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ABSTRACT: Advantages of semiconducting small molecules—as op-
posed to semiconducting polymers—include synthetic simplicity, mono-
dispersity, low cost, and ease of purification. One purported disadvantage of
small-molecule films is reduced mechanical robustness. This paper
measures the tensile modulus and crack-onset strain for pure films of the
high-performance solution-processable small-molecule donors 7,7’-[4,4-
bis(2-ethylhexyl)-4H-silolo[ 3,2-b:4,5-b’] dithiophene-2,6-diyl] bis[ 6-fluoro-
4-(5’-hexyl-[2,2'-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole] (DTS-
(FBTTh,),), 2,5-di(2-ethylhexyl)-3,6-bis(5”-n-hexyl-[2,27,5',2"]-
terthiophen-S-yl)-pyrrolo[3,4-c]pyrrole-1,4-dione (SMDPPEH), and 6,13-
bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene), the acceptor S,5'-
(2,1,3-benzothiadiazole-4,7-diyldi-2,1-ethenediyl )bis[ 2-hexyl-1H-isoindole-
1,3(2H)-dione] (HPI-BT), blends of DTS(FBTTh,), and SMDPPEH with
[6,6]-phenyl C,; butyric acid methyl ester (PC,;BM) and with HPI-BT, and bulk heterojunction films processed with the
additives 1,8-diiodooctane (DIO) and polystyrene (PS). The most deformable films of solution-processed organic
semiconductors are found to exhibit tensile moduli and crack-onset strains comparable to those measured for conjugated
polymers. For example, the tensile modulus of as-cast DTS(FBTTh,), is 0.68 GPa (i.e,, comparable to poly(3-hexylthiophene)
(P3HT), the common polymer), while it exhibits no cracks when stretched on an elastomeric substrate to strains of 14%. While
this high degree of stretchability is lost upon the addition of PC,BM (4.2 GPa, 1.42%), it can be partially recovered using
processing additives. Tensile modulus and crack-onset strain are highly correlated, which is typical of van der Waals solids.
Increased surface roughness was correlated to increased modulus and brittleness within films of similar composition. Decreased
stiffness for soluble molecular semiconductors can be rationalized by the presence of alkyl side chains, which decrease the van der
Waals attraction between molecules in the crystalline grains. These measurements and observations could have important
consequences for the stability of devices based on molecular semiconductors, especially those destined for stretchable or
ultraflexible applications, or those demanding mechanical robustness during roll-to-roll fabrication or use in the outdoor
environment.
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B INTRODUCTION

strength and toughness, which are characteristic of polymeric

Organic semiconductors fall into two categories: polymers and
small molecules. While both classes of materials have achieved
similar levels of performance in thin-film transistors (ie.,
charge-carrier mobility) and solar cells (ie., efficiency), each
class of material has its own set of advantages and
disadvantages.' For example, polymers can be easier to coat
from solution than are small molecules.” Small molecules,
however, are by definition monodisperse and thus less subject
to batch-to-batch variability.” One advantage typically posited
for polymers is superior mechanical resilience compared to that
of small molecules, because small molecules are van der Waals
solids that do not have entanglements and thus increased
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materials.” It is thus granted that the total energy that can be
absorbed by conjugated polymers in either the elastic or plastic
regimes of deformation—as manifested in the resilience, tensile
strength, and toughness—will almost certainly surpass that of
small-molecule semiconductors. The ability to store or dissipate
significant mechanical energy, however, may be irrelevant in an
encapsulated module, where the resistance to deformation is
provided by the substrate. Thus, low tensile modulus (to reduce
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Figure 1. Chemical structures of the small molecules whose mechanical properties were measured in this work. Mechanical properties of
DTS(FBTTh,),, SMDPPEH, TIPS-pentacene, and HPI-BT were measured for the first time, while those of PC,;BM were first reported in ref S.

interfacial stresses upon bending or tensile deformations) and
high strains at which the first cracks appear may be the most
relevant predictors of the lifetime of organic electronic devices,
at least for bending and stretching deformations. Despite the
importance of mechanical properties in determining the
lifetime and range of application of flexible (or even
stretchable) organic electronic devices, tensile modulus and
crack-onset strain have never been reported for solution-
processed small-molecule semiconductors. This paper reports
these quantities for the first time for four of the five materials
(PC,;BM has been reported previously)’—three electron
donors and one acceptor (Figure 1)—which are promising
for thin-film transistors when used alone, or for solar cells when
mixed with PC,;BM or other acceptors.

