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ABSTRACT: This paper describes a comparison of two characterization techniques for determining the mechanical properties
of thin-film organic semiconductors for applications in soft electronics. In the first method, the film is supported by water (film-
on-water, FOW), and a stress−strain curve is obtained using a direct tensile test. In the second method, the film is supported by
an elastomer (film-on-elastomer, FOE), and is subjected to three tests to reconstruct the key features of the stress−strain curve:
the buckling test (tensile modulus), the onset of buckling (yield point), and the crack-onset strain (strain at fracture). The
specimens used for the comparison are four poly(3-hexylthiophene) (P3HT) samples of increasing molecular weight (Mn = 15,
40, 63, and 80 kDa). The methods produced qualitatively similar results for mechanical properties including the tensile modulus,
the yield point, and the strain at fracture. The agreement was not quantitative because of differences in mode of loading (tension
vs compression), strain rate, and processing between the two methods. Experimental results are corroborated by coarse-grained
molecular dynamics simulations, which lead to the conclusion that in low molecular weight samples (Mn = 15 kDa), fracture
occurs by chain pullout. Conversely, in high molecular weight samples (Mn > 25 kDa), entanglements concentrate the stress to
few chains; this concentration is consistent with chain scission as the dominant mode of fracture. Our results provide a basis for
comparing mechanical properties that have been measured by these two techniques, and provide mechanistic insight into fracture
modes in this class of materials.

KEYWORDS: mechanical properties, organic semiconductors, stretchable electronics, P3HT, buckling-based metrology, film on water,
film on elastomer, thin films

■ INTRODUCTION

The mechanical properties of thin-film organic semiconductors
play an important role in the durability of organic electronic
devices such as organic solar cells, thin-film transistors, light-
emitting devices, and biosensors.1−4 For example, low tensile
moduli reduce interfacial stresses and are necessary to achieve
“mechanical invisibility” in wearable patch-like devices.5 High
ductility and toughness, however, will increase the lifetimes of
devices against fracture and enable stretching and bonding of
devices to curve surfaces of buildings, vehicles, and body parts.6

Recently, stretchability in organic semiconductors has been
achieved by modification of the molecular structure to include
chemical cross-linking groups or by surface embedding in an
elastomer.7,8 Since organic semiconductors are usually cast into
films as thin as a few tens of nanometers thick, it is challenging
to obtain mechanical information using conventional methods,
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such as pull testing of freestanding samples.9 Moreover, the
mechanical properties of thin films are not necessarily the same
as those of bulk samples.10 This challenge has led to the
development of methods for determining the mechanical
properties of thin films of semiconducting polymers that do
not require preparation of bulk samples (laboratory-scale
syntheses of new materials usually do not produce a large
enough yield).11−13

The purpose of this work is to compare two of these
experimental methods (Figure 1), and to compare the results

with a simulated stress−strain curve produced by a coarse-
grained molecular dynamics simulation.14 The first method,
which we refer to as “film-on-water” (FOW), is similar to a
conventional pull test, except that the thin-film sample is
suspended on water.1,12 This method produces a stress−strain
curve like that of a conventional pull test. The second method,
which we refer to as “film-on-elastomer” (FOE), combines
three measurements that together can be used to approximate
the stress−strain curve.15 The three measurements used in the
FOE method are (1) the buckling method to obtain the tensile
modulus, (2) the onset of surface wrinkles to approximate the
yield point, and (3) the crack-onset strain to approximate the
strain at fracture.15−17 We chose the widely studied regioregular
poly(3-hexylthiophene) (P3HT) of four different molecular
weights to serve as the subject of our comparison of the two
methods. While we found good qualitative agreement between
the two methods in showing increasing resistance to fracture
with increasing molecular weight, the agreement in tensile
modulus was poor. Differences in the values of mechanical
properties produced by these methods are attributed to the
ways in which the films are deformed and the extent to which
defects and heterogeneity in the films influence the force
required to deform them. The results we report may interest
researchers concerned with metrology of thin-film polymers
and increasing the lifetimes of devices for stretchable,
ultraflexible, and mechanically robust applications.

