulkier side chains reduce the
packing density and intermolecular forces between main chains
and thus decrease the Tg), and the free volume (more free
volume lowers the Tg). In general, the free volume increases
due to inefficient packing (e.g., high polydispersity, low
molecular weight, the presence of plasticizers, and configural
isomerism).
A large body of knowledge and literature is devoted to the

task of increasing the durability of commodity polymers and
engineering plastics. Transferring this knowledge to the field of
semiconducting polymers, however, is not straightforward. A
semiconducting polymer has characteristics not found in
conventional plastics. First, it has a rigid π-conjugated
backbone which gives rise to efficient charge transport but
also makes the material insoluble at even moderate degrees of
polymerization. In order to process this material from solution,
alkyl side chains must be added. These flexible side chains
increase the entropy of the polymer in solution relative to the
unsubstituted structure and thus promote solubility. The side
chains are also anathema to strength.46 On the other hand,
unsubstituted conjugated polymers tend to have the solubility
and mechanical properties of “brick dust” (a term used
pejoratively in organic synthesis but which reflects the
properties of strength and hardness that we are seeking).
In the initial days of conjugated polymers, researchers

treated mechanical strength as a desirable characteristic. For
example, the high tensile strength of polyacetylene was
attractive for applications requiring high durability and light
weight, such as for overhead transmission lines.47 In fact, Akagi
et al. noted that bulk samples of trans polyacetylene had elastic
moduli and tensile strengths of 100 and 0.9 GPa,
respectively.48 These values are comparable to those of
engineering plastics such as Kevlar.48 Such values are rarely
achieved in modern, low-bandgap, solution-processable con-
jugated polymers, mainly because of the plasticizing effects of
the side chains.
Another characteristic which runs counter to high strength

in low-bandgap conjugated polymers is a low degree of
polymerization. The degree of polymerization is largely a
consequence of the low solubility and also of the synthetic
methodology, which usually proceeds by step-growth poly-
condensation of AA and BB monomers. The degree of

polymerization of the resulting polymers is therefore limited
first by the difficulty of obtaining absolutely pure monomers
and thus by small, stoichiometric imbalances (as predicted by
Carothers).44 Additionally, the degree of polymerization is
limited by the already low solubility of conjugated polymers,
which decreases with an increasing degree of polymerization.
We emphasize that this argument refers to the degree of
polymerization, as opposed to the molecular weight. The
exceptionally large monomer residues of semiconducting
polymers guarantee a relatively high molecular weight even
with a relatively low degree of polymerization.
Despite these differences in structure, many synthetic

approaches that improve the strength and toughness apply to
both conjugated and nonconjugated polymers (e.g., commod-
ity polymers and engineering plastics),49 for example, blending
of polymers and modifications to the side chain. The molecular
weight and degree of polymerization are especially important
in determining the mechanical properties of a solid structure.
Plasticizers can be used in polymers of all types to tune both
the processability and mechanical properties. Chemical cross-
linking50−52 is a ubiquitous approach to producing thermosets
(e.g., epoxy resin) and elastomers (e.g., silicone rubber).
However, chemical cross-linking has not yet been explored
extensively as a means of increasing the robustness of
conjugated polymers. Approaches in which the polymer chains
are cross-linked physicallye.g., hydrogen bonding,53−56

increased van der Waals interactions,57 and double networks
involving topologies that intertwine (common in advanced
hydrogels)58−61all potentially offer strategies for tuning the
strength, toughness, and elastic range in conjugated polymers.

1.2. Testing of Mechanical Properties and Their
Definitions. The conventional way in which mechanical
properties of solid materials are measured is a tensile test. In a
tensile test, grips are applied to the ends of a slab of material.
The load (force) is plotted as a function of the elongation
(engineering strain, ΔL/L0, where L0 is the length of the
dimension at equilibrium and ΔL is the amount of
deformation). The force is converted to engineering stress by
dividing by the initial cross-sectional area of the sample. The
sample is elongated until breakage. A generic, idealized stress−
strain curve is shown in Figure 2. In the elastic region, the
stress of the film increases linearly with respect to the strain
applied as described by Hooke’s law, where the slope is the

Figure 2. A generic stress−strain curve. Labeled are mechanical
properties of interest associated with strain (blue), stress (green), and
energy (red). The units associated with each, respectively, are
generally given in % strain, MPa, and MJ/m3.

Chemistry of Materials pubs.acs.org/cm Perspective

https://dx.doi.org/10.1021/acs.chemmater.0c03019
Chem. Mater. 2020, 32, 7582−7601

7584

https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03019?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03019?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03019?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03019?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c03019?ref=pdf


tensile (Young’s) modulus. The elastic regime terminates at
the elastic limit, followed immediately by the yield point,
beyond which further deformation is permanent. Materials
undergoing plastic deformation fracture in a ductile manner,
while those that break prior to the onset of plastic flow fracture
in a brittle manner. The area under the curve in the elastic
regime is the maximum energy storable, termed the resilience.
The area under the entire curve is the maximum energy
absorbed prior to fracture, termed the toughness. The ultimate
tensile strength (UTS, or just strength) is the maximum stress
achieved during the test.
1.3. Scope and Methodology. This Perspective uses

published data to investigate the effects of molecular structure
on strength, toughness, and linear elasticity (a proxy for elastic
range) in semiconducting polymers. We adopted two principal
criteria for inclusion in our analysis. The first criterion is that
the data were obtained using the film-on-water test. While
there are other methods of good standardizatione.g., the
buckling based metrology and the four-point-bend/double-
cantilever-beam teststhe simplicity of the analysis and
measurement of the mechanical properties without adhesion
to any other substrate allows for the most straightforward
comparison of experiments carried out by different groups.
Our second criterion for a study to be included is that some
aspect of molecular structure is varied systematically (i.e., the
approach characteristic of physical organic chemistry).62 In
particular, we examined the effects of seven systematic
modifications: degree of polymerization, regioregularity,
inclusion of electron-donating units, inclusion of nonconju-
gated monomer units, inclusion of conjugation-break spacers,
side chain length, and composition of the active layer in two-
component blends. There are other parameters that influence
the mechanical properties that are independent of chemical
structuree.g., strain rate, thickness, and solvent. In general,

we find that increasing the strain rate and thickness increased
the measured tensile strength (Figures S1, S2),63 while
increasing the dielectric constant of the solvent resulted in
weaker but more deformable films (Figure S3).64 Detailed
discussions of these parameters are included in the Supporting
Information. As we discuss in SI section 1.1, the mechanical
properties of polymer films can exhibit dependence on
thickness, typically for films <100 nm, along with strain rate.
In the papers covered by this Perspective, each set of polymer
thin films was approximately 100 nm in thickness and tested at
similar strain rates unless otherwise stated.

