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ABSTRACT: Most advantages of organic electronic materials
are enabled by mechanical deformability, as flexible (and
stretchable) devices made from these materials must be able to
withstand roll-to-roll printing and survive mechanical insults
from the external environment. Cohesion and adhesion are two
properties that dictate the mechanical reliability of a flexible
organic electronic device. In this paper, progressive-load scratch
tests are used for the first time to correlate the cohesive and adhe-
sive behavior of poly(3-alkylthiophenes) (P3ATs) with respect to
two molecular parameters: length of the alkyl side chain and
molecular weight. In contrast to metrological techniques based on
buckling or pull testing of pseudofreestanding films, scratch tests
reveal information about both the cohesive and adhesive properties of thin polymeric films from a single procedure. Our data
show a decrease in cohesion and adhesion, that is, a decrease in overall mechanical robustness, with increasing length of the side
chain. This behavior is likely due to increases in free volume and concomitant decreases in the glass transition temperature.
In contrast, we observe increases in both the cohesion and adhesion with increasing molecular weight. This behavior is attrib-
uted to an increased density of entanglements with high molecular weight, which manifests as increased extensibility. These
observations are consistent with the results of molecular dynamics simulations. Interestingly, the normal (applied) forces
associated with cohesive and adhesive failure are directly proportional to the average degree of polymerization, as opposed to
simply the molecular weight, as the length of the alkyl side chain increases the molecular weight without increasing the degree of
polymerization.

Organic electronic materials have applications ranging from
ultrathin organic photovoltaic (OPV) devices1,2 and organic

field-effect transistors (OFETs)3,4 to wearable sensors5,6 and
actuators.7 The electronic properties of these materials, for
example, as manifested in the efficiency of solar cells8 and the
charge-carrier mobility in thin-film transistors,9 have improved
dramatically, at least in devices fabricated at the laboratory
scale. It is possible, however, that the performance at pro-
duction scale could be limited by the mechanical reliability of
a real device, which comprises multiple materials and inter-
faces.10 In this study, we used progressive-load scratch testing
for the first time to measure the cohesion and adhesion in thin

films of poly(3-alkylthiophene)s (P3ATs) as functions of two
parameters: length of the alkyl side chain and molecular weight
(and thus the degree of polymerization). Strong cohesion can
improve mechanical stability by increasing the resistance to the
formation and propagation of fracture. (We use “cohesion” to
refer to the resistance of the film to tearing under the applied
load and the sum of the intermolecular forces, rather than specifi-
cally to the “cohesive fracture energy,” an extensive property
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measured using the four-point bending11 or double-cantilever
beam test.12) Furthermore, since these devices are typically
supported or encapsulated by a substrate, and composed of
several layers, good adhesive strength is necessary to prevent
delamination. Organic semiconductors, however, tend to
exhibit poor adhesion as illustrated by recent studies on roll-
to-roll printed OPV devices that determined the dominant
mechanism of failure in these devices was delamination at the
electrode−semiconductor interface.12−14

Scratch testing is an attractive method of characterizing the
cohesion and adhesion of thin films on substrates, in a single
test. The greatest strength of scratch testing is its practicality.
Moreover, the sample used for testing can be made to isolate
aspects of a real device: for example, the material of interest
can be measured on realistic substrates, as opposed to on water
or silicone rubber. During a scratch test, the initial response of
the film to indentation is purely elastic.15 As the force is increased,
a critical load is reached that exceeds the elastic limit of the soft
film and plastic deformation begins to occur (assuming the
hardness of the indenter tip is much greater than that of the
film).15 Cohesive failure then occurs due to tensile stress
behind the stylus tip and is observed as cracking or tearing in
the film. Similarly, adhesive failure occurs due to compressive
stress in front of the stylus tip, leading to delamination of the
film by buckling or spallation. Schwarzer analyzed the stress
distribution in scratch tests using the concept of the effective
indenter and extended Hertzian theory.16 In scratch tests both
the cohesive and adhesive failure of thin films are thickness
dependent, but saturate above a critical thickness (bulk value).15

A prior study showed that cohesion and adhesion increased
linearly with thickness for silicone elastomer coatings, until the
bulk value was reached.17 By assessing the type of crack
propagation (i.e., tensile, conformal, Hertz) and spallation
(i.e., buckling, compressive, gross) the mechanical failure mode