■ EXPERIMENTAL SECTION
Molecular Weight of Poly(3-hexylthiophene) (P3HT). We

selected P3HT for this study because of its well-known microstructure,
thermal transitions, and optoelectronic properties in thin-film
transistors, solar cells, and biosensors.18 Of particular importance for
this study is its quasi-living synthetic mechanism using the Grignard
metathesis polymerization, which affords excellent control over
molecular weight and dispersity.19 The molecular weight, in turn,
has a profound effect on microstructure and optoelectronic properties.
For example, an early study by Kline et al. showed an increase in field-

effect mobility with molecular weight from a value of 1.7 × 10−6 cm2

V−1 s−1 at 3.2 kDa to 9.4 × 10−6 cm2 V−1 s−1 at 36.5 kDa.20 This
change in mobility was correlated to significant changes in the
morphology of the system, from rod-like structures in the 3.2 kDa
sample to isotropic nodule structures in the 36.5 kDa film, as seen in
AFM images.20 X-ray diffraction measurements revealed that the 3.2
kDa sample had a greater signal intensity for the ⟨100⟩ peak than the
36.5 kDa sample, which indicated a higher degree of crystallinity, albeit
lower mobility.20 However, the mobility of the low molecular weight
sample could be increased by manipulating the morphology through
annealing or using a solvent with a high boiling point.21 Recent studies
have shown that the mobility of P3HT continues to increase with
molecular weight until it saturates at a critical value.22 This critical
point occurs once the molecular weight is high enough such that the
lattice disorder becomes independent of polymer chain length.22 We
note that values of molecular weight obtained from gel-permeation
chromatography (GPC) using polystyrene standards overestimate the
weight obtained by MALDI-TOF-MS or NMR by a value of
approximately 1.67.23

Effect of Molecular Weight on the Mechanical Properties of
P3HT. While the mechanical properties of P3HT as a function of
molecular weight have been measured before, the results were
obtained using bulk samples,9 or nanodynamic mechanical analysis,24

as opposed to measurement on thin films. In general, increasing the
molecular weight of P3HT increases the ductility (strain at fracture)
and toughness (total energy density absorbed by the material at the
point of fracture).9 The most important microstructural characteristic
that influences the mechanical properties of polymers with increasing
molecular weight is the density of entanglements.25 An entanglement
is a physical linking of polymer chains, and a consequence of the fact
that two chains can slide past but not cross one another.25 Another
effect is that at higher molecular weights, stiff crystallites are connected
by tie molecules.22 Using traditional pull testing, Koch et al. measured
the mechanical properties of bulk samples of P3HT tapes prepared by
melt casting in a uniaxial tensile test. The authors reported that the
stress at failure increased from 8 to 24 MPa and the elongation
improved from ∼10% to ∼300% in the 20 and 110 kDa samples,
respectively.9 The role of entanglements was established by measuring
the specific viscosity of each solution. The authors determined the
critical molecular weight at which the chains become entangled to be
∼35 kDa, as indicated by a sharp increase in viscosity.9 Moreover, the
melting temperature and enthalpy of fusion saturated after ∼30 kDa,
which further provides evidence for the onset of chain entanglement at
this molecular weight.9 The resistance to fracture of thin films of high
molecular weight P3HT has also been measured using a four-point
bend test. For example, Bruner et al. showed that as the molecular
weight of P3HT increased, the cohesive energy of composites of
P3HT with the fullerene derivative phenyl-C61-butyric acid methyl
ester ([60]PCBM) exhibited an increase from ∼1−2 J m−2 at 28 kDa
to nearly ∼17 J m−2 at 100 kDa.26

Film-On-Water (FOW) Measurements. The FOW technique is a
pseudo free-standing tensile test that exploits the high surface tension
of water, 73 mN m−1, to suspend thin films on the water surface.12 The
low viscosity of water allows for unimpeded sliding of the films on the
water surface; this scenario is ideal for replicating a free-standing
tensile test.12 Once the film is floated on the water surface, it is
attached to the load grips using small PDMS slabs that make van der
Waals adhesion with the load cell and the thin film. The film is then
strained at a strain rate of ∼0.3 × 10−3 s−1 until failure of the film to
produce a stress−strain curve. This method combines the advantages
of free-standing tensile tests with those of substrate-supported tests.
That is, it provides a direct measurement of the mechanical properties
while providing a means of manipulating ultrathin films which would
otherwise collapse upon themselves in air.

