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Intrinsically Stretchable Conjugated Polymers

CONSPECTUS: The field of 7-conjugated (semiconducting)
polymers has been underwritten largely because of the
promise of flexible (and increasingly, stretchable) devices for
energy and health care. Our research group has spent much of
the past six years studying the mechanical properties of
conjugated polymers. Mechanically robust materials can
extend the life spans of devices such as solar cells and organic Now:
light-emitting diode (OLED) panels and enable high
throughput processing techniques such as roll-to-roll printing.
Additionally, wearable and implantable devices, including \‘ ()
electronic skin, implantable pressure sensors, and haptic "
actuators, benefit by having moduli and extensibilities close to
those of biological tissue.

At the time of our laboratory’s inception, however, the optoelectronic properties of conjugated polymers were understood in
much greater depth than their mechanical properties. We therefore set out, as our laboratory’s first research topic, to understand
the molecular and microstructural determinants of the mechanical properties of conjugated polymers. This is an Account not
only of our scientific findings but also of the pragmatic aspects, including personnel, funding, and time constraints, behind our
studies as a nascent research group. We hope that this Account will provide information to newly independent scientists about
the process of starting a new research laboratory.

We identify three main stages of our scientific growth. (1) We began by conducting proof-of-concept experiments to identify
basic correlations between chemical structure and mechanical properties and to determine whether high optoelectronic
performance and mechanical robustness were mutually exclusive. (2) We then added new metrological techniques to enable
more rapid and robust measurements, such as obtaining full stress—strain curves for conjugated polymer thin films,
characterizing modes of thin film failure, and simplified identification of the glass transition temperature. (3) Finally, we
incorporated new capabilities, such as organic synthesis and molecular dynamics simulations, into the toolkit of our group.
These stages corresponded with increased funding, personnel commitment, and flexibility to take on long-term projects. Our
research efforts identified polythiophene-based semiconducting polymers capable of both achieving high power conversion
efficiencies and accommodating high degrees of strain. Additionally, we identified several chemical and microstructural
determinants of the mechanical properties of conjugated polymer films, such as the chemical composition and structure of side
chains and a high degree of dependence on amorphous packing structure. While the field has not yet produced stretchable
materials that retain state-of-the-art electronic properties with high elastic range and repeated deformation, we hope that our
work and the work of others in the field has provided a foundation for future advances.

Then:

1. INTRODUCTION

Selecting one’s first research topic is the most important
decision one makes at the start of an independent career. It
influences the types of students attracted to the research group
and thus the laboratory culture. By creating “institutional
knowledge”, it creates inertia that influences the selection of
future projects. A lab’s first research topic also provides the
basis for which one is invited to participate in collaborative
projects. It is the criticality of the decision that makes selecting
this topic so difficult. This difficulty is compounded by the
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scientific community’s tendency to avoid public discussion of
the nontechnical aspects of research. The realities that often
govern much of science are frequently not well understood by
postdoctoral researchers on the job market until after they have
been working at their independent positions for several
months. While some of these factors depend on the locale of
the research group in question (for research groups based in
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Figure 1. Features of the molecular structure (left) and microstructure (right) of conjugated polymers that can differ from those of commodity
polymers and engineering plastics that have profound effects on the mechanical properties.

the United States, this includes the “tenure clock” and the
collection of preliminary data for grants), many are universal,
such as the need to establish a group’s reputation with limited
resources and equipment. We thus describe our group’s first
research topic, the mechanical properties of organic semi-
conductors, with special attention paid to the practicalities that
guided our selection of experiments.

When picking our first research topic, we looked for
unstated assumptions in fields in which our principal
investigator had experience including nanofabrication, stretch-
able electronics, and organic synthesis.' > One field that
combined these interests was #-conjugated polymers. The
stated purposes of conjugated polymers have nearly always
included printed solar cells, light-emitting devices, radio-
frequency identification (RFID) devices, and wearable or
implantable biosensors. All of these applications were thought
to benefit from mechanical deformability. It seemed reasonable
to believe that the molecular and packing structure of the solid
films would have a substantial effect on their deformability. We
believed that measuring the effects of systematic modifications
of the molecular structures of conjugated polymers on the
mechanical properties of their solid films (the “physical—
organic approach”) would be a good way to generate new
knowledge.”