Methodology. Data from stress−strain curves were
extracted from the literature using WebPlotDigitizer before
being reproduced and analyzed in Matlab R2017b. Toughness
was calculated as the area under the reproduced stress−strain
curve. The ultimate tensile strength was calculated as the
maximum stress applied to the material. The linear elasticity
was calculated using a moving linear regression such that the
elastic range ends at the strain where the coefficient of
determination dropped below R2 = 0.95. In doing so, we use
the range of linear elasticity as a proxy for elastic range. While
this approximation may fail for polymers with extremely
viscoelastic behavior (e.g., a Tg far below the operating
temperature), where it is possible for elasticity to become
nonlinear, we expect this assumption to hold for most
polymers at moderate strain rates.
In general, we favor comparisons between polymers using

the degree of polymerization as opposed to the molecular
weight, because molecular weight is influenced by the relatively
large mass fraction embodied in the side chains. For example, if
the length of the side chain is increased while the structure and
length of the backbone remains constant, then the molecular
weight will increase while the contour length will remain the
same. Thus, differences in mechanical properties known to be

Figure 3. Mechanical properties of poly(3-hexylthiophene) samples as a function of degree of polymerization (and thus molecular weight). (a)
Chemical structure of poly(3-hexylthiophene). (b) Stress−strain curves of 80 μm bulk P3HT samples and their respective degrees of
polymerization, replotted from Koch et al.67 (c) Stress−strain curves of 200 nm thin film P3HT samples and their respective degrees of
polymerization, replotted from Rodriquez et al.66 (d) Ultimate tensile strength and (e) toughness of P3HT samples increase as the molecular
weight and degree of polymerization increase. (f) The linear elasticity of these samples was between 4% and 12% strain.
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affected by the topological length of the chaine.g., any
quantity influenced by entanglementsplotted against molec-
ular weight might be falsely ascribed. The degree of
polymerization is also more intuitive than molecular weight
because it does not require mental normalization by the
molecular weight of the monomer.

2. DISCUSSION

2.1. Effect of Degree of Polymerization. The minimum
criterion for mechanical robustness of any kind is a high
number-average degree of polymerization (Xn).

65,66 Having a
high degree of polymerization increases the durability of a
polymeric material by increasing the density of entanglements
(locations where two chains can slide past each other, but not
through each other). Shown in Figure 3 is a comparison of the
mechanical properties of poly(3-hexylthiophene) (P3HT), as
tested using film-on-water by Rodriquez et al.,66 and bulk
samples, as tested using traditional tensile tests by Koch et
al.,67 relative to the degree of polymerization. The molecular
weight corresponding to the onset of entanglement is referred
to as the critical entanglement molecular weight, MC. By
measuring the viscosity of polymer solutions, Stingelin and co-
workers found a sharp increase at Xn = 179 and thus
determined that P3HT chains become entangled between MC
= 25−35 kDa (Xn = 127−179).67 The effect of entanglement,
relative to the degree of polymerization, is reflected in the
tensile strength and toughness of both types of samples (Figure
3d,e). Thus, samples below MC, i.e., Xn = 127, showed brittle
behavior. Additionally, since P3HT undergoes strain alignment
and associated strengthening in both the bulk and thin-film
format (Figure 3b,c),68 the tensile strength scales with
increasing density of entanglements (i.e., degree of polymer-
ization). Although the toughness increases significantly with an
increasing degree of polymerization, the range of linear
elasticity was between 4% and 12% strain with opposite trends
between thin films and bulk samples (Figure 3f).

The effects of increasing the density of entanglements on
strain at failure has been well-documented for both engineering
polymers and π-conjugated polymers. For example, a high
density of entanglements increases the energetic barriers for
both cavitation (void formation in the amorphous matrix) and
crazing (crack formation from local stretching).1,69−72 Addi-
tionally, the increased degree of polymerization results in
greater connectivity between crystallites in P3HT and self-
aggregation of polymer chains, which increases resistance to
failure by chain pullout.65,73,74 It is also worth mentioning that
greater connectivity between crystallites and increased self-
aggregation promotes good charge transport in semiconduct-
ing polymers,75−77 again showing a synergistic relationship
between electronic and mechanical properties. The effect of
the degree of polymerization on the mechanical properties is
applicable to both homopolymer and donor−acceptor (D−A)
polymer systems.78,79 Galuska et al. validated these findings by
measuring the mechanical properties of a poly(naphthalene
diimide) (PNDI)-based polymer at varying molecular weights
(which we have converted to degree of polymerization) as
shown in Figure 4 below.79

The most striking observation from the stress−strain curves
(Figure 4b) is how significantly the fracture strain increases as
the degree of polymerization increases. PNDI-C4 with a Xn = 9
has a fracture strain of <5%, but increasing the Xn to 134
results in a fracture strain of >400% (Figure 4d; along with a
tensile strength that is twice as high, Figure 4c). This drastic
increase in fracture strain results in a toughness that is three
magnitudes larger (0.056 MJ m−3 compared to 51.5 MJ m−3).
The increase in linear elasticity (<2% to >10%, Figure 4e)
validates the same trend from Koch et al. (Figure 3f),
suggesting that the range of linear elasticity is also expected to
scale with an increasing number of entangled chains. As such,
Galuska and co-workers offer two guidelines for increasing the
number of entanglements in a system: (1) reducing the MC
while maintaining the Mn or (2) increasing the Mn while
maintaining the MC.