Film-On-Elastomer (FOE) Measurements. FOE methods
comprise three separate measurements that collectively approximate
a stress−strain curve of a thin film and allow the rough estimation of
the energies of deformation, i.e., resilience and toughness. The three
tests are mechanical buckling to measure the tensile modulus, onset of
buckling to measure the yield point, and stretching until failure to

Figure 1. Comparison of stress−strain behavior measured for film-on-
water and film-on-elastomer methods. (a) Engineering stress−strain
curves of P3HT thin films with increasing molecular weight (15, 41,
64, and 80 kDa) determined by FOW methods. (b) Approximated
stress−strain curves for the same P3HT thin films determined by FOE
methods.
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determine the crack-onset strain.15−17 Mechanical buckling, also
known as surface wrinkling, is a well-documented method of
measuring the tensile modulus of otherwise difficult-to-measure thin
film systems such as organic semiconductors, polymer brushes, and
nanostructured materials supported by an elastomeric substrate.10 This
technique is useful over a wide range of film thicknesses (20 to 500
nm) and tensile moduli and is sufficiently sensitive to detect modulus
anisotropy in polymer thin films.27−30 The tensile moduli of materials
obtained from this method agree well with those reported from
traditional methods and dynamic mechanical analysis.31−33 Onset of
buckling is an FOE method that detects the formation of surface
wrinkles to determine the yield point of the film. The method is
performed by cyclically, and incrementally, straining and relaxing a
thin film on an elastomeric substrate (i.e., 0% → 1% → 0% → 2% →
0% → 3% → 0%, etc.). Once the yield point is reached, the film is
plastically deformed and upon relaxation the film is compressed and
buckles form on the surface. The onset of buckles in the film manifests
as a diffraction pattern obtained using a laser, or can be visibly seen in
a microscope under favorable conditions.34 Crack-onset strain
measurements in the FOE method are used to determine the strain
at which the material begins to fail. Briefly, a thin-film material is
transferred to an elastomeric substrate and is incrementally strained
until the formation of pinholes or cracks appear in the film. While the
FOE methods were introduced as an alternative to nanoindentation
and tensile tests of free-standing samples, the FOE methods are time-
consuming and use significantly more material than FOW methods.
Molecular Dynamics (MD). MD simulations can be used to

predict the nanoscale structural and mechanical properties of
polymeric materials.35 They probe mechanical phenomena on a level
of detail that is impossible to characterize experimentally. Although
high molecular weight polymers are exceedingly time-consuming to
simulate using atomistic models, detailed coarse-grained models can be
used to simulate highly entangled polymeric systems.36−38 To
complement our experimental study, we employed a three-site
model for P3HT developed by Huang and co-workers to simulate
the effect of molecular weight on structure, entanglement and response
to uniaxial tensile loading. We have previously demonstrated that this
model predicts the mechanical properties of P3HT accurately.38

■ RESULTS AND DISCUSSION

Tensile Modulus. We measured the tensile modulus of
each film using two different methods, FOW and FOE, and
compared the results (Figure 2a,b). We can see that the FOE
method produced values for tensile moduli that were 3−7 times
higher than those produced by FOW. However, both sets of
values were in the range of values reported in literature, 0.22 to
1.33 GPa.16,39−43 In the FOW tests, the modulus was constant
for samples ≥40 kDa. Similar tendencies for the modulus of
P3HT to saturate with increasing molecular weight have been
reported using a molecular dynamics simulation.35 Tummala et
al. showed that the modulus does not change significantly

above the entanglement chain length since the modulus is the
stress response in the initially elastic regime.35 In the FOE
method, the moduli increased as the molecular weight
increased from 15 kDa to 40 kDa, and decreased for samples
>40 kDa. We hypothesize that the polymer chains are well
packed and confined up to 40 kDa (just above the
entanglement chain length). However, above the entanglement
length, polymer chains exhibit slower reptation dynamics and
cannot pack as efficiently. This phenomenon results in
increased free volume of the amorphous domains and softer
behavior in compression tests. For both the FOW and FOE
method, the 15 kDa sample exhibited the lowest modulus and
greatest brittleness. The brittleness observed for 15 kDa is
consistent with the fact that the molecular weight is smaller
than the previously determined entanglement molecular weight
for P3HT of 25 kDa, as determined by GPC.9