Devices based on organic semiconductors—e.g., solar cells,
thin-film transistors, light-emitting devices, and RFID tags—
have the potential to be fabricated by gravure, screen, slot-die,
and inkjet printing in roll-to-roll modalities, and thus may have
advantages to traditional devices based on silicon for
applications demanding low-cost.” These low-cost (and some-
times short-lived) devices for which organic materials are
regarded as the ideal solutions (e.g,, for portable and disposable
applications) are often made on flexible foils and must survive
mechanical forces during both fabrication and use.” Despite
mechanically demanding form factors for thin-film organic
electronic devices, the electronic properties of such devices are
nearly always optimized on glass or silicon substrates, and thus
the mechanical properties that will affect the lifetime in the real
world are not known and seldom tested. The absence of
mechanical information on these compounds is salient because
the cohesive fracture energies of these materials, generally
within the range of 1—10 J m™>, are a few orders of magnitude

smaller than those of conventional semiconductors and
engineering plastics.” While the deformability of one class of
solution-processed organic semiconductor—conjugated poly-
mers—is generally regarded as favorable, our work and that of
others has revealed that these materials occupy a wide range of
mechanical behavior that depends crucially on molecular and
solid-state packing structure.”~'” In contrast, the deformability
of small-molecule semiconductors is generally purported to be
unfavorable.

We reasoned that the payoff, in the event that our
experiments were to reveal unexpectedly high deformability
in small-molecule films, would be significant. At the outset,
however, we had reason to doubt such a favorable outcome, as
pentacene—albeit without an alkyl chain—was found by Tahk
and co-workers to have a tensile modulus of 16 GPa (an order
of magnitude stiffer than P3HT) and crack at compressive
strains (probably significantly) less than 4% on elastomeric
substrates (tensile strains were not tested, but it is expected to
fracture at small strains)."* Moreover, our laboratory previously
found that films of PC¢;BM and PC,;BM crack at <0.5% tensile
strains on elastomeric substrates.” Unsubstituted small
molecules deposited by vacuum deposition (e.g, pentacene)
and those containing a low fraction of aliphatic carbon atoms
compared to 7-conjugated atoms (e.g, methanofullerenes),
however, are not representative of state-of-the-art soluble small-
molecule semiconductors, which contain relatively long or
branched alkyl chains."’

Mechanical Properties of van der Waals Solids. In
considering the mechanical properties of small-molecule
organic semiconductors, it is worth considering the mechanical
response of polymeric semiconductors, about which more is
known. For a semicrystalline conjugated polymer, tensile
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deformation in the elastic regime is accommodated principally
by straightening of the chains in the amorphous domains; the
loss in entropy produces a restoring force. To the extent that
the crystalline domains deform elastically, strain energy is
stored in the van der Waals bonds being shifted from
equilibrium; compressive strains are resisted by steric repulsive
forces and tensile strains are resisted by attractive van der Waals
forces between the molecules in the solids. For conjugated
polymers, structures that form highly crystalline micro-
structures due to fused rings in the backbone, interdigitation
of the side chains, or both, exhibit increased stiffness.'®'” When
the semicrystalline polymer plastically deforms—i.e., when the
yield point is surpassed—the strain energy is absorbed by
crystallization of aligned chains in the amorphous domains,
rearrangement of the van der Waals bonds in the crystalline
domains, and the formation of crystallites that are partially
aligned along the stretched axis, and which exhibit birefrin-
gence.'® Finally, decohesion and fracture occurs by pullout of
chains and by scission of covalent bonds.”

For small-molecule semiconductors, most of the modes by
which strain energy is stored or absorbed that are characteristic
of polymers are absent. Solution-processed small-molecule
semiconductors can be glassy, polycrystalline, or semicrystal-
line, and thermal annealing tends to increase the average size of
the crystallites if the molecules can crystallize."” In the case of
glassy semiconductors such as di(4-methylphenyl)methano-Cg,
bis-adduct (DMPCBA), the film remains amorphous upon
deposition and (up to 20 h) after thermal annealing.”® The
glassy nature and thermal stability of this material is a result of
its chemical structure which sterically prevents the Cq, cores
from close packing, rendering it soluble but amorphous in the
solid state.”® Thus, the energy of elastic deformation is stored
solely by perturbation of the molecules in the glass, and the
elastic modulus is determined by the strength of the van der
Waals bonds. The strength of these bonds is lowered by the
presence of side chains (which push the polarizable cores of the
molecules farther from each other) and branching in the side
chains. The sizes of core structures that have similar rigidities
have a relatively small stiffening effect on the solid material, as
solid anthracene is only slightly stiffer than naphthalene (8.4 vs
8.1 GPa).”' The presence of a flexible group in the core reduces
the stiffness, however, as the modulus of solid diphenylethane is
6.3 GPa.*' Possible mechanisms of plastic deformation include
deformation of the crystallites that retain the same lattice
structure, or hypothetically by the formation of strained
crystalline polymorphs.*”