79 From this analysis, we see that sufficient

Figure 4. Mechanical properties of a poly(naphthalene diimide) (PNDI)-based polymer relative to degree of polymerization (and thus molecular
weight). PNDI differs from P3HT in that it is a donor−acceptor (D−A) polymer. (a) Chemical structure of PNDI-C4. (b) Stress−strain curves of
PNDI-C4 at different degrees of polymerization, replotted from Galuska et al.79 (c) Ultimate tensile strength, (c) toughness, and (d) linear
elasticity all increase as the degree of polymerization increases.
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degree of polymerization is crucial for ensuring good
mechanical properties of semiconducting polymer films.
2.2. Effect of Regioregularity. Another criterion that

affects the mechanical properties of conjugated polymers is the
bonding orientation of monomer residues with asymmetric
structures, or the regioregularity.80,81 This effect is especially
apparent in poly(3-alkylthiophenes) (P3ATs), of which
poly(3-hexylthiophene) (P3HT) has been widely studied as
a model for conjugated polymers.82 As shown in Figure 5a,

P3ATs allow for three possible orientations when two
thiophene rings are coupled. The first is 2−5′ coupling, or
head-to-tail (HT) coupling, and polymer samples with a
majority of HT orientations are referred to as regioregular
P3ATs. Regiorandom P3ATs are composed mainly of head-to-
head (5−5′, HH) coupling and tail-to-tail coupling (2−2′,
TT). P3ATs are semicrystalline polymers, with crystalline
domains embedded within an amorphous matrix.83 The ratio
of polymer in crystalline domains is controlled by the

Figure 5. Mechanical properties of poly(3-hexylthiophene) films measured by FOW as a function of regioregularity. (a) Chemical structure of
P3HT and the three possible coupling orientations of the thiophene backbone. (b) Stress−strain curves of P3HT thin films of increasing
regioregularity replotted from Kim et al.80 (c) Ultimate tensile strength has a direct relationship with increasing regioregularity. (d) Toughness is
maximized for P3HT films that are 75% regioregular. (e) Linear elasticity has an inverse relationship with increasing regioregularity.

Figure 6. Mechanical properties of regioregular-block-regiorandom poly(3-hexylthiophene) films measured by FOW relative to increasing length of
the regiorandom block. (a) Chemical structure of regioregular-block-regiorandom P3HT (rre-b-rra P3HT) and the increasing lengths of
regiorandom blocks added. The average regioregularity is shown for each sample. Regioregular blocks had an average Xn of 56−61, while
regiorandom blocks ranged from 15−168. (b) Stress−strain curves of rre-b-rra P3HT thin films of increasing average regioregularity replotted from
Park et al.81 (c) Ultimate tensile strength, (d) toughness, and (e) linear elasticity are shown relative to the average regioregularity.
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regioregularity, and thus the regioregularity affects the
mechanical properties. Shown below in Figure 5 is a
comparison of the mechanical properties relative to the
regioregularity of P3HT samples as determined by Kim and
co-workers in 2015.80

The most salient trends visible in the mechanical response of
P3HT with increasing regioregularity are increasing strength
and decreasing toughness (overall) and linear elasticity. These
trends can be attributed to an increase in the fraction of
polymer in ordered (aggregated or crystalline) domains versus
amorphous domains. The amorphous domains are in a rubbery
state, with the Tg of regioregular P3HT just below room
temperature.84 In contrast, the melting temperature of
crystalline P3HT is >200 °C, with high cohesive energy.
Thus, P3HT can be treated as a composite of rubbery domains
held together by domains of relatively high order, whose
rigidity is brought about by a greater density of van der Waals
interactions between the closely packed conjugated rings.80,85

The elasticity of highly regioregular P3HT is limited by the
decreased ability of the relatively low fraction of rubbery
amorphous domains to accommodate strain in the lower
fraction of chains present in rubbery domains. Such an effect is
also observed in annealed films of PBTTT, which is possibly
the most crystalline conjugated polymer known. It undergoes
brittle fracture when annealed and ductile fracture when
untreated, i.e., “as-cast.”38

The samples measured by Kim et al. also give us the
opportunity to compare the effects of regioregularity with the
effects of degree of polymerization. Notably, the brittle
behavior of the P3HT sample with 98% regioregularity can
in part be explained by a relatively low degree of polymer-
ization (Xn = 103), or similar to the most brittle films
measured in Figure 3c. Nevertheless, the highly regioregular
samples exhibited brittle behavior despite having over double
the Xn of that with the lowest regioregularity. Given the fact
that these observable properties arise from the collective
responses of large ensembles of domains and polymer chains, it

is important not to overinterpret individual data points. For
example, the maximum in toughness occurring in the 75%
regioregular sample is a consequence of its lying at a transition
between principally rubbery and principally brittle behavior.
That is, the energy dissipated by plastic flow at a relatively high
stress leads to a somewhat higher energy density at the point of
fracture even though it has neither the highest tensile strength
nor fracture strain (Figure 5d).
One of the disadvantages of using a homopolymer with

randomly incorporated head-to-head defects is the way in
which it limits the extent of the ordered domains. Park et al.
reasoned that greater control could be achieved using a block
copolymerization strategy (Figure 6).81 The authors synthe-
sized a series of P3HT block copolymers consisting of a highly
regioregular block of constant length (Mn = 11−12 kDa, Xn =
56−65) and a regiorandom block of increasing length (Mn =
3−33 kDa, Xn = 15−168; Figure 6a).81 The most significant
conclusion of this study was that block copolymerization can
be used to tune the regioregularity in order to maximize the
toughness and linear elasticity while maintaining a relatively
high tensile strength due to the retention of ordered domains
even in samples with a high degree of overall regiorandomness.
Block copolymers thus present a promising route to imbue
toughness through optimizing both strain at failure and tensile
strengths, allowing for the “best of both worlds.” We see a
similar trend for low regioregularity P3HT samples that are
dispersed with P3HT nanowires (NWs) of higher regior-
egularity, thus increasing the average regioregularity of the
sample (Figure S4).