We attribute the difference in values for tensile modulus
obtained using the FOW and FOE methods to three factors:
(1) voids in the film which create a different stress response
under tension vs compression, (2) inhomogeneities in
thickness (surface roughness), and (3) strain rate. It is often
found that materials measured in compression exhibit higher
moduli than those measured in tension.44 For example, a study
by Johnston et al. reported the tensile modulus of PDMS cured
at room temperature to be 1.32 ± 0.07 MPa, the same sample
exhibited a compressive modulus of 186.9 ± 5.39 MPa.45

Similar results have been reported for polyethylene and epoxy
resins.46,47 In the FOW method, the films experience tensile
stress, whereas the buckling technique used in the FOE method
produces compressive stress. Variation in the stress response of
the materials under these two modes of deformation can occur
for two reasons. The first is the presence of imperfections,
voids, and pinholes arising from free volume in the polymer
network or processing of the films. Under tension, these
imperfections will grow or elongate and can manifest as a
reduction in the modulus, whereas in compression voids and
pinholes will be closed; closing of the pinholes minimizes their
effects and leads to a higher modulus (Figure 3).44

The second factor that may contribute to lower values for
modulus in the FOW method is surface roughness and
imperfections. That is, in a thin film, the roughness may be a
significant fraction of the total thickness of the film. We used
atomic force microscopy (AFM) to quantify the degree of
surface roughness (Figure 4). Overall, it shows similar surface
morphology in all the samples. The peak-to-valley roughness,
Rpv, was around 25−34 nm, which is 13−17% of total films
thickness (∼200 nm). The inhohogeneities of film thickness

Figure 2. Tensile moduli of P3HT thin films with a range of molecular weight. (a) As measured by FOW methods. (b) As measured by FOE
methods.
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from the high peak-to-valley distances can cause the stress
concentration in the thinnest regions of the film under tension,
and the concentration of the stress would thus produce lower
values for modulus and premature failure. In compression this
effect is mitigated because the valleys at the film surface will be
closed.
In any stress−strain measurement, the strain rate effects the

apparent modulus. Generally, higher strain rates lead to higher
moduli.44 To illustrate this effect, we tested a 63 kDa P3HT
sample at a fast and slow strain rate in the FOW setup (Figure
5). The FOW tensile test conducted at a relatively slow strain
rate of 0.3 × 10−3 s−1 produced a modulus value of 0.261 GPa.
The fast FOW test had a strain rate of 3.0 × 10−3 s−1 and the
modulus obtained was 0.438 GPa, which is almost 2× larger
than the value obtained using the slow test. A similar
experiment was performed using the FOE method where a
sample was compressed at a relatively slow rate of 0.3 × 10−1

s−1 on a linear actuator and a fast rate by releasing the strain
instantaneously, but there was no significant change in the
buckling wavelength with varying strain rate. We hypothesize
the strain rate effects in tensile loading are largely responsible
for the differences in the moduli reported by the two methods,
FOW and FOE. In the FOW test the strain rate was slow at 0.3
× 10−3 s−1 however, a faster strain rate would have produced a
larger tensile modulus. Collectively the effects from varying
strain rate, inhomogenieties in film thickness, and void space in
the films behaving differently in tension versus compression
lead to a larger tensile modulus being reported in compressive
FOE buckling measurements than those reported in free-
standing FOW tensile tests.
Ductility. Both methods show good qualitative agreement

in the increase of ductility of the films with increasing molecular
weight (Table 1). The differences in the absolute values of the
strain at failure arise from the labeling of the failure point in
FOE methods. In the FOW method, the strain at failure is the
point at which the film is completely ruptured; in the FOE

