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ABSTRACT: The functionality and usability of 7-conjugated (semi- CnHzn+1 Maximum Adhesion
conducting) polymers is dependent on the adhesive and interfacial A\ (7

properties of the solid film. Such properties are critical in devices s "\ 2
incorporating semiconducting polymers because these layers serve both an m z \ £13
active and structural role. They are load bearing in the sense that bending, Tape 2 2 3
stretching, scratching, and impact places stress within the semiconducting 2! atz Adhe w o E
film at the interfaces with other layers in the device stack. Thus, these B

organic semiconductors must have good cohesive and adhesive properties Glass Substrate 4 5 6 71819 10

despite being designed primarily for optoelectronic function (as opposed to

Side Chain Length [n]

mechanical stability). Here, we measure the effect of the alkyl side chain

length on the mechanical and adhesive properties of poly(3-alkylthiophene) (P3AT) using three different measurement techniques
not often applied to conjugated polymers: nanoindentation (quasi-static and dynamic), a lap-joint shear test, and adhesive peel tests
(90 and 180°). We performed these measurements alongside pseudo-free-standing (“film-on-water”) tensile tests commonly
reported in the literature. We find a monotonic relationship between the length of the side chain and parameters associated with the
storage of energy: decreased elastic modulus, strength, and resilience and increased elastic range, from the shortest to the longest side
chain. However, we observed a maximum in toughness, fracture strain, and adhesive energy dissipation at A = heptyl or octyl, as well
as differences in debonding behavior when P3AT films were deposited on top of a poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) film. Notably, our findings suggest that an increase in the alkyl side chain length (beyond n = 8 for
P3ATs) may be detrimental to adhesion and thus mechanical robustness.

Bl INTRODUCTION

The promise of 7-conjugated (semiconducting) polymers is to
combine the electronic functionality of conventional semi-
conductors with the processability and deformability of
plastics. Conjugated polymers are widely investigated as active
components in organic bioelectronic and optoelectronic
devices.'™” These materials are especially attractive for
applications that must withstand the rigors of wearability and
the outdoor environment. Thus, their usability and function-
ality depend on the ability of the polymer to store or dissipate
mechanical energy without failure of the device.'” For this
reason, a significant body of literature is dedicated to
understanding the mechanical properties of conventional
polymers and engineering plastics.'' Work by Seitz has
shown that mechanical properties of a solid polymer film can
often be predicted from five molecular properties: the
molecular weight,12 van der Waals volume, length and number
of rotational bonds in the monomer structure, and glass
transition temperature."> However, for semiconducting poly-
mers, which are composed of 7-conjugated backbones that
discourage deformation—along with pendant groups that
encourage it—such simple models have failed to predict the
subtleties of the thermomechanical behavior, particularly as the
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length of the pendant group increases. Moreover, thermo-
mechanical stability must be balanced with electronic perform-
ance.

Several recent strategies, including crosslinking of the side

aggregation of polymer molecules into coiled
19-21

chains,"*™'#
nanofibers, and copolymerization,zzf‘n have succeeded in
many ways to combine electronic function and mechanical
deformability. Despite this success, there remain important
questions as to what structural parameters should be
engineered to obtain specific mechanical outcomes. Of course,
the polymer must have sufficient cohesive energy to retain
favorable charge-transport properties when bent or deformed.
However, conjugated polymer films must also have strong
mechanical interfaces with other layers in multilayer devices.
The semiconducting film thus acts as an “ersatz glue”; it must
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function as an adhesive within a device, despite not being
designed to do so.

The way in which mechanical energy is absorbed and
dissipated within a semiconducting polymer film is governed
by its molecular structure and the way that structure assembles
itself in the solid state.”” For a device stack comprising multiple
polymeric films that are deposited sequentially, the interactions
between the layers—including physical interpenetration and
electrostatic effects—also influence the adhesive strength at the
interface.”>*” As in a purpose-designed adhesive (e.g., sticky
tape), mechanical work can also be dissipated by the
viscoelastic behavior of the semiconducting polymer. Adhesive
properties®* are thus determined by both the properties of the
bulk and of the interfaces.*”>>*® For semiconducting polymers,
adhesive properties having their origins in electrostatics®’ (e.g.,
van der Waals forces) are influenced by the presence of polar
and polarizable groups, the ratio of saturated to unsaturated
bonds, the packing density of the film, and Qossibly the
molecular orientation (texture) at the surface.”® Adhesive
properties arising from molecular dynamics—including inter-
penetration and viscoelasticity—are influenced by molecular
weight and dispersity, as well as the inclusion of tackifiers,
plasticizers, and dopants.*** The mechanical properties are
also influenced extrinsically by processing methods, operating
temperature, and thermal history.”>*>**