B EXPERIMENTAL DESIGN

Selection of Materials. The overall goal of this study was
to correlate the chemical structures of small molecules to their
thin film mechanical properties and to elucidate the necessary
features for mechanical deformability. To this end, we
measured the properties of four different molecular semi-
conductors: DTS(FBTTh,),, SMDPPEH, and TIPS-pentacene
(donors), and HPI-BT (an acceptor), whose structures are
shown in Figure 1. To measure the properties of films relevant
to organic solar cells, we also measured the mechanical
properties of DTS(FBTTh,), and SMDPPEH in bulk
heterojunctions with HPI-BT, and with the standard electron
acceptor, PC,;BM. DTS(FBTTh,), is an example of a high-
performance organic semiconductor that has achieved power
conversion efficiency (PCE) of up to 7%, when mixed with
PC,,BM and 0.4% DIO in the active layer.”” This performance
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exceeds that of the highest performing solar cells comprising
active layers of P3HT and PC4BM. TIPS-pentacene was
selected because the mechanical properties of the core
structure, pentacene, were measured by Tahk et al,'* and
thus this material provides a comparison between an
unsubstituted core structure, and a structure bearing side
chains. DTS(FBTTh,), is a high-performance donor for
organic solar cells.”> The crystal structure of DTS(FBTTh,),
is triclinic with two molecules assigned to a unit cell, and
exhibits alkyl stacking, hexyl stacking, and 7—z overlap.” Upon
thermal annealing, crystallites in the as-cast film grow into large
fibrils and form highly ordered regions that exhibit lamellar
stacking. SMDPPEH was selected for its relatively simple
chemical structure, and the ubiquity of the DPP group as an
electron-deficient unit in low-bandgap molecular and polymeric
semiconductors. SMDPPEH has achieved PCE values of up to
3% with PC,,BM as the acceptor.”* PC,,BM is the standard
acceptor in high-performance organic solar cells. We have
measured its modulus and crack-onset strain in a previous
publication and found that “technical grades” of PC,;BM —
which comprise a mixture of incompletely separated but
otherwise pure derivatives of Cyy and C, in which >90% of the
blend is PC,;BM —are more elastic and ductile than pure films
of either PCyBM or PC,BM.> Moreover, compared to
PC¢,BM, PC;BM has the greater deformability, most likely
because of its existence as a mixture of isomers and therefore
decreased tendency to form well packed structures in the solid
state.’ Because of the high cost and production energy of
fullerene derivatives,” the community has been seeking
nonfullerene electron acceptors.”® One such example is HPI-
BT, whose mechanical properties we also tested in this work.

Selection of Processing Additives. Processing additives
are ubiquitous in high-performance organic solar cells.”” For
example, the presence of 1,8-diiodooctane (DIO) significantly
increases the PCE of cells based on DTS(FBTTh,),:PC,;BM
bulk heterojunctions: from 5.8% to 7.1% when mixed with a
solution containing 0.4% DIO by volume.” Another class of
additives is polymeric. For example, high molecular weight
polystyrene (PS) has been shown to increase PCE values
further, from 7.1% to 8.2% by adding 2.5 wt % (M, = 20
MDa).” Addition of PS improves wetting, increases thickness
and absorbance, and leads to a morphology consisting of large
interpenetrated fibrils, as seen in bright-field TEM images.” We
hypothesized that both DIO and PS (M, = 900 kDa and 20
MDa) might increase the mechanical compliance and ductility
of devices based on small-molecule semiconductors, in
particular DTS(FBTTh,),:PC;;BM bulk heterojunction films.