2.3. Effect of Isolated Thiophene Units and Fused
Thiophene Rings. In recent years, efforts have been
dedicated to synthesizing conjugated polymers with better
electronic properties while maintaining their favorable
mechanical properties.57,86 These low bandgap donor−accept-
or polymers (D−A polymers) differ from earlier generations of
conjugated polymers (e.g., polyphenylenevinylene and poly-
thiophenes) in that they use alternating donor and acceptor

Figure 7. Mechanical properties of diketopyrrolopyrrole (DPP)-based conjugated polymer films measured by FOW relative to number of
intervening thiophene units. (a) Chemical structure of the DPP-based polymer and the increasing thiophene units added to the R position shown
in blue. (b) Stress−strain curves of DPP thin films replotted from Zhang et al.91 (c) Ultimate tensile strength, (d) toughness, and (e) linear
elasticity are shown relative to the number of isolated thiophene units added to the polymer.
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units along the backbone to decrease the band gap through the
“push−pull effect.”87 The push−pull effect additionally results
in more rigid backbones, which in turn results in D−A
polymers having higher glass transition temperatures than
homopolymers (e.g., P3ATs) with side chains of comparable
length.43,84,88 D−A polymers additionally tend to have a higher
number of fused rings in their structures, further increasing
backbone rigidity and Tg.

89,90 Conjugated polymers exemplify-
ing these characteristics are those that contain the acceptor
unit diketopyrrolopyrrole (DPP). These polymers are among
the most well studied, with high carrier mobilities demon-
strated for many structures within this class.91−96 The
nucleophilic nitrogen atom permits straightforward attachment
of functional side chains52,97 or those with a variety of length,
branching, and flexibility.98−100 Additionally, the modular
synthetic pathway based on metal-mediated polycondensation
makes it a relatively simple matter to build libraries with
different donor units.91,101−103 Thus, DPP-based polymers
have been used for a variety of investigations into the ways in
which systematic changes to structure affect the electronic
(and increasingly mechanical) properties.
In this vein, Zhang and co-workers studied the effect of

electron-donating thiophene (donor) units on the mechanical
properties of a DPP-based polymer, as shown in Figure 7 and
Figure 8.91 Increasing the number of isolated thiophene units
at the R position of the DPP-based polymer in Figure 7a
produced potentially competing effects on the mechanical
properties. First, one would expect that increasing the number
of isolated thiophene units would decrease the rigidity of the
backbone due to the dilution of the stiffening effect of the
fused DPP unit. However, increasing the distance between
DPP unitswhich contain the side chainswith unsubsti-
tuted rings also has the effect of decreasing the overall
attachment density of the side chains. Indeed, we find over and
over that the side chains determine the solubility, glass
transition, and modulus. In fact, the authors measured an
increase in Tg from −4 to 11 °C for DPP-T to 19 °C for DPP-

T3.91 Thus, DPP-T3 is glassier and stronger, despite probably
having a more flexible backbone. (Similar effects have been
observed in polymers in which the spacer units along the
backbone were aliphatici.e., even greater expected flexibility
based on the main chain.)104 Remarkably, we see that this
dramatic increase in strength (Figure 7c) and toughness
(Figure 7d) occurs despite the “T3” sample (Xn = 20) having a
degree of polymerization half that of “T2” (Xn = 34) and “T1”
(Xn = 39). The fact that the Tg is still below room temperature
for the “T3” sample might account for sufficient mobility of
chains to permit plastic flow and thus a relatively high
toughness.
Superficially similar to the approach of increasing the

number of isolated thiophene rings is one which systematically
increases the number of fused thiophene rings. In particular,
Zhang et al. reported a system in which the size of the donor
unit was increased from thiophene (T) to thienothiophene
(TT) to dithienothiophene (TTT). This systematic mod-
ification had a smaller overall effect on the attachment density
of the side chain but had a profound effect on the stiffness
“ladder-like character”of the main chain. Interestingly, its
effects on the Tg were similar. For example, increasing the size
of the fused thiophene donor from T to TTT increased the Tg
from −4 to 11 °C (T) to 3 °C (TT) to 4 to 22 °C (TTT).91

However, fused thiophene rings have less rotational and
conformational freedom than an equivalent number of isolated
thiophene units. A conjugated polymer with large fused ring
structures is thus unable to dissipate energy as effectively
though sub-Tg relaxation mechanisms and experiences
catastrophic failure at smaller strains. This embrittlement is
reflected in the dramatic decrease in fracture strain and
toughness for the fused ring systems (Figure 8d).

2.4. Effect of Nonconjugated Monomer Units in Block
Copolymers. Block copolymers offer the opportunity to tune
the mechanical properties of the system by connecting a block
engineered for its mechanical properties to a block engineered
for its semiconducting properties. Following the resurgence of

Figure 8.Mechanical properties of diketopyrrolopyrrole (DPP)-based conjugated polymer films measured by FOW relative to increasing fused ring
size. (a) Chemical structure of the DPP-based polymer and the fused thiophene rings added to the R position. (b) Stress−strain curves of DPP thin
films replotted from Zhang et al.91 (c) Ultimate tensile strength, (d) toughness, and (e) linear elasticity are shown relative to the number of fused
thiophene rings added to the polymer.
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interest in the mechanical properties of semiconducting
polymers, one of the earliest mechanical studies characterized
the behavior of P3HT-b-PE block copolymers using traditional
tensile tests (by Müller and co-workers in 2007), as shown in
Figure 9 below.26 Since then, similar synthetic techniques have
been applied toward D−A block copolymers. Figure 10 is a
comparison of the mechanical properties of interest relative to
the composition of a diketopyrrolopyrole and polycaprolactone
(PDPP-b-PCL) block copolymer by our laboratory.25 In both
systems, the nonconjugated unit has a much lower glass

transition temperature than its conjugated counterpart (PCL
Tg ∼ 60 °C,25 PE Tg ∼ − 80 °C).105