The type of fracture obtained depends on the details of
energy dissipation at the crack tip, which depends both on
molecular structure and extensive parameters (e.g., thickness).
For example, Dauskardt and co-workers measured greater
energies of decohesion as the thickness of the poly(3-
hexylthiophene):[6,6]-phenyl-C¢,-butyric acid methyl ester
(P3HT:PCBM) film increased (for P3HT with molecular
weights of 53—100 kDa). The reason for this increase in
measured decohesion energy was attributed to the larger
plastic zone at the crack tip in thicker films, which allows for
the dissipation of mechanical work, thus impeding the growth
of the crack.*’ However, for P3HT with a molecular weight of
28 kDa, the authors found that the decohesion energy was not
affected by the film thickness due to the decreased plasticity
(and viscoelasticity) of the film at the crack tip.""** The
mechanisms associated with the de-adhesion of viscoelastic
materials are also dependent on, e.g, the angle of the peel, the
rigidity of the substrate, and the rigidity of the adherend.*~*
Previous work from our laboratory has shown that in roll-to-
roll printed devices, encapsulation allows P3HT:PCBM solar
cells to withstand thousands of cycles of torsion and bending.*®
However, mechanical delamination eventually occurs due to
crazing near the rough perimeter edges of the barrier layer,
which propagates under continued deformation and results in
adhesive failure at the interface between the PEDOT:PSS and
the active layer as well as decohesion within the active layer.

The alkyl pendant groups attached to the main chain of
conjugated polymers are significant determinants of the
thermomechanical properties of the solid polymer film. Rigid
7-conjugated backbones have limited conformational flexibil-
ity, and thus the entropic driving force for solubility is limited.
The presence of alkyl chains affords greater conformational
freedom and thus increased solubility.*” In the solid state, the
side chains increase the free volume and decrease the van der
Waals energy between the z-conjugated main chains. These
effects combine to reduce the activation energy required to
translate the chains past one another. Likewise, the greater free
volume also contributes to greater conformational mobility

(e.g, twisting, bending) along the backbone.** Thus, an
increase in alkyl chain length leads to a decrease in the glass
transition temperature (T )49’50—i.e., the a-transition temper-
ature—of the backbone and thus elastic modulus.”">* In
contrast, the thermal transition associated with relaxation of
the pendant group (i.e., f-transition) increases with increasing
side chain length.*”>*>* At an operating temperature above T,
secondary thermal relaxation mechanisms are dependent on
both the a-transition and fS-transition temperatures, and allow
for dissipation of kinetic energy in both the disordered
(amorphous) and ordered phases (e.g., relaxation of
aggregates, chain slip in crystallites).***> Additional transitions
are likely to be present in polymers with structures more
complex than P3ATs, e.g, donor—acceptor polymers, which
have two or more monomer subunits and may have branched
side chains.*®

Here, we used the well-known class of semiconducting
polymer, regioregular poly(3-alkythiophene) (P3AT), as a
model polymer. A number of studies have elucidated the effect
on the linear side chain length on the mechanical properties in
P3ATs.”” For example, our laboratory has investigated the
effects of side chain length and molecular weight on the scratch
resistance and tensile behavior of P3AT thin films.**"%
Progressive-load scratch testing determined that an increase in
the alkyl chain length led to a decrease in both cohesion and
adhesion on silicon substrates.”® Likewise, our group and
others have used the buckling methodology®' and quasi-free-
standing tensile testing methodology (film-on-water)*>®® to
measure the elastic modulus relative to increasing length of the
alkyl chain; the modulus was found to decrease monotonically.
With regard to optoelectronic properties, studies have shown
that a longer side chains in P3ATs typically corresponds to a
decreased conductivity,64 increased luminescence,’* ™% de-
creased hole mobility (as measured using organic field-effect
transistors,”” "*" although the effect is not always monoton-
ic’%”"), and increased barriers to hole injection.”” In solar cells,
the side chain length of P3ATs have been shown to be a
significant determinant of the photovoltaic Ero7perties of
P3AT:fullerene®””*~" (and P3AT:non-fullerene’®~"*) hetero-
junctions, all-polymer heterojunctions,””*” and perovskite solar
cells.*"

A comparatively smaller body of literature has studied the
adhesive properties of P3ATs (or other conjugated polymers).
A notable exception has been the work of Dauskardt and co-
workers, who have made extensive use of the four-point-bend
and double-cantilever beam tests to understand how the
morphology and composition of layers within an organic solar
cell control adhesive and cohesive debonding behavior.*"**~%
For example, Bruner and Dauskardt found that the cohesion
energy®' and resistance to decohesion growth® of a
P3HT:PCBM bulk heterojunction increased from ~2 to ~17
J m™? as the molecular weight of P3HT increased. Choi et al.
later extended this work to an acceptor-type polymer, which
also exhibited increased fracture energy with increasing
molecular weight.** Dupont et al. found that the presence of
moisture drove the cohesive debonding of PEDOT:PSS films,
which are commonly used as hole transporting layers in
organic solar cells.”” Brand et al. determined that debonding in
a P3HT:PCBM solar cell always occurred cohesively within
the bulk heterojunction, with an increasing mass ratio of P3HT
(up to 75%) corresponding to an increase in fracture energy.42
This fracture mechanism within the P3HT:PCBM bulk
heterojunction has been attributed to tensile strain resulting
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Figure 1. (a) Chemical structure of the poly(3-alkylthiophene) (P3AT) library investigated in this study. (b) Number-averaged molecular weight
(M,) and degree of polymerization (X,) for each polymer in the library. (c—g) Summary of the (c) tensile, (d) compressive (oscillatory), (e) lap-
joint shear, (f) 180° peel (glass/P3AT/tape), and (g) 90° peel (glass/PEDOT:PSS/P3AT/tape) measurements performed in this study.
Representative data are shown in each plot. The black arrows in (c—f) are to guide the eye to the trends in the data.