(i.e., brittle vs ductile) may be identified.18 Since scratch test-
ing can characterize cohesive and adhesive behavior, as well as
brittleness and ductility, it may be used as a complement or
even replacement for existing methods of metrology.
We selected P3ATs as the model materials. P3ATs are the

most commonly studied subset of conjugated polymers and
have been central to the development of organic electronics.19

The mechanical properties (elastic modulus, yield strength,
ductility, and toughness),20 electronic properties (charge-carrier
mobility),21 and thermal transitions22 of P3ATs are well-known.
Moreover, the quasi-living nature of the synthesis of P3ATs
permits control over the molecular weight and dispersity, and
the length of the alkyl side chain is similarly easy to control
when preparing the monomer. We selected alkyl side chain
lengths of n = 6, 7, and 10 since the glass transition tempera-
tures (Tg) of these materials are around (n = 6, P3HT), below
(n = 7, P3HpT), and well below (n = 10, P3DT) room temper-
ature. Similarly, we chose molecular weights that ranged above
and below the previously reported entanglement molecular
weight of P3HT (35 kDa). To eliminate effects caused by large
deviations in molecular weight, we selected dispersities in a
narrow range.
A schematic illustration of a typical setup for scratch testing

is depicted in Figure 1a. In a progressive-load scratch test, a
stylus is dragged across the surface of a sample with an applied
load that increases linearly with position, as described in Figure 1b.
The location at which the film exhibits critical failure (Lci) and
the corresponding normal force (Fni) are recorded during the
experiment. The failure events are identified by the operator
with assistance from optical microscopy, acoustic emission, and
image analysis software.23 The Lci associated with the failure of
a film is a function of the adhesion between the film and the
substrate, the thickness of the film, the rate of loading, the
shape of the stylus tip, and the mechanical properties of both

Figure 1. Scratch testing of thin films and coatings. (a) Schematic representation of a typical setup for scratch testing. (b) Profile of force vs
position for a progressive-load scratch test. (c) Image of a scratch channel labeled with locations of critical failure, Lc1, Lc2, and Lc3. (d) Magnified
images of Lc1, (e) Lc2, and (f) Lc3.
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the substrate and the film.17,24 Additionally, surface treatments
affect the adhesion of the films to a substrate (i.e., silanes or
oxygen plasma). If these properties (thickness, loading rate,
stylus tip, substrate, surface treatment) are held constant, how-
ever, Fni may be used as the basis for a comparative analysis of
the films.15 Typically, the applied force is recorded at three
distinct positions which are indicative of critical failure, as
shown in Figure 1c. Lc1 is the location in the direction of dis-
placement where the stylus first tears the surface of the film,
but has not touched the substrate. In our tests, Lc1 was iden-
tified by a change in the appearance of the film (from dark
orange to bright orange) in the scratch channel which signaled
tearing, Figure 1d. (An AFM image of this region of the scratch
channel is given in Figure S1.) The normal force measured at
this position, Fn1, is a measure of the resistance of the sample
to cohesive failure. The region to the left of Lc1 is the residual
penetration depth of the stylus, which is due to plastic deforma-
tion of the film. Lc2 is the location at which the stylus scratches
through the sample completely and contacts the substrate; this
position signals the onset of adhesive failure, Figure 1e. Finally,
Lc3 is the position at which gross delamination begins to occur,
Figure 1f. The forces corresponding to positions Lc2 and Lc3
are used to compare the adhesion of materials to substrates.
Results from the scratch testing of P3ATs, Figure 2a, show a

decrease in cohesion as a function of the length of the alkyl
side chain n (probability value (P) ≤ 0.001 between n = 6 and
10). The effect of n on the mechanical properties of thin films
of P3ATs was previously examined both experimentally25 and
computationally:26 with increasing n, the ductility increases,
whereas the elastic modulus decreases. This effect was a mani-
festation of the glass transition temperature, Tg, changing from
near room temperature to well below it as n changed from 6 to
7.25 The decrease in the Tg is a result of increased free volume in
the polymer film with increasing n. Since van der Waals forces
are dependent on the inverse sixth power of interchain
distance, small changes in separation between the main chains

(decreased density) will produce large decreases in the inter-
molecular forces and decreased cohesion.27 To examine the
effect of increasing n on aggregation behavior, which is known
to influence mechanical properties,28 we obtained UV/vis spectra.
We found that an increase in n corresponded to a decrease in the
conjugation length and the fraction of aggregates in the films, as
determined using the weakly interacting H-aggregate model29−31