Mechanical Characterization: Tensile Modulus. The
tensile modulus of a solid is the slope of a plot of stress vs strain
in the elastic (linear, low-strain) regime of deformation. It
describes the ability of a solid to store potential energy due to a
load, or its tendency to resist elastic deformation. It is one of
the many manifestations of the strength of the intermolecular
forces in a van der Waals solid. We measured the tensile
modulus using the well-known buckling-based metrology (ie.,
surface wrinkling).”® This method is a well-established
quantitative and rapid method of analyzing the mechanical
properties of thin film systems such as organic semiconductors,
polymer brushes, and nanoscale structured materials whose
mechanical properties can be otherwise difficult to measure.”®
Measurements produced from this method agree well with
those obtained from traditional pull testing—when sufficient
quantities of the material are available for conventional
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measurements—and dynamic mechanical analysis.”” We
suggest that the low tensile modulus is possibly desirable for
mechanically robust thin films because it reduces interfacial
stresses with load-bearing substrates and encapsulants. More-
over, for semiconducting polymers with relatively low
molecular weight tested in the literature so far, low tensile
modulus is often correlated with high ductility (crack-onset
strain).’

Mechanical Characterization: Crack-Onset Strain. The
crack-onset strain of a thin film on an elastic substrate is an
indirect measurement of the strain at fracture, which is—Ilike
the buckling technique for measuring the tensile modulus—
useful if not enough material is available for conventional
tensile testing. The method is indirect because it is dependent
on the adhesion between the film and the substrate (poor
adhesion localizes strain to thin areas and defects in the film,
and thus leads to increased effective brittleness).”” Never-
theless, it is a useful metric for comparison between similar
materials of their respective abilities to accommodate strain
without fracture. Two different methods of determining the
crack-onset strain were employed: stretch tests (high-strain
regime, Figure 2a) and bending tests (low-strain regime, Figure

a b Strain

Linear Actuator

Figure 2. Schematic diagram of the two methods of determining
crack-onset strain. (a) Stretch test (high-strain regime). (b) Bending
test (low-strain regime).

2b). Stretch tests were employed as a quick and effective means
of determining the crack-onset of films that can be strained
>5% (high-strain regime). The strain (¢) induced in the stretch
test was calculated using AL/L, where L, is the original length,
and AL is the change in length. We used bending tests to access
lower strains of especially brittle materials, for which stretch
tests could not resolve the crack-onset strain.”® The bending
test offers precise control over the applied strain, either by
varying the thickness t or the radius of curvature R, € = t/R, and
could be used to access strains of 0.5% to 15%, but was most
useful for materials that fractured at small strains, 0.5% to 2%.

B RESULTS AND DISCUSSION

General Observations. Values of tensile modulus (top
row, blue) and crack-onset strain (bottom row, red) are shown
in Figure 3. The strong correlation between these quantities is
shown in Figure 4. Five key observations can be made. (I) The
nonfullerene small-molecules DTS(FBTTh,),, SMDPPEH,
TIPS-pentacene, and HPI-BT are substantially more compliant
(modulus <1.5 GPa) and stretchable (crack-onset strain >5%)
compared to the modulus and brittleness measured previously
for other small molecular semiconductors, including meth-
anofullerenes® or unsubstituted pentacene.'* In particular,
DTS(FBTTh,), had the lowest tensile modulus of the pure
small-molecule films (0.79 GPa) and could absorb the greatest

strain before failure, up to 14%. (II) The bulk heterojunction
films comprising DTS(FBTTh,), or SMDPPEH and PC,;BM
were significantly stiffer and more brittle than pure films of the
small molecular donors. This observation is consistent with the
stiffening effect of methanofullerenes on conjugated polymers
in general: for poly(3-alkylthiophene)s (P3ATs), PCyBM
behaves as an antiplasticizer.””' (III) Annealing bulk
heterojunction films of DTS(FBTTh,),:PC,;BM increases the
tensile modulus from 4.2 to 17.6 GPa and decreases the crack-
onset strain from 1.4% to 1.1%. (IV) The effect of the additives
DIO and PS on bulk heterojunction films of DTS-
(FBTTh,),:PC,;BM is to decrease the tensile modulus and
increase the crack-onset strain. (V) Bulk heterojunction films of
the two molecular donors with the acceptor HPI-BT are
significantly more deformable than the same donors mixed with
PC,BM. Observations I—V will be examined in detail below.