in the delamination of P3HT chains from the fullerene
interface, resulting in crazing.91 Bruner et al. has shown that
molecular intercalation of fullerene acceptors in organic bulk
heterojunctions increases the cohesion energy, but increasing
mass ratio of the fullerene decreases the cohesion energy.”
Other work has studied the effect of processing conditions
(e.g, deposition processes,”””> humidity,” thermal anneal-
ing,94_96 UV irradiation”") on the adhesive and cohesive
properties. For example, Dupont et al. have found that thermal
annealing can be used to modulate the interdiffusion at the
P3HT:PCBM and PEDOT:PSS interface and increase the
fracture energy.”*” "

In this study, we probe the effect of the length of the alkyl
side chain®” (n = butyl, pentyl, hexyl, heptyl, octyl, and decyl)
on the tensile, compressive, viscoelastic, and adhesive proper-
ties of P3AT films. Here, we use the film-on-water test,
combined with three other tests conventionally used for
coatings and adhesives but not generally applied to conjugated
polymers: compressive nanoindentation (quasi-static and
oscillatory), lap-joint (shear) tests, and peel tests. We use
peel tests (rather than, e.g, double-cantilever beam tests) to
evaluate the effect of a flexible adherend on the debonding
behavior of the film, as conjugated polymers are likely to be
used in flexible and stretchable form factors, as opposed to
rigid ones.

B EXPERIMENTAL DESIGN

Material Selection and Mechanical Testing. Poly(3-
alkylthiophene)s were used as model polymers because they are
widely studied in the literature and readily available from commercial
vendors. In order to reduce the effect of entanglement density on the
measured properties, we used P3ATs with comparable molecular
weights as reported by the vendors (and remeasured by us using gel
permeation chromatography”’), degrees of polymerization, and

regioregularity (Table S3). Likewise, the molecular weight of all
P3ATs were selected to be above the entanglement molecular weight
of P3HT (typically ~10 to 20 kDa).'">”® Detailed descriptions about
the materials used are contained in the Supporting Information. We
chose several modes of mechanical measurement because envisioned
applications of semiconducting polymers are likely to be subjected to
tensile, compressive, shearing, and peeling forces. Thus, we measured
the mechanical properties five ways: a pseudo-free-standing tensile
test (tensile properties), nanoindentation (compressive proper-
ties),” '*® lap-joint shear tests (shear properties), 180° peel tests
for a glass/P3AT interface (adhesive peel force), and 90° peel tests for
a PEDOT:PSS/P3AT interface (peel force, debonding behavior). We
choose to use peel tests to evaluate the debonding behavior from a
flexible adherend (e.g., adhesive tape) rather than a rigid adherend
(e.g, a glass substrate).

Tensile tests and 90° peel tests were conducted with spin coated
films. However, because nanoindentation required thicker films (as to
reduce the impact of the silicon substrate on the measurement), drop
casting was used to form the films (yielding films with thicknesses of
~4 pm). For adhesion measurements (i.e., lap-joint shear tests and
180° peel tests), blade coating was used to deposit films on top of
rectangular glass substrates, for which the measured adhesion is
dependent on both layers (e.g, both the polymer film and the
substrate). Here, we selected glass as the substrate in order to ensure a
sharp interface with weak molecular force (i.e., with no covalent
bonds or chemical interactions).>* The goal of this selection was to
evaluate the functionality of these films as viscoelastic adhesives (in
which the dissipation of energy is mediated by chain reptation,
entropy, intermolecular forces, and the stretching and breakage of
covalent bonds). However, in device applications, the conjugated
polymer film is likely to interface with another thin, flexible layer.
Semiconducting polymers are incorporated in a variety of devices, and
thus a broad range of interfaces must be considered. (Trends in
adhesive and debonding behavior are unlikely to be universal, as
adhesion is dependent on both surfaces in contact.) In this study, we
conducted 90° peel tests where P3AT films are deposited on top of a
PEDOT:PSS layer, which is ubiquitously used as a hole transport
layer in organic solar cells.
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Figure 2. (a) Elastic modulus (measured and predicted), (b) tensile strength, (c) resilience, (d) linear elasticity, (e) fracture strain, and (f)
toughness relative to side chain length as extracted from tensile measurements.

Theoretical Calculations. Semi-empirical relationships between
the mechanical properties and molecular characteristics of conven-
tional (non-conjugated) polymers were developed by Seitz."> Here,
we used methods developed by Seitz'® and Fedors'®* (and later
applied to conjugated polymers by Tahk et al.'”® and Savagatrup et
al.'%) to calculate the theoretical tensile modulus (E), bulk modulus
(B), and cohesive energy (E,). Measured values for T, of each P3AT
were extracted from literature*”'®”~'%” and used in these calculations.
These calculated values were used as a guide and comparison for our
measurements. Detailed methodologies are included in the Support-
ing Information (Figure S1, Tables S1 and S2).