(Figure S2 and Table S1). Decreased adhesion of P3ATs with
increasing n (P ≤ 0.01 between n = 6 and 10), as shown in
Figure 2b, is also consistent with reduced density (the Hamaker
constant, which characterizes the adhesion between solids, is
proportional to density). A prior study has shown that the
surface energy of P3AT thin films decreased with n, as measured
by an increase in water contact angle.25

The normal forces recorded at the beginning of gross delam-
ination (Fn3) did not exhibit a clearly observable trend and
contained a considerable amount of error. The error was due
to ambiguity in the labeling of Fn3 for n = 7 and 10. Therefore,
we did not consider measurements of Fn3 in our analysis.
Upon visual inspection, however, it appears that films of n = 7
and 10 exhibit lower adhesive strength than n = 6 (the films fail
adhesively further to the left). Figure 2c plots the thickness of
each film as a function of n. Figure 2d shows the scratch channel
for each of the P3ATs tested as a function of n. The images
qualitatively show a decrease in the normal force required to
induce failure by observing that the initiation of Lc1 and Lc2
occurred earlier in the scratch test (Fni increased linearly).
It is well-known that the molecular weight of conjugated

polymers strongly influence the density of entanglements and,
therefore, the mechanical properties.20,22 We thus performed
scratch tests on P3HT having a range of Mn. The results show
an increase in the cohesion as a function of Mn, Figure 3a (P ≤
0.0001 between Mn = 15 and 80 kDa). By way of comparison,
critical forces measured for the P3HT (80 kDa) sample corre-
spond to the following data obtained by tensile testing: modulus,
0.27 GPa; toughness, 13.17 MJ m−3; tensile strength, 17.1 MPa,

Figure 2. Results from scratch testing of P3ATs as a function of the length of the side chain n. (a, b) Normal forces recorded at each critical
location, Lci. Data points represent mean ± s.d. (i = 5). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. (c) Thickness measurements of
each film under study. (d) Scratch channel images of each P3AT tested. Color variation in the samples arises from changes in n, which affect the
optical behavior of the films.
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Table 1.20 For regioregular P3HT, increases in Mn lead to
physical linking of polymer chains (entanglements) and tie
molecules that traverse multiple crystallites, which increase the
connectivity between chains.32 This effect is magnified once
the polymer length exceeds the entanglement molecular weight. It
thus has a direct impact on the cohesive strength of conjugated
polymers as it raises the energy required for chain disentanglement
and chain pullout.11 Similar results showing an increase in the
cohesive strength of P3HT:fullerene bulk heterojunction films as a
function of Mn have been reported.11 Additionally, prior stud-
ies have shown that extensibility and toughness increase with
increasing molecular weight of P3HT, Table 1.20,22

It has been hypothesized that the Mn of a polymer may have
a significant impact on the adhesion of the material to a sub-
strate.33 Our results support this premise as the adhesion of
P3HT increased as a function of Mn, shown in Figure 3b,c

(P ≤ 0.0001 between Mn = 15 and 80 kDa). Since the thickness
of the samples was held relatively constant, Figure 3d, thickness
dependence may be eliminated as the dominating factor for the

Figure 3. Scratch testing results for P3HT as a function of Mn. (a−c) Normal forces recorded at each critical location, Lci. Data points represent
means ± s.d. (i = 5). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. (d) Thickness measurements of each Mn tested. (e) Coarse-grained
molecular dynamics estimation of the number of “entanglements”, calculated as the number of interior kinks per chain,26 as a function of Z-height
in a 40 nm P3HT thin film (300 repeat units). (f) Coarse-grained molecular dynamics predictions of the RMS radius of gyration (⟨Rg

2⟩1/2) and the
RMS end-to-end distance (⟨E2E2⟩1/2) for three representative chain lengths. (g) Scratch channel images of each Mn tested. Color differences
between the samples arise from changes in aggregation behavior with increasingMn, which affect the optical behavior of the films, see Figure S2 and
Table S1.