I. Softening Effect of Side Chains. The effect of side chains
on comb-like polymers is, in general, to reduce the glass
transition temperature, modulus, brittleness, and tensile
strength.”” This effect is well-known in P3ATs, (semiconduct-
ing polymers for which the rationale for the softening effect of
side chains in polymers is that side chains reduce the density of
load-bearing covalent bonds along the strained axis and reduce
the density of noncovalent interactions between main chains).”’
To find the glass transition temperature, T of the small
molecules under study, we conducted differential scanning
calorimetry (DSC) measurements, however, no clear T, was
observed in any of the materials (Figure S2 of the Supporting
Information, SI). The lack of an observable T, from DSC
thermograms of similar materials has been reported by others
and complementary measurements such as modulated-temper-
ature DSC (MTDSC) are usually required to observe the glass
transition.”” To elucidate the affect of side chains in small-
molecule semiconductors, we compared the tensile modulus of
TIPS-pentacene, 2.95 + 0.36 GPa, to the modulus of
unsubstituted pentacene films measured by Tahk et al. using
the buckling technique, 16.09 + 2.83 GPa.'* The softening
effect of side chains was investigated in molecular monolayers
by Cun et al. in a study of N,N’-dihexadecyl-quinacridone
(QA16C). This molecule possesses two alkyl side chains that
are each 16 carbon atoms long but has a core that is isosteric
with pentacene.”® The authors used both STM measurements
and density functional theory (DFT) calculations, which
predicted a tensile modulus of 0.92 + 0.08 GPa.”* The analysis
of the authors suggested that the origin of the elastic properties
of QA16C arose due to conformational changes in the side
chains under mechanical strain.**

Il. Stiffening and Embrittling Effect of PC,,BM. Similar to
its effect on the mechanical properties of conjugated polymers,
PC, BM was observed to stiffen and embrittle bulk
heterojunction films in which the donor is a small molecule
(Figure 3c and d). For example, the tensile modulus of
DTS(FBTTh,), was increased by a factor of S in the bulk
heterojunction, and its crack-onset strain was decreased by a
factor of 10. For P3AT:methanofullerene bulk heterojunction
films comprising a crystalline P3AT phase, a fullerene-rich
phase, and an amorphous mixed phase, the fullerene increased
the glass transition temperature of the mixed phase.” Moreover,
the mechanical properties of the fullerene-rich phase were thus
dominated by the properties of the fullerene, which was stiff
and brittle.® For small-molecule:fullerene bulk heterojunction
films, we postulate similar effects. The microstructure of as-cast
SMDPPEH:PC,;BM does not exhibit large phase separation,
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but consists of fiberlike structures, SMDPPEH rich domains,
and oval-shaped features attributed to PC,;BM-rich domains.”*
Morphological features in the films were differentiated by
decreasing the donor to acceptor ratio and observing that the
oval features grew in size with increasing PC, BM concen-
tration.”* A structural analog, DPP(TBFu),—in which the
terminal alkylated bithiophene units of SMDPPEH are replaced
with benzofuran units—has also been reported. DPP-
(TBFu),:PC;;BM is well mixed and amorphous when as cast
with no thermal treatment. Upon annealing, DPP(TBFu),
nuclei were found to grow and expel PC, BM; separation of
phases was found to create a DPP(TBFu), rich phase
consisting mainly of crystallites, along with a PC, BM-rich
phase.”

Hll. Increased Stiffness and Brittleness by Thermal
Annealing. Thermal annealing had a profound increase on
the modulus of DTS(FBTTh,),:PC,;BM films, blended in a
weight ratio of 3:2, (from 4.2 to 17.6 GPa) and increase in
brittleness (crack-onset strain from 1.42% as-cast to 1.14%

annealed). We chose this system for thermal annealing because
this treatment was included in the procedure that produced the
best solar cells from these materials,®® but in all polymers,
small-molecules, and bulk heterojunction films we have ever
measured, we have never observed an organic semiconductor
film to soften when thermally annealed.’® The stiffening effect
can be correlated to microstructural features observed
previously: when mixed with PC,BM, the as-cast DTS-
(FBTTh,),:PC,;BM bulk heterojunction film was found to
be largely well mixed and amorphous.” As the film is annealed,
DTS(FBTTh,), crystallizes into wire-like structures and
PC,BM-rich domains.” A similar stiffening effect has been
observed in polymeric systems after thermal annealing, for
example PBTTT.'” O’Connor et al. measured the tensile
modulus of as-cast and annealed PBTTT thin films and
reported moduli of 0.88 + 024 and 1.8 + 035 GPa,
respectively, an order of magnitude stiffer.'” They attributed
the large increase in modulus to changes in microstructural
features: an increase in overall crystallinity and an increase in
the size of the crystallites.'”