Characterization of P3AT Films. Characterization of the
morphological and molecular characteristics of each P3AT film
were performed to elucidate how such characteristics govern the bulk
and interfacial properties of P3ATs. Gel permeation chromatography
(GPC) was used to measure the molecular weight and dispersity of
each P3AT (Table S3), while ultraviolet—visible (UV—vis) spectros-
copy was used to determine the aggregation. The surface energy was
calculated from contact angle measurements with water and
diiodomethane using the harmonic mean Wu model.'"* Finally,
atomic force spectroscopy (AFM) was used to elucidate changes in
film topography relative to side chain length.

B RESULTS AND DISCUSSION

We summarize the mechanical characterization conducted in
this work on a series of poly(3-alkylthiophene)s (P3ATs) in
Figure 1. The mechanical properties were compared using two
modes of deformation: tension and compression. Likewise, the
adhesive behavior was evaluated using three measurements:
lap-joint shear tests, 180° peel tests (glass/P3AT/tape), and
90° peel tests (glass/PEDOT:PSS/P3AT /tape). We elected to
use P3ATs with comparable number-average molecular
weights (with the caveat that Koch et al. has shown that gel
permeation chromatography, when calibrated with polystyrene
standards, overestimates the molecular weight of P3HT by a
factor of 1.67'"") and degrees of polymerization (X,) in order
to isolate the effect of chemical structure on the mechanical
properties (Figure 1b, Table S3).

The tensile properties, as extracted from the stress—strain
curves (Figure 1c), are shown in Figure 2. An increase in the
side chain length makes it more favorable (i.e., requiring less
mechanical energy) for a polythiophene chain to stretch and
deform, which corresponds to a monotonic decrease in the

elastic modulus (Figure 2a, Table S4), tensile strength (Figure
2b), and resilience (Figure 2c) of the solid film, along with a
monotonic increase in linear elasticity (Figure 2d). We find the
chemical structure to be a dominant determinant in the storage
of energy (i.e., entropic elasticity for low-T, P3ATs, molecular
stiffness and Lennard-Jones interactions for high-T, P3ATs)
from which emerge monotonic relationships between the
elastic parameters and the side chain length (Figure 2a—d).

We find that the measured tensile modulus was lower than
predicted for all P3ATs (Figure 2a, Tables S2 and S4). The
predicted model agrees best for P3ATs with the shortest
(P3BT) and longest (P30T, P3DT) alkyl chains, with
calculations suggesting moduli about twice that of measured
values. However, the moduli for P3PT, P3HT, and P3HpT
differed significantly between experiment and theory, by about
one order of magnitude (Table S2). These observed
differences suggest that empirical correlations determined
from the mechanical behavior of conventional polymers do not
apply perfectly to conjugated materials, particularly for those
with glass transitions near the operating temperature (~37 to
—12 °C for P3PT to P3HpT) and thus likely demonstrate both
glassy and rubbery behavior (Figure S2). One reason for this
misalignment could be the significantly greater difference
between the thermal transitions associated with the backbone
and the side chain for conjugated polymers as opposed to
polymers with non-conjugated backbones.

When deformation extends beyond the elastic regime,
dissipation of energy is manifested as plastic deformation,
cracking, or fracture of the polymer film. Here, dissipation
occurs by the disruption of intermolecular interactions (e.g.,
n—n stacking), active slip (e.g, along the (100) and (010)
planes),''” chain pullout, and by the breaking of covalent
bonds. Previous studies have shown that increasing the length
of the alkyl side chain can allow for greater ordering, as well as
the formation of interdigitated (e.g., “Form II”) structures,
which can in some circumstances lead to brittle behavior."'>'*
However, the usual result of an increase in the alkyl chain
length is to increase the lamellar spacing' " and to decrease the
7—1 stacking.””%”"'® These effects suggest a weakening of van
der Waals forces between polymer chains.
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Figure 3. (a) Elastic modulus (measured and predicted) and (b) indentation hardness were extracted from quasi-static nanoindentation
measurements, while (c) work, (d) loss modulus, and (e) tan & were extracted from dynamic (oscillatory) measurements. The tensile modulus is

included in the comparison of moduli for reference.

Whereas the parameters associated with elasticity exhibited
monotonic relationships with the length of the alkyl side chain
(Figure 2a—d), those associated with plasticity—namely
fracture strain and toughness (Figure 2e,f), exhibited maxima.
First, there was a significant increase in fracture strain from
P3HT (n = 6) to P3HpT (n = 7), likely due to T, of P3HpT
being significantly lower than room temperature. Second, there
appeared to be diminishing returns to increasing the fracture
strain as the side chain length increases. An increase in side
chain length from P3HpT (n = 7) to P30T (n = 8) resulted in
a similar fracture strain, while that of P3DT (n = 10) was
lower. It is possible the decrease in fracture strain is in part due
to a comparatively low degree of polymerization for P3DT
relative to P30T (Table S3). However, AFM experiments by
Jiang et al. investigating the unfolding behavior of P3AT chains
show that a single P30T chain can extend further than a sin$le
P3DT chain (AL of ~14 nm compared to ~12 nm).""
Likewise, buckling experiments by Printz et al. suggest that
both the fracture strain and yield point of P30T are greater
than that of P3DDT (n = 12).°° Thus, previous literature
suggests that the decrease in fracture strain from n = 8 to n =
10 cannot solely be explained here by differences in degree of
polymerization. Rather, the maximum in fracture strain (which
occurs around 7 = 7—8) may represent a compromise between
competing effects. That is, as the side chain is lengthened, the
glass transition temperature decreases and the film becomes
more ductile. However, if the increase in the length of the alkyl
chain is too much, the volume fraction of load-bearing covalent
bonds in the main chain is diluted to the point where the solid
becomes waxy and loses its cohesion.