Figure 9 shows the effect of increasing the weight percentage
of polyethylene (PE) in a P3HT:PE block copolymer. In each
sample, the size of the P3HT block was kept approximately the
same (Xn of ∼77−112), while an increasing block length of
polyethylene was added. Increasing the size of the polyethylene
block results in an increase in tensile strength (Figure 9c),
toughness (Figure 9d), and linear elasticity (Figure 9e).
Despite the significant increase in insulator fraction, the block

Figure 9. Mechanical properties of bulk P3HT-b-PE copolymer samples measured using a pull test. (a) Chemical structure of the poly(3-
hexylthiophene) (P3HT) and polyethylene (PE) block copolymer. (b) Stress−strain curves of P3HT-b-PE samples relative to increasing wt % of
PE replotted from Muller et al. (c) Toughness, (d) tensile strength, and (e) linear elasticity tended to decrease relative to increased weight fraction
of PE.

Figure 10. Mechanical properties of PDPP-b-PCL copolymer films measured using a FOW tensile test. (a) Chemical structure of PDPP-b-PCL,
which is composed of a rigid semiconducting diketopyrrolopyrrole (DPP) segment attached to a stretchable, insulating polycaprolactone (PCL)
segment. The PDPP-b-PCL samples had relatively similar molecular weights (Mn = 19−22 kDa), and thus similar degrees of polymerization. (b)
Stress−strain curves of block copolymer films containing increasing wt % of PCL replotted from Sugiyama et al.25 (c) Tensile strength, (d)
toughness, and (e) linear elasticity all increase relative to increasing weight % of PCL.
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copolymers with the most favorable mechanical properties
retained or improved their electronic performance. This
transformation in mechanical properties of the block
copolymer can be attributed to the well-known deformability
of PE, which can be either waxy or tough depending on its
molecular weight and extent of branching (i.e., high- and low-
density PE). If one considers (admittedly simplistically) simply
the degree of polymerization with increase in the length of the
PE block, one finds that the Xn of the pure P3HT sample was
83, whereas the Xn of the pure PE sample was 3600. So, the
effect of this strategy was not only to introduce a block with
favorable mechanical properties per se but also to increase the
length of the chains dramatically (and also the density of
entanglements). Such an increase in length permitted these
P3HT-b-PE copolymers to achieve fracture strains that are
>200% of those of pure P3HT samples while also increasing
the strength (∼20 MPa).
Figure 10a shows the structure of a block copolymer

composed of a rigid conjugated polymer, PDPP2F-T (PDPP),
and an engineering polymer, poly(ε-caprolactone) (PCL). As
the weight percentage of PCL in the block copolymer
increased, the fracture strain increased significantly while
maintaining a similar elastic modulus and tensile strength
(Figure 10c), resulting in a significant increase in the
toughness (Figure 10d) and the linear elasticity (Figure
10e). The authors also showed that increasing the mass
fraction of PCL lowered the Tg of the entire block copolymer
from 133 °C for T-0 to 58 °C for T-50.98,106 Therefore, the
increase in fracture strain, toughness, and linear elasticity is
primarily explained by (1) an increase in operating temper-
ature relative to the Tg and (2) more characteristics of the PCL
block being imparted as the PCL fraction increases. In contrast

to the P3HT-b-PE study, the increase in PCL fraction resulted
in a proportional decrease in hole mobility. Yet remarkably,
when the thiophene highlighted in Figure 10a was replaced
with a thienothiophene, the charge-carrier mobility of the
block copolymer retained the electronic performance of the
pure PDPP block up to a fraction of 90 wt % PCL due to the
more favorable ordering of the PDPP segments.106

2.5. Effect of Conjugation-Break Spacers. As the results
of Müller showed for P3HT-b-PE, it is possible for a polymer
to retain favorable charge-transport properties despite a large
fraction of insulator. However, in those cases, the conjugated
units were uninterrupted. Mei and co-workers showed that
some donor−acceptor polymers could retain much of their
electronic performance while interrupting the rigid conjugated
backbones with flexible aliphatic linkers.107 In a collaboration
between our group and the Thompson group at USC, we have
found that the effects of these nonconjugated segments
(conjugation-break spacers, CBS) in a conjugated backbone
can be quite subtle.104,108 Shown below in Figure 11 is a
comparison of mechanical properties of modified P3HT-DPP
polymers relative to increasing CBS length and mass fraction.
These data examine two effects of conjugation-break spacers

that are incorporated into the design of the semiconducting
polymer backbone. The first is the effect of increasing the
length of the alkyl chain used as the CBS (Figure 11b), and the
second is the effect of increasing the mass fraction of the CBS
unit (Figure 11c). The most interesting result of this study is
that these substitutions have opposite effects on the
mechanical properties. In general, increasing the length of
the CBS decreases the ultimate tensile strength and toughness
and increases the linear elasticity (Figure 11d−f). In contrast,
increasing the fraction of CBS increases the tensile strength

Figure 11. Mechanical properties of modified P3HT-DPP polymers relative to conjugation-break spacer length and concentration. (a) Chemical
structure of the P3HT-DPP library used. Spacer fractions ranged from 10% to 40% with an equivalent fraction of DPP, while the spacer length
varied between hexane and decane. The molecular weights were relatively similar (Mn = 10−15 kDa). (b) Stress−strain curves of P3HT-DPP
polymers relative to spacer length and (c) spacer concentration replotted from Melenbrink et al.108 (d) Tensile strength and (e) toughness
decreased relative to increasing spacer length while the (f) linear elasticity increased. In contrast, the (g) tensile strength and (h) toughness
increased relative to increasing spacer fraction while the (i) linear elasticity decreased.
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and toughness while decreasing the linear elasticity (Figure
11g−i). The increase in tensile strength and toughness relative
to the CBS fraction is attributed to the DPP monomer fraction
increasing proportionally, as noted in Figure 11a. The
flexibility of the CBS regions imparts a moderately high strain
at failure, allowing for a tough film. However, despite the
addition of flexible break spacers, this entire library of polymers
is less tough than the library of DPP-T−T3 polymers (Figure
7d).