IV. Effect of Additives. Processing additives offer a means of
improving device functionality without the need for extra
processing steps, such as thermal or solvent annealing.”” Their
function can vary, but under favorable circumstances, they help
to achieve a solid-state microstructure that augments charge
separation compared to an unmodified bulk heterojunction
film.*” In a previous paper, we reported a plasticizing effect of
both DIO and low-molecular-weigth PDMS on P3HT:PC4 BM
bulk heterojunction films.” A similar plasticizing effect of both
DIO and polystyrene of 900 kDa and 20 MDa molecular
weight on the mechanical properties of DTS-
(FBTTh,;),:PC;;BM is shown in Figure 3e and f. The
microstructure of DTS(FBTTh,),:PC,;BM:DIO has been
found to have more phase separation compared with
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additives, after thermal annealing. (d) Small-molecule bulk heterojunction thin films mixed with HPI-BT.

DTS(FBTTh,),:PC,BM and also exhibits larger grains.38
When PS was added to the bulk heterojunction, the
microstructure of DTS(FBTTh,),:PC,,BM:DIO:PS evolved
into one with long DTS(FBTTh2)2 fibrils, well-mixed domains,
and PS-rich domains.*® The DTS(FBTTh,), fibrils crossed PS-
rich domains that were well disperesed throughout the film. It
may be possible that the PS-rich domains serve to
accommodate strain when the film is under tension, which
would be consistent with the observed increase in crack-onset,
from 1.58% to 4.67%, with the addition of PS. All of these
additives produced significant reductions in the tensile modulus
and increase in the crack-onset strain. Given that these additives
can also increase the PCE of organic solar cells, it seems that
the use of additives might be one approach to achieving the
“best of both worlds” of electronic performance and mechanical
deformability.

V. Mechanical Properties of Bulk Heterojunctions with
HPI-BT as the Acceptor. Given the well-known stiffening effect
of fullerenes on bulk heterojunctions comprising either a
conjugated polymer or small molecule as the donor, a substitute
for the fullerene with greater deformability would be beneficial.
We observed that the small-molecule HPI-BT was a factor of §
more compliant than PC, BM, and also a factor of 5 more
ductile (Figure 3a and b). Moreover, bulk heterojunctions
comprising DTS(FBTTh,),:HPI-BT and SMDPPEH:HPI-BT
were both significantly more deformable than bulk hetero-
junctions in which the acceptor was PC,;BM (Figure 3c and d).
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Since the bulk heterojunction consisted of only nonfullerene
small molecules and exhibited a relatively large degree of
stretchability, we fabricated organic solar cells comprising only
stretchable components, including an anode containing highly
plasticized poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) and a cathode of liquid
eutectic gallium indium, although the efficiencies were very low
for this pair of materials (Figure S1).

Mode of Fracture. The way in which organic thin films
fracture under strain has important technological consequences.
For ductile fracture, in which cracks open but do not span the
entire width of the film perpendicular to the strained axis, it
should still be possible to use these materials in devices
requiring lateral charge transport (i.e., thin-film transistors). For
materials exhibiting brittle fracture, in which cracks easily
propagate across the entire dimension perpendicular to the
strained axis, devices with lateral charge transport will likely be
inoperable. The type of fracture observed was qualitatively
related to the crack-onset strain (Figure S). That is, materials
with small crack-onset strains exhibited brittle fracture.

Correlation of Surface Morphology with Mechanical
Properties. For small-molecule films, we found that the
surface roughness was a strong predictor of the stiffness within
films of the same composition, but not between films of
different compositions (Figure 6). For example, in the case of
DTS(FBTTh,),, pure films are rough (RMS roughness 3.53
nm) compared with SMDPPEH (0.62 nm), but DTS-
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(FBTTh,), exhibits a lower modulus. Thermal annealing of
DTS(FBTTh,), doubled the RMS roughness to 6.92 nm; this
increase was consistent with the growth of crystals in the film.
However, addition of PC,;BM produced a smoother film (RMS
roughness of 0.55 nm), but the modulus increased substantially,
as PC;;BM may interrupt some of the ordering seen in the pure
film. Upon thermal annealing, the RMS roughness doubled to
1.04 nm; this increase in roughness was accompanied by a large
increase in tensile modulus from 4.22 to 17.59 GPa. Our results
were consistent with those observed in P3ATs, which exhibited
an increase in surface roughness that correlated to an increase
in tensile moduli as the alkyl side chains became shorter.”” This
trend was attributed to an increased degree of crystallinity
within films containing shorter alkyl chains for P3ATs, and thus
increased tensile modulus.”’