method, the strain at failure is labeled as the onset of cracks or
pinholes in the film. The strain at which the film completely
ruptures (bifurcates) in the FOE method would be much
higher than in the FOW method. The great extent to which a
film on an elastomeric substrate can be stretched is not a true
represenation of the strain at which a freestanding film would
fail. This difference is due to the film being supported by an
elastomeric substrate which redistributes stress to the film (as
opposed to in the FOW method, where stress is concentrated
to the defects and thin areas). The mechanical behavior of the
elastomeric substrate also plays an important role in the crack
behavior observed in the thin films. A stiff substrate with an
elastic modulus closer to that of the P3HT thin film lead to the
onset of cracks at a higher strain, compared to a softer
elastomer which cracked at relatively lower strains due to the
greater mismatch in the elastic modulus. (Figure S1 of the
Supporting Information). To mitigate this effect, it is best to
select a substrate that is close to the modulus of the thin film to
help reduce interfacial stresses while maintaining sufficient
adhesion for the transfer of the film to the substrate. It was
expected that the ductility of the films would increase with
molecular weight for two reasons: (1) at higher molecular
weight there is an increase in the degree of interchain π-
stacking in the crystalline regions of the film which increases
the number of van-der-Waals bonds needed to be broken for
chain pullout to occur and (2) in the amorphous regime there
is an increase in the number of intrachain folds and physical
linking of the polymer chains which makes disentanglement of
chains increasingly difficult.26 We hypothesize that at low
molecular weight the polymer film has a low density of
entanglements and cracking occurs by chain pullout. At high
molecular weight there is a high density of entanglements and
cracking occurs by chain scission.

Aggregation Behavior. Ultraviolet/visible (UV/vis) spec-
troscopy measurements were used to measure how the

Figure 3. Illustration depicting the effect of tensile and compressive
stresses on voids, pinholes, and imperfections in a thin film. Under
tension defects will grow and become larger, in compression this effect
is reversed and the defects shrink.

Figure 4. AFM images showing the surface morphology of P3HT with increasing molecular weight. Scan area was 5 × 5 μm2.

Figure 5. Stress−strain curves of 63 kDa P3HT tested using two
different strain rates. The FOW pull test conducted using the faster
strain rate produced a 2× larger apparent tensile modulus.
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optoelectronic properties changed with molecular weight
(Figure 6a). In particular we sought to analyze the degree of
aggregation present in the semicrystalline P3HT thin films. The
absorption of weakly interacting H-aggregates is determined by
coupled electronic-vibrational (vibronic) energy transitions.
Two effects were observed: (1) there was a small red shift with
increasing molecular weight and (2) the peaks associated with
the vibronic progression are the most pronounced for the 80
kDa sample. Similar results have been reported previously by
Kline and Zen et al.21,48 Analysis using the weakly interacting
H-aggregate model revealed an increase in the conjugation
length of P3HT with increasing molecular weight, as
manifested in a decrease in the exciton bandwidth extracted
using the weakly interacting H-aggregate model of Spano and
co-workers (Figure 6b).49−52 These results correlate well with
the observed feature changes in the UV/vis spectra, that is,
longer conjugation length leads to absorption at lower energy.53

We hypothesize that increased conjugation in a P3HT thin film
leads to more resistance to deformation and therefore a higher
tensile modulus as observed in Figure 2a. H-aggregate analysis
also showed that the 15 kDa sample had the highest fraction of
aggregates which is due to the ability of low molecular weight
P3HT to form chain extended crystals and distinct lamellae.9 As
the polymer chains become longer the lamellar structures
become intermixed in an amorphous network of polymer which
decreases the overall fraction of aggregates. However, once the
polymer chains become sufficiently long the degree of self-
folding grows which is manifested as an increase in the fraction
of aggregates as seen in Figure 6b (data points indicated in
blue).
Molecular Dynamics Simulations. Coarse-grained mo-

lecular dynamics simulations were used to demonstrate the
microscopic effects of entanglements on the tensile response. A