The toughness, taken as the energy density absorbed by a
solid prior to fracture, exhibits a similar maximum around n =
7—8 (Figure 2f) owing to the large extensibility of these two
entries in the series. Interestingly, the toughness of P3BT (n =
4) is nearly as high. We attribute this behavior to the
extraordinarily large tensile strength exhibited by the glassiest
(Tg ~ 65 °C'""7) of P3ATs tested (Figure 1, red curve). At an
operating temperature significantly below the glass transition,
the brittleness (and high strength) stems from the glassy

nature of the polymer. Nevertheless, we observed some plastic
flow beyond the regime of linear elasticity for P3BT (Figure
S3), suggesting some mobility despite the kinetically frozen
structure.*®

The compressive properties, as extracted from nano-
indentation measurements (Figure 1d), are shown in Figure
3. Again, we found essentially monotonic relationships
between the elastic properties (elastic modulus, hardness,
elastic work) and the alkyl chain length (Figure 3a—c), for
both quasi-static and dynamic (oscillatory) measurements.
However, we do observe a greater modulus (and decreased
elastic work) for P3DT in comparison to P30T. Previous
studies have observed greater crystalline fractions in n = 10, 12
compared to n = 8,°* which likely result in this increased
modulus. It is also possible that the slow drying kinetics (due
to the solidification process of a drop-cast film) and long alkyl
side chain allow for the formation of morphological structures
(e.g., nanowhiskers and nanoribbons resulting in greater 7—7x
stackinglls) that contribute to this difference in mechanical
behavior. Under compression, the measured moduli were
significantly greater than those extracted from tensile measure-
ments (Figure 3a, Table S4). We attribute this difference to the
decrease in film volume under compression in comparison to
an increase under tension (i.e., the elastic modulus is related to
the compressive modulus by Poisson’s ratio'®). Under real
(i.e, non-theoretical) measurements, larger differences be-
tween the compressive and tensile moduli can be observed due
to the behavior of defects within the solid film under the two
modes of measurement.”® For example, under tension, void
spaces are stretched, propagating fracture as the size of the
defect grows (i.e., crazing). Under compression, while localized
deformation still occurs, some cracks and fracture interfaces
can be closed, slowing down compaction and preventing
fracture from propagating across larger length scales.'"”
Previous work has shown similar increases in measured elastic
modulus (and tensile strength) for films of poly(methyl
methacrylate) between measurements under tension and

: 120
compression.
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Figure 4. (a) Lap-joint shear tests were conducted on glass substrates glued together by each P3AT film (for which representative force—
displacement curves are shown) from which the (b) adhesive strength and (c) energy dissipated by the adhesive material are extracted (Figure S6).
Likewise, 180° peel test samples were measured by peeling P3AT films off using adhesive tape (Figure S7). From force—displacement curves, the
(d) adhesive peel force (normalized to the width of the tape) was measured relative to the side chain length (Figure S8). (e) Finally, 90° peel tests
were performed on glass/PEDOT:PSS/P3AT stacks using adhesive tape, from which the peel force was measured and debonding interface was
photographed (Figures S8 and S9). The thickness of the 180° peel test films ranged from 100 to 150 nm in thickness, while the P3AT films used for

90° peel tests were between 300 and 400 nm (Figure S8).

As such, our findings agree with empirical relationships that
predict the compressive (bulk) modulus to be greater than the
tensile modulus in non-conjugated polymers (Figure S4)."” We
also observed greater agreement between the calculated and
measured values of the compressive modulus compared to the
tensile modulus (Tables S2 and S4), with the caveat that there
was still a significant difference between the two for polymers
with glass transitions near room temperature (P3PT, P3HT,
and P3HpT, see discussion in the Supporting Information).

From oscillatory indentation measurements, storage mod-
ulus (Figures 3a and S5), loss modulus (Figure 3d), and tan &
(Figure 3e) were extracted. Under dynamic conditions, we see
significant differences between the loss modulus measured for
polymers with glass transition temperatures above and below
the operating temperature. Previous work on polycarbonate
has shown that the deformation phenomena of the solid film is
in part determined by the crazing (deformation resulting from
an increase in volume, e.g., formation of void spaces by chain
scission or disentanglement) and shear yield (deformation
without a change in volume, e.g, chain slippage) transi-
tions.'”""'** Kramer and Berger showed that such transitions
are associated with the glass transition temperature, for which
the transition between crazing and shear yield occurs
approximately 28 °C below T, for polycarbonate.'*"'**
Thus, changes in deformation behavior could possibly provide
insight as to the differences between n = 4—5 and n = 6—10
(where there is a monotonic decrease in G”). The damping
behavior (tan &) is calculated as the ratio of the loss and
storage (elastic) modulus, for which there was a monotonic
increase (from ~0.05 to ~0.3) relative to alkyl chain length for
n = 4—8. The tan 0 is dependent on the operating temperature
of the film (here, room temperature) relative to the thermal
transitions™ associated with the polymer film (e.g, glass