We were aided by early literature on the mechanical
behavior of conjugated polymer films. The first studies of the
mechanical properties of conjugated polymers were performed
by Heeger, Smith, and Wudl on polyacetylene, regiorandom
polythiophene, and other relatively simple structures in the
1980s and early 1990s.°~* Upon the discovery of the polymer
solar cell, however, the interest of the field shifted from
thermomechanical to optoelectronic properties.”'® Many
advances in the field focused on new chemical structures,
charge-transport in disordered media, microstructural inves-
tigations, and device-level engineering.”’12 This focus on
optoelectronic properties meant there was little literature
between the early 1990s and late 2000s on the thermome-
chanical properties of polymer structures and morphologies
central to modern conju§ated polymer research, especially for
low band gap materials.'

Interest in deformability of organics seemed to be renewed
by the successes of Wagner, Suo, Rogers, and others in making
flexible and stretchable devices out of metals and inorganic
semiconductors.*™'” Evidence of a high degree of deform-

ability in modern semiconducting polymers was demonstrated
in 2007, when Miiller et al. synthesized bulk samples of a block
copolymer of regioregular poly(3-hexylthiophene) (P3HT)
and polyethylene that was tough and stretchable and retained
its charge-carrier mobility even when the insulating fraction
reached 90%.”° This study was followed by another in 2010 by
O’Connor et al., which showed a negative correlation between
the deformability and charge transport properties of poly-
thiophenes.”’ The elastic moduli of thin film devices of
conjugated polymers was first explored by Tahk et al. in 2009
using a technique based on surface buckling instability,
described by Hutchinson and Whitesides and then transformed
into a metrological technique by Stafford and co-workers.””~**
Implementation of conjugated polymers into fully stretchable
devices was also explored. Drawing inspiration from the Rogers
laboratory, our principal investigator used the buckling
technique to make a stretchable organic solar cell as a member
of the Bao laboratory.” Pei followed with a report of an
intrinsically stretchable light emitting electrochemical device,
which may be the first semiconducting device in which the
active components themselves accommodated tensile strain
without strain-relief features (e.g., buckles).”

What seemed to be absent, however, was control over
molecular structure, particularly for the emerging family of low
band gap materials. The mechanical properties of newly
synthesized polymers were rarely reported, and structure—
property relationships were significantly less developed for
mechanical properties than for optoelectronic properties.
Additionally, most articles were not concerned with the
mechanisms of storage and dissipation of mechanical energy in
conjugated polymer films, instead focusing on the extent to
which the materials could be strained without failure (the
“stretchability”). We therefore chose structure—mechanical
property relationships in conjugated polymers as one of our
primary research thrusts.

2. SIDE CHAIN LENGTH IN POLYTHIOPHENES:
PROOF OF CONCEPT

It was unclear initially whether conjugated polymers could
retain high optoelectronic performance while increasing their
deformability, as some early work suggested good og)toelec-
tronic properties and deformability were incompatible.”' Many
of the characteristics of conjugated polymers that give rise to
charge transport, an optical band gap, and the ability to be
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Figure 2. Summary of initial P3AT experiments. (a) Molecular structures of PBHT—P3OT hybrid polymers. (b) Relationship between
optoelectronic and mechanical properties of PSHT—P30T hybrid polymers. (c) Tensile moduli of PBHT—P3OT hybrid polymers. Reproduced

with permission from ref 32. Copyright 2014 American Chemical Society.

processed from solution make them structurally unlike most
engineering plastics. Characteristics found in semiconducting
polymers include solubilizing side chains, stiff 7-conjugated
cores, large and chemically heterogeneous monomer residues,
and relatively low degrees of polymerization (Figure 1).
Additionally, high degrees of order and crystallinity were
thought to be necessary for optoelectronic properties
comparable to amorphous silicon (mobility ~1 cm? V™! 57},
power conversion efficiency ~10%), the most commonly used
intrinsically flexible inorganic semiconductor.”'