Mechanism of Strain Accommodation in Small-
Molecule Films. As we hypothesized, alkyl-substituted,
solution-processable small molecules indeed possess greater
deformability than unsubstituted 7-conjugated small molecules
(e.g., acenes). Alkyl solubilizing groups separate the conjugated
core units from each other, and thus reduce the van der Waals
cohesive energy. Accordingly, the interplanar distance in
SMDPPEH was found to be 1.47 nm by grazing-incidence X-
ray diffraction."” In contrast, the spacing in DTS(FBTTh,), was
2.2 nm in the (001) direction, which describes the stacking of
ethylhexyl side chains of the dithienosilole unit spaced between
conjugated backbones, and 1.6 nm in the (011) plane which
corresponds to the end-capped hexyl stacking.” In either
direction, the spacing in SMDPPEH was found to be smaller
than in DTS(FBTTh,), suggesting stronger intermolecular
forces and possibly higher tensile modulus (although the
mechanical trends were uncorrelated to melting transitions
observed by DSC, Figure S2). The crack-onset strains of
DTS(FBTTh,), and SMDPPEH in particular were greater than
or approximately equal to 10%. This high degree of
stretchability could be accommodated by plastic deformation
of the crystalline grains themselves, though ultraviolet—visible
spectroscopy (Figure S3) revealed only minor differences in
absorption between pristine films and those stretched to 10%,
and thus did not indicate significant evolution in the
microstructure, except for a broadening and red-shifted onset
of the absorption for SMDPPEH. Molecular modeling and in
situ X-ray diffraction during the process of deformation could
yield insights regarding the mechanism of plastic deformation
in these and similar materials.

B CONCLUSIONS

Our examination of the mechanical properties of high-
performance organic semiconductors revealed unexpected
deformability—low tensile modulus and high crack-onset
strain—of solution-processable small molecules. These findings
suggest that devices employing pure films of organic semi-
conductors, e.g., for thin-film transistors, could be subjected to
significant deformations without mechanical failure. For solar
cells, in which the donors must be mixed with an electron
acceptor such as the methanofullerene PC,;BM, the composite
films exhibited significant stiffness and brittleness. Use of
processing additives such as DIO and PS, which can increase
the efficiency of these devices, however, recovered some of the
deformability. Substitution of PC,;BM with the small-molecule
acceptor HPI-BT produced highly deformable films. While
deformation in the elastic regime was easily rationalized by the
presence of alkyl solubilizing groups, which are likely to

decrease the van der Waals attraction between adjacent
molecules in the crystalline lattice, the mechanism of plastic
deformation requires additional insights—perhaps in the form
of molecular modeling and in situ X-ray diffraction—to
understand. Regardless of the mechanism of deformation,
however, it appears that the purported disadvantage of small-
molecule semiconductors of mechanical fragility may not be as
problematic as believed, especially because these films will be
fabricated on and encapsulated in flexible foils that bear the
load.

B EXPERIMENTAL SECTION

Materials. 2,5-Di-(2-ethylhexyl)-3,6-bis(5”-n-hexyl-[2,2/,5',2"]-
terthiophen-5-yl)-pyrrolo[3,4-c]pyrrole-1,4-dione (SMDPPEH), 7,7'-
[4,4-Bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b’]dithiophene-2,6-diyl] bis-
[6-fluoro-4-(S’-hexyl-[2,2'-bithiophen]-5-yl)benzo[c][1,2,5]-
thiadiazole] (DTS(FBTTh,),), 6,13-Bis(triisopropylsilylethynyl)-
pentacene (TIPS-Pentacene), and 5,5'-(2,1,3-Benzothiadiazole-4,7-
diyldi-2,1-ethenediyl)bis[2-hexyl-1H-isoindole-1,3(2H)-dione] (HPI-
BT) were purchased from Sigma-Aldrich and used as received. 1,8-
Diiodooctane (DIO) was purchased from Sigma-Aldrich with 98%
purity. [6,6]-Phenyl C,, butyric acid methyl ester (PC,;BM) technical
grade was purchased from Solenne BV, Groningen, The Netherlands
and used as received. Polystyrene samples of M, = 900 kDa and 20
MDa were obtained from Alfa Aesar (Cat# 41943), Haverhill, MA and
Pressure Chemical Co., Pittsburgh, PA., respectively. PDMS, Sylgard
184, Dow Corning, was prepared as stated in the manufacturer’s
instructions at a ratio of 10:1 (base:cross-linker) and cured at room
temperature for 36—48 h when used for buckling and crack-onset
experiments. (Tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-tri-chlorosilane
(FOTS) was obtained from Gelest. Poly(3,4-ethylenedioxythiophene)
polystyrenesulfonate (PEDOT:PSS) (Clevios PH1000) was purchased
from Heraeus. Dimethyl sulfoxide (DMSO) was purchased from BDH
with purity of 99.9%. Zonyl (FS-300) fluorosurfactant, chloroform,
acetone, and isopropanol were purchased from Alfa Aesar.