transition, for which there was a constant decrease as n
increased"”). Our findings were consistent with data reported
by the Gu group on the thermal behavior of P3PT and P3HT
using dynamic mechanical analysis (DMA) of glass fiber mesh
samples.124 However, the tan § of P3DT (n = 10) was
measured to be 0.2, similar to that of P3HT. This difference is
attributed to an increase in the storage modulus (G’) (Figures
3a and SS5), which possibly stems from an increase in
morphological ordering.>*'%"'

For indentation of all P3AT films, plastic work was greater
than elastic work, both under tension (Figure S3) and
compression (Figure 3c). The elastic work dissipated increased
relative to increasing side chain length, which was counter to
the trend observed for resilience under tension (yet similar to
that of linear elasticity) (Figure 2c,d). The one outlier was
P30T, which exhibited both the greatest amount of plastic and
elastic work. As such, both measurements in tension and in
compression suggest that the plastic behavior of P3AT films is
dependent, non-monotonically, on the side chain length.

To elucidate the effect of the side chain length on the
adhesive properties of P3ATs, lap shear (Figures 4a—c and
S6), 180° peel test (Figures 4d,e, S7, and S8), and 90° peel test
samples (Figures S8 and S9) were prepared. When subject to
shear strain (Figure 4a), an increase in the alkyl chain length
generally resulted in an increase in the adhesive strength
(Figure 4b) and energy dissipated (Figure 4c, normalized to
the surface area of the lap joint). Due to the debonding
behavior of P30T, the total energy dissipated by the lap joint
was significantly greater than that of the rest of the P3ATs.
These results correlate strongly with the fracture strains and
compressive work, in that P30T has the greatest fracture strain
(Figure 2e), total work (Figure 3c) and adhesive strength
(Figure 4b). Likewise, the increase in alkyl chain length from n
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Figure S. (a) Surface energy measurements of as-cast and annealed (100 °C, 30 min) P3AT films were made using contact angle measurements of
water and diiodomethane. (b) UV—vis spectra of P3AT films, from which the (c) aggregate fraction was extracted using a model developed by
Spano and coworkers. (d) The mean square roughness for as-cast and annealed P3AT films were measured using AFM (Figure S10).

= 8 to n = 10 resulted in both a decrease in the fracture strain
and adhesive strength, suggesting a maximum in the adhesive
strength for P30OT.

With an operating temperature significantly below the glass
transition, P3BT chains are highly immobile (glassy) at room
temperature and thus cannot rearrange to encourage the
dissipation of mechanical energy throughout the film. Thus,
P3BT (n = 4) films showed the least adhesive strength and
displacement (~0.15 mm). P3PT, likewise with a glass
transition above the operating temperature, showed a
comparable adhesive strength. When the side chain is
sufficiently long such that the glass transition is below the
operating temperature (n > 5), the polymer film functions as a
viscoelastic adhesive between rigid substrates.'”> P3ATs with n
= 5—7 and n = 10 all failed with a displacement between 0.5
and 1 mm. However, the maximum load applied was low,
suggesting that these polymer films have little resistance to
flow."*¢ Finally, P30T showed a clear maximum in adhesive
strength, which is likely attributed to the greatest amount of
viscoelastic dissipation of energy (as suggested by the relatively
high value of tan &, Figure 3e). The plateau in force relative to
increasing displacement (>1 mm) for P30T suggests that
highly mobile polymer chains can undergo significant
rearrangement to dissipate the mechanical work (Figure 4a).

Although a clear trend is present from these lap shear
measurements, the calculated adhesive strengths of this P3AT
library were extremely low (common polymeric adhesives have
adhesive strengths on the order of MPa). Our calculations
were likely significant underestimates of the actual adhesive
strength, as we assume uniformity of the polymer film.
Photographs of representative samples (Figure S6) show that
the lap joints were primarily held together by a thicker outer
border of polymer. A more accurate estimate of the surface
area of the adhesive would likely be that corresponding to the
thick border of the overlapping lap joint. As such, the
calculated adhesive strength should be taken as representative
of how these samples were prepared, with more importance
being given to the qualitative trend rather than the numerical

values. An extended discussion is included in the Supporting
Information along with Figure S6 (page S18).