description of the models and simulation protocols used can be
found in our previous publication.38 We prepared two systems:
one with chain lengths equal to the entanglement length, Ne ≈
50 repeat units, and one with high molecular weight chains of
300 repeat units (∼6Ne). The morphology was prepared to
represent a polymer film that was spin coated from a good
solvent such as chloroform; it was homogeneous and did not
contain voids. To quantify entanglements, a primitive path
analysis was performed using the Z1 algorithm of Kröger and
co-workers.54−57 As expected, we found that the low molecular
weight system was barely entangled with ∼2 interior kinks per
chain while the high molecular weight system was highly
entangled with ∼8 interior kinks per chain. The low molecular
weight system (50-mers) was observed to fracture via chain
pullout (Figure 7). The high molecular weight system (300-
mers) did not crack in the simulations, instead, we observed
that the stress was concentrated to relatively few entangled
chains (Figure 7). Although the model employed in these
simulations did not include the potential for bonds to break,
this observation provided evidence that fracture in entangled
samples is in fact due to chain scission. The order of magnitude
obtained for the tensile modulus (∼1 GPa) was in closer
agreement with the FOE method than with the FOW method.
We attribute this finding to the fast strain rate employed in the
simulations, as well as the absence of macroscopic hetero-
geneities, voids, and thin-film confinement effects.

■ CONCLUSIONS
We compared the results from two different methods (FOW
and FOE) of determining the mechanical properties of P3HT
thin films as a function of molecular weight. The FOE method
produced higher values of the tensile modulus than the FOW
method. These results can be attributed to various differences

Table 1. Tabulated Values of the Mechanical Properties of P3HT Films as a Function of Molecular Weight

FOW methods

Mn (kDa) tensile modulus (GPa) strain at fracture (%) toughness (kJ/m3) tensile strength (MPa)

15 0.203 ± 0.014 4.5 ± 0.3 0.14 ± 0.01 4.5 ± 0.3
40 0.263 ± 0.015 13.0 ± 1.2 0.99 ± 0.08 10.5 ± 0.5
63 0.261 ± 0.020 58.7 ± 6.5 6.80 ± 0.78 12.6 ± 0.2
80 0.270 ± 0.012 95.6 ± 7.7 13.17 ± 0.97 17.1 ± 0.6

FOE methods

Mn (kDa) tensile modulus (GPa) crack onset strain (%) estimated toughness (kJ/m3) tensile strength (MPa)

15 0.71 ± 0.19 2.83 ± 0.41 0.85 ± 0.21
40 1.79 ± 0.12 12.83 ± 1.72 11.87 ± 3.77
63 1.46 ± 0.22 27.33 ± 4.37 27.25 ± 7.62
80 0.92 ± 0.18 31.17 ± 11.67 20.69 ± 9.89

Figure 6. (a) UV/vis spectra showing the normalized absorbance of P3HT thin films with increasing Mn. (b) Exciton bandwidth, W, of the P3HT
thin films as determined by the weakly interacting H-aggregate model. W is inversely correlated with conjugation length.
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between the two metrological techniques including mode of
loading (tension vs compression), strain rate, and substrate
effects. Complementary coarse-grained MD simulations dem-
onstrate that fracture occurs via chain-pullout in the low
molecular weight samples, and provides evidence to support the
hypothesis that entangled systems exhibit chain scission as the
dominant fracture mechanism. All three methods produced
good qualitative agreement in finding the strain at which the
films failed and showed an increase in ductility with increasing
molecular weight of P3HT. This work revealed that mechanical
analysis of thin films is not independent of the method used to
study them and offers a point of reference for comparing the
mechanical properties of materials measured using a pull test
and those using methods involving thin films bonded to
elastomers. Furthermore, the results presented here make a
strong case for employing pull tests, such as FOW, over FOE
based experiments to save time, preserve material, and to obtain
the most facile, reliable, and precise measurements of
mechanical properties.
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(55) Shanbhag, S.; Kröger, M. Primitive Path Networks Generated by
Annealing and Geometrical Methods: Insights into Differences.
Macromolecules 2007, 40 (8), 2897−2903.
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