Preparation of Substrates. Glass slides used as substrates were
cut into 2.5 cm squares with a diamond-tipped scribe. The slides were
then successively cleaned with Alconox solution (2 mg mL™'),
deionized water, acetone, and isopropyl alcohol (IPA) in an ultrasonic
bath for 10 min each and rinsed and dried with compressed air. After
sonication, the glass was plasma treated at ~30 W for 3 min at a base
pressure of 200 mTorr in ambient air to remove residual organic
material and activate the surface. Silicon substrates used for AFM
measurements were cut into 1 cm” pieces. To remove debris from the
surface, the silicon substrates were cleaned and plasma treated in the
same manner as described above.

PEDOT:PSS substrates were prepared from an aqueous solution
containing 99 wt % Clevios PH 1000 and 1 wt % Zonyl
fluorosurfactant. The solution was filtered with a 1 gm glass microfiber
(GMF) syringe before being spin coated onto glass for buckling
measurements and PDMS for crack-onset measurements. For buckling
experiments, PEDOT:PSS was annealed at 150 °C for 30 min in
ambient air and allowed to naturally cool to room temperature. For
crack-onset experiments PDMS was UV-ozone treated for 15 min
prior to the spin-coating of PEDOT:PSS. After spin-coating, the films
were dried under vacuum for 30 min, no thermal treatment.

Bilayer Film Buckling. The bilayer buckling technique is a
modified version of the single-layer buckling test that has been
employed by our group to determine the tensile moduli of especially
brittle films that would otherwise fracture upon the release of prestrain
in the single-layer buckling test. This method can also measure the
tensile moduli of organic semiconductors that do not adhere to
hydrophobic substrates. Bilayer buckling uses an interfacial layer of
PEDOT:PSS, with a favorable surface energy, to permit the spin-
coating and mechanical transfer of thin-films on hydrophobic
substrates. The effective tensile modulus of each bilayer film was
calculated using the same method as single layer buckling, eq 1.
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5 =35
21th (1)
After obtaining the effective modulus of the bilayer film, E.q and
measuring the tensile modulus of PEDOT:PSS in a separate buckle
test, E,, we used eq 2 to extract the modulus of the small-molecule
films, E;. Below, m is the modulus ratio, E,/E;, and n is the thickness

ratio, h,/h,.

5o = 14+ m*n* + 2mn(2n2 + 3n +2)
et (14 1)’ + mn)

1 )

Preparation of Small-Molecule Solutions. Solutions of
SMDPPEH, DTS(FBTTh,), TIPS-pentacene, HPI-BT, PC,BM,
and their physical blends were prepared in CHCl; (10 mg mL™")
for the buckling technique, crack-onset tests, and AFM images. All
solutions were stirred overnight at ambient temperature and for 2 h at
70 °C prior to spin-coating. The solutions were then filtered with a 1-
um GMF syringe filter immediately before being spin-coated onto
glass, silicon, or PEDOT:PSS substrates.

Characterization of Materials. Atomic force microscopy (AFM)
micrographs were taken using a Veeco Scanning Probe Microscope in
tapping mode. Data were analyzed with Nanoscope Analysis v1.40
software (Bruker Corp.). The small-molecule solutions were spin-
coated onto the silicon slides at a spin speed of 1000 rpm (500 rpm s~
ramp) for 120 s followed by 2000 rpm (1000 rpm s~ ramp) for 30 s.
Afterward, spin-coating annealed samples were immediately placed in a
nitrogen-filled glovebox and annealed at 70 °C for 10 min. After 10
min, the annealed samples were allowed to cool for 30 min on the hot
plate.
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