Similar lap shear measurements were conducted on a family
of methacrylate-based copolymers with increasing alkyl chain
lengths by Payra et al.'”’ The authors found a similar
maximum when comparing the measured lap shear strength
against the glass transition of the synthesized copolymers.'””
Coincidentally, the copolymers with octyl (and 2-ethyl hexyl)
side chains also resulted in the greatest lap shear strength
(~2.8 MPa). At low glass transitions (Tg ~ =55 to —40 °C),
copolymers with decyl and dodecyl side chains were highly
ductile, which resulted in mobile polymer chains that yielded
easily when subject to low loads (e.g., a low tensile strength but
a high fracture strain). In contrast, copolymers with methyl and
butyl side chains (T, ~ =70 to 130 °C) had insufficient
ductility due to the glassy nature of the polymer film, which
resulted in highly brittle lap joints that, again, failed at low
loads once energy storage mechanisms were saturated. Our
findings thus suggest that the ability of a conjugated polymer
film to function as a lap shear adhesive is dependent on a
balance between both a high tensile strength and high fracture
strain (as opposed to simply a high toughness, where the
strength or ductility could possibly be low).

Additionally, 180° peel tests were conducted to further study
the debonding behavior of P3ATs from glass substrates
(Figures 4d, S7, and S8). P3BT, with its glassy behavior,
required minimal force to delaminate (Figure S7). This
behavior corresponds well with the low plasticity and low
viscoelasticity (i.e., low tan §). In contrast, the adhesive peel
forces for polymers above their glass transition (n > 5) showed
a trend of increasing peel force relative to side chain length
(despite random fluctuations in force inherent to the
measurement technique®”), with P3DT again behaving counter
to the trend. We observed a maximum around n = 7—8, with
P3HpT and P30T measuring comparable peel forces (Figure
4d). This result agreed with our previous findings, as the
progression of the peeling interface results in both tensile and
compressive stresses, and depend strongly on the viscoelastic
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behavior.” P3HpT and P30T films were measured to have
the greatest measured toughness (and also plastic dissipation
of energy, which is of particular importance to the behavior of
the crack growth'*®) under tension and compression, as well as
the greatest measured values of tan 6 at room temperature
(and thus most favorable viscoelastic behavior).

In most envisioned device applications, an applied semi-
conducting polymer film will likely interface with another
transport or sensing layer. In organic solar cells, a polymeric
bulk heterojunction is thus often deposited on top of a
PEDOT:PSS hole transport layer. We conclude by investigat-
ing how an increase in side chain length changes the
debonding behavior of a glass/PEDOT:PSS/P3AT /tape
stack using 90° peel tests (Figures 4e, S8, and S9). We find
that delamination occurs at either the PEDOT:PSS/P3AT (n
= 5-7) or P3AT /tape (n = 4, 10) interface, with a transition at
n = 8 between the two (Figure S9).

Tuning the side chain structure of a conjugated polymer is a
common strategy for optimizing the surface energy of the solid
film."**7"3! However, alteration of the ratio of saturated to
unsaturated groups within the solid film also potentially affects
the surface energy, which would affect the adhesion between
two films in contact arising from van der Waals forces.'*”
Contact angle measurements were used to determine the effect
of the alkyl chain length on the surface energy of the resulting
polymer film (Figure Sa). As-cast films showed no coherent
trend, with all polymers having an approximate surface energy
of ~30 mJ] m™* (although complete elimination of the
relatively high-boiling solvent, chlorobenzene, was unlikely
without thermal treatment). However, when thermally
annealed, the surface energy decreased with increasing side
chain length. These findings validate previous results showing
that the water contact an%le increases for P3AT films of
increasing side chain length.'’”'** Annealing removes residual
solvent and may also promote the reorientation of the polymer
chains into domains with edge-on texture (as previous studies
have shown with P3HT)."*"'** Thus, this increase in water
contact angle (and decrease in measured surface energy) is
attributed to the increased presentation of hydrophobic alkyl
side chains at the surface."*” This observation suggests that the
adhesion between the tape and the P3AT film decreases as the
side chain length increases, which explains the debonding
behavior shown in the 90° peel tests (Figure S9).

The greatest peel force was measured for P3BT (~120 N
m™'), which delaminated at the P3BT/tape interface. While
the high surface energy allowed for the best adhesion between
the tape and polymer film, the high stiffness and strength of the
film likely prevented bending, and thus fracture from
propagating throughout the film. The mechanical properties
of the PEDOT:PSS layer also likely contributed to this
observed debonding behavior. P3BT was the only polymer in
the series to have an elastic modulus greater than PEDOT:PSS
(~385 MPa'*®), which likely prevented crazing at the
PEDOT:PSS/P3BT interface due to elastic mismatch. In
contrast, n = 5—7 all delaminated at the PEDOT:PSS/P3AT
interface with low measured peel forces (~60 N m™"), which is
consistent with findings from the Dauskardt group showing
that the PEDOT:PSS/P3HT:PCBM interface is weakest
within a device stack.*”®* At n = 8, there was a transition at
which the adhesion between the P3AT /tape interface became
weak enough such that it becomes the most favorable
debonding interface. However, at this transition, the
PEDOT:PSS/P30OT interface was still weak enough to

delaminate, resulting in debonding occurring at both interfaces
(Figure S8b). This meandering fracture path,86 as well as the
formation of four new surfaces rather than two, likely resulted
in a relatively high measured peel force (~110 N m™"). Finally,
for P3DT, the P3DT/tape interface was clearly the weakest
due to the poor adhesion between the two; the same amount
of force needed to delaminate the P3AT film from
PEDOT:PSS for n = 5—7 is sufficient to peel tape off the
P3DT film. As such, these findings suggest that the length (and
structure) of the side chain play a significant role in
determining the fracture behavior of a device stack which
incorporates a conjugated polymer film. Likewise, the
mechanical properties of the P3AT film (as well as the
adjacent layers) govern how debonding occurs and how the
fracture tip propagates. For example, both P3BT and P3DT
delaminated at the P3AT/tape interface, yet for different
reasons.