Two new libraries of polymers were synthesized by the
Thompson group to further explore the mechanical effects of
CBS monomers. Figure 12a shows the chemical structure of
the DPP-based conjugated polymer with a 2-decyltetradecyl-
DPP (dtdDPP) monomer unit (the only difference being the
side chain length). This library of P3HT-dtdDPP polymers
resembles those in Figure 11a in that the fraction of DPP is
equivalent to the fraction of CBS, and the trends shown
(Figure 12c−e) are consistent with those found with the

Figure 12. Mechanical properties of modified P3HT-dtdDPP polymers relative to conjugation-break spacer length and concentration. (a)
Chemical structure of the P3HT-dtdDPP library used. Spacer fractions ranged from 10% to 40% with an equivalent fraction of dtdDPP, while the
spacer length remained constant (n = 8, octane). (b) Stress−strain curves of P3HT-dtdDPP polymers relative to CBS and dtdDPP fraction
replotted from Melenbrink et al.109 (c) Tensile strength and (d) toughness increased relative to increasing CBS and dtdDPP fractions, whereas (e)
linear elasticity increased relative to spacer length and decreased relative to spacer fraction.

Figure 13. Mechanical properties of modified poly(naphthalene diimide) (PNDI)-based polymers (PNDI-Cx) relative to conjugation-break spacer
length. (a) Chemical structure of the PNDI-Cx library used. Alkyl chain spacers ranged from a spacer length of zero (PNDI-C0) to a spacer length
of seven (PNDI-C7). (b) Stress−strain curves of the PNDI-Cx polymers relative to break spacer length replotted from Galuska et al.79 The (c)
tensile strength, (d) toughness, and (e) linear elasticity for each system are shown.
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original P3HT-DPP library. The second library of polymers
(from which no clear trends can be drawn) is discussed in
detail in the Supporting Information (Figure S5). More
interestingly, polymers with longer spacer lengths demon-
strated improved electronic performance and no change in
average conjugation length.108 10% T-6-T, T-8-T, and T-10-T
polymers were measured to have hole mobilities of 2.90 ×
10−6, 2.08 × 10−5, and 2.53 × 10−4 cm2 V−1 s−1, respectively,
with each two-carbon increase in the spacer length
corresponding to a one magnitude increase in mobility. This
improved electronic performance can be attributed to the
increased conformational freedom (i.e., increasing the number
of sp3 bonds in the backbone) allowing polymer chains to pack
more favorably for charge transport.108 This suggests that
strategies exist to increase both mechanical and electronic
performance (thus, they are not necessarily antitheses of one
another) by optimizing the packing structure.
Additional work to (1) isolate how conjugation-break

spacers affect the rigidity of the backbone and (2) investigate
the effect of CBS units on an n-type polymer has also been
performed. This work is significant because active layers in
organic solar cells require both a p-type and n-type material for
charge generation and transport; thus, the optimization of
electronic and mechanical properties for both materials is
necessary. An active layer blended with semiconducting
materials of varying efficiencies of charge transport will be
limited by the least efficient material. Likewise, the mechanical
properties of the p- and n-type polymers must be
complementary to prevent device failure (e.g., elastic
mismatch110 or adhesive failure3,4,9 between two layers). A
collaboration between the Gu and Mei groups in 2020
investigated the mechanical properties of a poly(naphthalene
diimide) (PNDI)-based system incorporated with varying
lengths of alkyl chain break spacers (Figure 13).79

Longer conjugation-break spacers have additionally been
shown to increase fracture strain (Figure 13b) and decrease
tensile strength (Figure 13c) in PNDI polymers. The fracture
strains (and thus toughness) of the PNDI-Cx samples vary

greatly. We can attribute this deviation in mechanical behavior
primarily to differences in the degree of polymerization (which
varies from Xn = 153 for PNDI-C0 to Xn = 14 for PNDI-C5,
Figure 13a). From the data discussed in this Perspective, we
are able to make rudimentary comparisons between n-type and
p-type CBS polymers. In particular, we see that PNDI-C7
seems to have very similar mechanical properties to the
polymers in the P3HT-dtdDPP library (Figure 12a). However,
for the purposes of optimizing strength, PNDI-C0 has by far
the highest strength (and degree of polymerization) of all CBS
samples. In conjunction with the stress−strain analysis of
PNDI-C4 relative to molecular weight (Figure 4), the authors
were able to offer two insights to how backbone rigidity affects
mechanical properties. First, CBS can be used to substantially
lower the Tg of a polymer, allowing for mobile, viscoelastic
chains that are able to reorganize to accommodate more stress
(and thus reduces crack propagation near defect sites).79

Second, decreasing the rigidity of the backbone lowers the
critical entanglement molecular weight, MC, which allows for a
greater number of entanglements.79

2.6. Effect of Side Chain Structure. Much of this
Perspective has discussed chemical modifications to the
backbone structure of conjugated polymers, from which the
unique semiconducting properties arise. However, the aliphatic
side chains also play a crucial role in determining the
mechanical properties of semiconducting polymers. For
example, it is well understood that bulky side chains lower
the Tg of both a conventional and conjugated polymer.111,112