Table 1. Tabulated Values of the Mechanical Properties of
P3HT in a Range of Molecular Weights As Determined by
Tensile Testinga

mechanical properties of P3HT

Mn
(kDa)

tensile modulus
(GPa)

strain at
fracture (%)

toughness
(MJ/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

aThe tests were conducted in a prior study.20
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observed increase in Fn2 and Fn3. The increase in adhesion
may be explained, in part, by the presence of a “liquid-like” skin
layer near the free surfaces of the polymer films which dissi-
pates stress. In this region, the polymer chains are highly mobile
and less entangled than in the bulk. To simulate the number of
entanglements as they vary with the Z-height of a thin film we
performed coarse-grained molecular dynamics using a well-
established model for P3HT that contains three coarse-grained
sites per monomer,34 Figure 3e. The number of entanglements is
estimated from the intersections of the primitive paths of the
polymer chains, that is, the number of interior kinks per chain.26

The results show that for a 40 nm thin film of P3HT (300 repeat
units), the density of entanglements is initially low and then
increases sharply 5 nm into the film (on both the top and bot-
tom surfaces). For sufficiently thin films, the skin layer has a
thickness on the same order of magnitude as the length of indi-
vidual polymer chains. Using the same model, the predicted
trend for the RMS radius of gyration ⟨Rg

2⟩1/2 and RMS end-to-
end distance ⟨E2E2⟩1/2 as a function of the average number of
repeat units in the polymer chain ⟨m⟩ is shown in Figure 3f.
Our results suggest that, for a film thickness of 120 nm, the skin
region comprises approximately 10% of the total film thickness
for P3HT with low Mn and approximately 30% of the total film
thickness for P3HT with high Mn. For high Mn polymers, it can
be expected that the larger volume of the skin layer will lead to a
greater capacity to dissipate mechanical energy during adhesive
failure, resulting in increased adhesion.
It should also be noted that all the results from scratch

testing involve some level of cooperativity between cohesive
strength and adhesion. During a scratch test, for a film to fail
adhesively, it must first fail cohesively by cracking through the
thickness of the film. The initiation and propagation of such a
crack will lead to early adhesive failure by gross delamination,
as seen in the low Mn P3HT film, Figure 3g. In high Mn sam-
ples, however, ductility increases and crack propagation is hin-
dered by the plastic dissipation zone, a region near the crack
tip that dissipates energy through plastic deformation.35 It is
then reasonable to assume that any observed increase in adhe-
sion (Fn3 and Lc3) is partly a consequence of the increased
cohesive strength of P3HT films with greater Mn, and their
ability to dissipate mechanical energy.
Figure 4a,b plots the normal force associated with cohesion

and adhesion as a function of the average number of repeat
units ⟨m⟩. We chose ⟨m⟩ for our analysis, as opposed to Mn,
since two polymers of the same Mn may have different degrees
of polymerization, depending on the mass of the monomer
(i.e., P3HT vs P3DT). Interestingly, there is a linear correla-
tion between ⟨m⟩ and the forces required for failure for all poly-
mers above the entanglement molecular weight, regardless of n.

We note that one data point was excluded, P3HT (Mn = 15 kDa),
since this sample was below the entanglement molecular weight.
In P3ATs, the length of the side chain seems to play a secondary
role to the length of the main chain once the entanglement
molecular weight has been surpassed. This is a seemingly desir-
able result since the charge-carrier mobility of P3HT generally
improves with increasing Mn and plateaus once the entangle-
ment Mn is surpassed.36 The increase in electronic perform-
ance arises from favorable changes in morphology in the films.
At low Mn, the polymer chains exist as noninterconnected
chain extended crystals and charge transport is hindered by
grain boundaries that create energetic trap states.22 At high Mn,
the polymer chains exhibit a larger degree of self-folding and tie
molecules that connect crystalline regions of the polymer film;
this morphology results in improved charge transport.21,22,36,37

These results suggest that progressive-load scratch testing
has considerable value in measuring the cohesion and adhesion
of conjugated polymers. In particular, measurements of P3ATs
as a function of the length of the side chain n and P3HT in a
range of Mn have shown that cohesion and adhesion decreased
as a function of n for P3ATs and increased with Mn for P3HT.
When the results are plotted as a function of repeat units ⟨m⟩,
for all polymers above the entanglement molecular weight, we
observed a linear relationship between ⟨m⟩ and the associated
normal forces of failure. This work demonstrates the prac-
ticality of scratch testing as a method of characterizing the
cohesive and adhesive behavior of organic semiconductors.
Our findings could inform the design of conjugated polymers
that exhibit greater mechanical reliability in organic electronic
devices.
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