Finally, the aggregation and topography of the P3AT films
were characterized using UV—vis (Figure Sb,c) and AFM
(Figures Sd and S10) to determine their effects on the
observed mechanical behaviors. A comparison of the measured
aggregate fraction to the degree of polymerization showed no
apparent trend (Figure S11). P3BT had the lowest aggregation
(~0.4), likely due to the kinetically frozen structure preventing
the formation of aggregates, while all other P3ATs had
aggregate fractions above 0.5. Interestingly, P3HpT had the
greatest fraction of aggregates, which possibly contributed to
the significant plastic deformation (e.g., energy dissipated due
to the breaking of aggregates) and relatively high fracture strain
observed from FOW measurements. Likewise, AFM phase
images were used to investigate the topography of P3AT films
(Figure S10), from which the root-mean roughness are
extracted (Figure S5d), as the adhesion is additionally
dependent on the contact area between two surfaces (and
thus, the roughness and topography of each surface)."”’~"*’
For example, an increased surface roughness can improve
mechanical adhesion by allowing for the interlocking of the
two surfaces,"*'*! or significantly reduce adhesion when an
elastic solid (e.g, rubber) is in contact with a hard substrate.'**
However, the P3AT films used in this study were similar in
surface roughness, and thus not likely to have significantly
affected the measurements performed.

B CONCLUSIONS

Here, we sought to understand how the length of the alkyl
chain side chain affects the mechanical and adhesive properties
of a library of poly(3-alkylthiophene) (P3AT) films using four
methods: a quasi-free-standing tensile test, compressive
nanoindentation, a lap-joint shear test, and adhesive peel
tests. We find that the length of the alkyl side chain
significantly impacts the elastic storage of energy, plastic
dissipation of energy, and surface energy. While elastic
properties have a relatively monotonic relationship relative to
side chain length, plastic properties are typically non-
monotonic. These relationships between mechanical behavior
(and electronic performance) and side chain length govern the
viscoelasticity of the P3AT film. At a specific operating
temperature (here, room temperature), the bulk (e.g,
viscoelasticity, plasticity, and elasticity) and surface (e.g,
viscoelasticity and surface energy) properties govern the ability
of the polymer film to function as an ersatz adhesive within a
device stack. For poly(3-alkylthiophene) thin films, we find
that the most favorable mechanical properties for stretchable
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Figure 6. Summary of changes in the morphology and mechanical behavior in poly(3-alkylthiophene) thin films as the side chain length increases
from n = 4 to n = 10. These monotonic and non-monotonic relationships govern the functionality of the semiconducting polymer film to function

as an ersatz adhesive within a device stack.

and soft electronics occur with a side chain length of n = 7
(P3HpT) or n = 8 (P30T). Similarly, the increase in side
chain length results in an relatively monotonic tradeoff
between increasing deformability (“softness”) and decreasing
surface energy. As a result, P30T displays the best adhesive
functionality, both as a viscoelastic adhesive gluing together
two glass slides and as a polymeric interlayer in an example
device stack (e.g., when deposited on top of PEDOT:PSS). We
summarize our findings below (Figure 6).

The envisioned application of semiconducting polymers in
flexible and stretchable electronics is dependent on the
electronic, mechanical, and adhesive performance, which
often have tradeoffs that must be optimized. Here, we
demonstrate how methods common to conventional polymers
can be used to characterize the mechanical behavior of
semiconducting polymers in detail in order to understand
these tradeoffs. While our study only evaluates the effect of
side chain length on one model family of conjugated polymers
(i.e., poly(3-alkylthiophene)), the backbone structure is also a
significant determinant of the mechanical and adhesive
properties of the solid polymer film. Likewise, while most
conjugated polymers still feature linear or branched alkyl side
chains, the chemical structure can be rationally designed to
improve the mechanical and adhesive performance of the
polymer film (functionalization of the side chain with, e.g,
amines, catechol, hydrogen bonding moieties) within a device
stack. Additionally, semiconducting polymers are applied in a
broad range of device applications, and thus interface with
many types of sensing, transport, and electrode materials. The
adhesive and debonding behavior of many of these interfaces
are seldom explored, and offer opportunities for improving the
mechanical robustness and stability of these devices. For
example, the interface of the lap-joint shear samples can be
changed (e.g, by depositing PEDOT:PSS on top of the glass
substrates) in order to investigate interfaces more relevant to
device stacks. Finally, empirical correlations have been
developed to relate chemical and molecular structure to elastic
modulus in conventional (non-conjugated) polymers, but
these correlations do not apply well to conjugated polymers,
particularly those operating at a temperature where both glassy
and rubbery behavior is demonstrated. As such, our findings
motivate further study of how the different electronic,
mechanical, and adhesive figures of merit can be tuned be

systematically tuned by rational design of the polymer
structure.
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