While early studies of the mechanical effects of alkyl side
chains focused on polythiophenes as a model polymer,111 the
recent emergence of D−A polymers has generated interest in
understanding how side chain engineering can be used to
improve their thermomechanical and electronic proper-
ties.53,55,113 For example, a paper published earlier by the Gu
group investigates how the mechanical properties of a
polydiketopyrrolopyrrole (PDPP)-based polymer changes
relative to side chain length (Figure 14).113

Figure 14. Mechanical properties of modified polydiketopyrrolopyrrole (PDPP)-based polymers relative to side chain length. (a) Chemical
structure of the PDPP library used. (b) Stress−strain curves of the PDPP polymers relative to side chain length replotted from Zhang et al.113 The
(c) tensile strength, (d) toughness, and (e) linear elasticity for each system are shown.
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Increasing the alkyl side chain length (and steric bulk) was
shown to result in a lowered elastic modulus (Figure 14b) and
tensile strength (Figure 14c) in PDPP polymers. Although the
fracture strain of the PDPP library remains approximately the
same (∼70% for C2C10C12 to ∼85% for C2C8C10), the
tensile strength decreases from ∼50 MPa to ∼10 MPa,
resulting in a >300% decrease in toughness. This is only the
second data set discussed in which we see changes in the
toughness primarily as a result of the tensile strength (the first
being a DPP-based library by Zhang et al. in Figure 7). In
addition, C2C12C14 shows the largest range of linear elasticity
of all polymer films studied in this Perspective, reaching >15%
(Figure 14e). In fact, this entire PDPP library achieves a better
fracture strain, strength, toughness, and linear elasticity than
their DPP-T−T3 relatives (Figure 7) as well as the P3HT-DPP
CBS polymers (Figure 11). The P3HT-dtdDPP polymers
(Figure 12) have a very similar side chain structure on the DPP
monomer and achieve greater fracture strains, but because the
tensile strength of the PDPP library (Figure 14c) is so much
greater, the toughnesses are similar (Figure 12d, Figure 14d).
What is striking is that this same trend appears due to opposite
effects (i.e., increasing fracture strain compared to increasing
tensile strength). The toughest P3HT-dtdDPP polymer is the
one with the highest fraction of CBS and DPP monomers
(hence the greatest fracture strain), while the toughest PDPP
polymer is C2C6C8 (due to the extremely high tensile
strength), which has the shortest side chain.
From this analysis, we see that side chains are not just a

necessity for increasing solubility but rather also an avenue for
tuning the thermomechanical properties. In the past couple of

years, published literature exploring side chain engineering
beyond simple alkyl chains has already started to emerge. For
example, Yao et al. have shown that side chains with hydrogen
bonding interactions have been shown to improve the
electronic properties of DPP polymers.55 Likewise, a
collaboration by the Gu and Rondeau-Gagne ́ groups has
started to explore how hydrogen bonding in amide-containing
side chains can modulate the mechanical properties (e.g.,
through energy dissipation).53 Such side chain engineering
strategies are (1) complementary to backbone engineering for
rational polymer design and (2) synergistic in that they benefit
both the development of stronger polymers as well as polymers
with higher fracture strains.

2.7. Effect of Bulk Heterojunction Composition. We
now return to our interest in organic solar cells for envisioned
applications requiring substantial resistance to mechanical
insult (e.g., car paint). The active layers of organic solar cells
typically require blending two materials together: one which
donates the electrons and transports the holes, and one which
transports the electrons. The most common type of this “bulk
heterojunction” (BHJ) has been a polymeric donor and
fullerene-based acceptor (e.g., [6,6]-phenyl-C71-butyric acid
methyl ester, PCBM).88 Kim and co-workers at KAIST used
FOW to measure the evolution in mechanical properties as a
function of loading fraction of PCBM, and also with or without
the presence of 1,8-diiodooctane (an additive used to control
film morphology; Figure 15).
PCBM (as a neat film) is a van der Waals solid with a high

cohesive energy and a very high modulus relative to other small
molecules commonly used in organic electronics.115 It

Figure 15. Mechanical properties of polymer−fullerene thin films with varying fractions of fullerene. Likewise, the mechanical properties are
examined when 1,8-diiodooctane is added as a plasticizer used to induce finer morphology. (a) Chemical structures of PTB7 (the polymer electron
donor), PC71BM (the fullerene electron acceptor), and 1,8-diiodooctane (DIO). (b) Stress strain curves of PTB7:PC71BM with increasing
concentrations of PC71BM and (c) with DIO added replotted from Kim et al.114 (d) Tensile strength remains relatively similar for increasing
concentrations of PC71BM, but films with DIO added tend to have greater tensile strengths than their counterparts. (e) Toughness decreases
relative to increasing PC71BM concentration for both films with and without DIO added. (f) Linear elasticity, in general, decreases relative to
increasing PC71BM concentration for films with and without DIO added.
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functions as an antiplasticizer when added to polymer active
layers and embrittles them (Figure 15b,c).116 This increased
brittleness occurs due to the fullerenes acting as defects within
the polymer matrix, which creates sites for cavitation
formation.6,117 Bulk heterojunctions treated with DIO follow
the same trends, generally making the effects of PCBM more
pronounced. Although the embrittling effects of PCBM reduce
the fracture strain and the toughness under all conditions
tested, in the presence of DIO, it possibly increases the
strength by a non-negligible amount for ratios of PCBM ≥ 1.
The toughnesses of the samples with DIO added were lower
than their counterparts with no additives. The toughness was
driven primarily by the fracture strain. AFM images of DIO
and non-DIO samples suggest that the addition of DIO results
in a more even distribution of PCBM throughout the active
layer (due to its selective solubility for PCBM).118−120 Finer
domains of PCBM in a matrix of PTB7 possibly results in a
greater propensity for fracture (fractures are easily formed at
interfacial regions in the bulk heterojunction).114 So, for
applications requiring strength and toughness, the dispersion
of the fullerene in the donor needed for efficient charge
generation must be balanced with its considerable effects on
the mechanical properties.
In contrast to polymer−fullerene blends, all-polymer active

layers offer several advantages. For example, conjugated
polymers generally (1) have higher absorption coefficients
for visible wavelengths and (2) can be tuned more efficiently in
order to achieve an optimized bandgap for a given device.121

Polymers can also be optimized more easily for mechanical
properties.122 However, few mechanical studies have been
conducted on all-polymer solar cells in which some molecular
structure has been varied systematically. Nevertheless, stark
differences in deformability between polymer−polymer and
polymer−fullerene systems have been highlighted in recent
work. Figure 16 compares the mechanical properties of two
similar D−A polymer−polymer blends from two different

studies123,124 to results obtained for a polymer−fullerene
blend.
Although it is difficult to compare mechanical data across

different studies, both PBDTTTPD and PTB7-Th share a
common bis(thienyl)benzodithiophene backbone and were
synthesized to be of similar molecular weight (Mn ∼ 22−23
kDa). Their monomer structures are slightly different, but their
degrees of polymerization are very similar (Xn ∼ 25). The
PTB7-Th:PC71BM blend showed the highest tensile strength
(Figure 16c); this is likely due to the mechanical properties of
the PC71BM being imparted onto the polymer blend as
discussed above. However, this brittleness resulted in an
extremely low toughness (Figure 16d) and linear elasticity
(Figure 16e). Although the two all-polymer films have lower
tensile strengths, both exhibited a higher toughness and linear
elasticity. Of the two all-polymer samples, the PTB7-Th blend
had a higher tensile strength and toughness, while the
PBDTTTPD blend had a slightly higher linear elasticity.
This comparison of the two all-polymer blends is simplified by
the similarities between the donor polymers, particularly in
chemical structure, degree of polymerization, and glass
transition temperature (PBDTTTPD Tg ∼ 135 °C,125 PTB7-
Th Tg ∼ 130 °C).126 It is worth noting that the degrees of
polymerization for the acceptor polymer differed slightly, with
the P(NDI2HD-T) Xn ∼ 58 for the PBDTTTPD blend and
the Xn ∼ 46 for the PTB7-Th blend.123,124 However, this
rudimentary comparison of the two polymers suggests that
PTB7-Th clearly has better mechanical properties in a bulk
heterojunction. Likewise, this again highlights the importance
of conducting systematic studies of blended polymer systems
as opposed to just single-polymer systems.

3. CONCLUSIONS

This Perspective takes the position that quantities such as
strength, toughness, and elastic range are more important than
quantities reflective of the ease of deformation: e.g., low
modulus and high “stretchability.” Our analysis reinforces the

Figure 16. Mechanical properties of donor−acceptor thin film bulk heterojunctions. (a) Chemical structures of PBDTTTPD and PTB7-Th
(electron donors), as well as PC71BM and P(NDI2HD-T) (electron acceptors). (b) Stress strain curves of bulk heterojunction thin films replotted
from Kim123 and Kim124 and their co-workers. The (c) tensile strength, (d) toughness, and (e) linear elasticity for each system are shown.
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importance of side chains and main-chain rigidity in
determining the mechanical robustness. Copolymerization
strategies have shown ways in which favorable mechanical
properties can coexist with retention of charge-carrier mobility
and, in some casesand perhaps inadvertentlylead to an
increase in strength. For solar cells, our analysis highlights the
importance of dispersion of fullerene units in polymer−
fullerene blends in determining the mechanical properties. It
also highlights the promise of all-polymer blends for
applications for requiring strength and resistance to abrasion.
However, in none of the cases we examined were the structures
of the polymers designed with the optimization of strength or
elastic range as the primary goal. The most significant
molecular effects on tensile strength and fracture strain are
summarized in Figure 17 below.

Thus, the strength and resilience of the state of the art in
conjugated polymers is really quite poor (green oval, Figure
18). In order to enable a greater range of applications and
capture more valueperhaps in the form of sunlight that
strikes surfaces already transformed by humansthe develop-
ment of conjugated polymers needs to proceed in a different
direction. Research activities currently concerned with
“stretchability” should shift their focus to robustness. In

other words, be somewhat less concerned about the x-axis of
the stress−strain curve and more concerned about the y-axis.
Such a shift would be aided by the fact that seeming
misalignment between the properties needed for stretchability
and those needed for charge transport no longer apply. In fact,
high density, strong intermolecular forces, crystalline and
glassy microstructuresanathema to softness and stretch-
abilityare precisely the qualities needed for strength and
abrasion resistance, i.e., hardness. Synthetic approaches that
include cross-linking,50−52,99 removable side chains,127−129

interdigitation of side chains,130−132 the optimization of
intermolecular forces within polymer blends (e.g., hydrogen
bonding),53−55,133,134 andof coursemolecular weights that
are as high as possible without sacrificing solubility, are likely
to produce new insights.
The toughness in particular will benefit greatly from

improvements to the stress axis while maintaining the progress
our community has made in the strain axis. We envision many
strategies for increasing the toughness as involving material
composites. For example, the incorporation of engineering
polymers or elastomers in conjugated systems,135−139 doping
conjugated polymers with additives to maintain good charge
transport in insulating matrices,27,140 or the embedding of
semicrystalline polymers in disordered matrices to create low
crystalline systems with favorable electronic properties.24 A
deeper understanding of how molecular structure affects the
elastic behavior of semiconducting polymers will also give
insight into improving the elastic range, as right now
calculations of the elastic limit must assume purely Hookean
behavior. Such knowledge is gathered by expanding the
analysis done by our community to other mechanical tests
(e.g., compressive nanoindentation56,141) more familiar to the
conventional polymer industry. Currently, we are ∼1
magnitude away from achieving mechanical properties
necessary for applications that require high strengths and
elastic deformability. However, what can be achieved now in
terms of softness and stretchability in conjugated polymers
seemed unimaginable a decade ago, and thus there is little
doubt that the community is up to the challenge.
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