We therefore required a proof of concept to determine
whether it was, in principle, possible to obtain the “best of both
worlds” in electronic performance and mechanical deform-
ability. We chose to perform our experiments on the family of
polymers known at the poly(3-alkylthiophene)s (P3ATs). The
P3ATs presented several characteristics ideal for a new lab.
Being in an engineering department, we initially did not have
access to students trained in synthetic organic chemistry and
therefore needed to use existing materials or materials for
which synthesis was relatively straightforward. The P3ATs
were nearly an order of magnitude less expensive than many
low band gap polymers and were available in large quantities
from general chemical suppliers, which was ideal for a lab
functioning exclusively on startup funding. Additionally, there
was a large body of literature describing the morphologies and
optoelectronic properties of the P3ATs under a wide range of
different processing and structural conditions, ready to be
matched to mechanical properties.”® Moreover, the quasi-living
Grignard metathesis polymerization provides some control
over the molecular weights and dispersities of P3ATs.””**

Our initial experiments focused on the relation between the
mechanical and electronic properties of P3ATSs and side chain
length. Determining even basic mechanical properties
presented challenges. Conjugated polymers are usually
synthesized in small quantities and almost always cast into
thin films. These constraints demanded the use of metrological

techniques that used material sparingly. One such technique is
the buckling-based metrology.””** To obtain the elastic
modulus using this method, one transfers a film of interest
to a prestrained (<5%) elastomeric substrate. Upon release of
the prestrain, sinusoidal wrinkles appear in the film. The
wavelength of these wrinkles increases with the modulus and
the thickness of the film. It is thus possible to extract the
modulus from the slope of a plot of buckling wavelength versus
thickness. This technique only required a microscope and time,
making it ideal for our research group, which at the beginning
consisted in large part of undergraduate volunteers.

We found a sharp decrease in elastic modulus and increase
in ductility when we increased the side chain length of P3ATs
from a hexyl group to an octyl group, as the glass transition
temperature (T,) of the polymer drops substantially below
room temperature.”” ' This transition corresponded to a
significant decrease in electronic properties as measured by
both the field-effect mobility of thin-film transistors and PCE
of bulk heterojunction solar cells. The electronic performance
of solar cells can be measured by the power conversion
efficiency (PCE), which represents the percentage of solar
energy converted to electrical energy. A more general
measurement of semiconductor performance is the charge-
carrier mobility, which is a measurement of how quickly
charges can move through a semiconductor when an electric
field is applied. We began investigating the space between
hexyl and octyl side chains, hoping to find a middle ground
(Figure 2a).”” Both block and statistical copolymers, as well as
the physical blend of P3HT and P30T, were found lacking in
either deformability or power conversion efficiency when
mixed with phenyl-C61-butyric acid methyl ester ([60]PCBM)
(Figure 2c). However, we were surprised to find that using a
heptyl side chain (P3HpT) blended with [60]PCBM gave
power conversion efficiencies as high as P3HT and a tensile
modulus lower than P30T in the neat form, thus suggesting
the existence of a “best of both worlds” (Figure 2b).73% We
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Figure 3. Comparison of methods of testing on the mechanical properties of conjugated polymer films. (a) Reconstructed stress—strain curves of
four different molecular weights of P3HT using the film-on-elastomer methods. (b) Results of pull testing of quasi-free-standing films of the same
samples as shown in panel a obtained using the film-on-water method. (c) Results of coarse-grained molecular dynamics simulations showing the
effect of increasing molecular weight on the entanglement density of a polymer film, which is correlated to its extensibility. The high-molecular
weight system (top) had a degree of polymerization of 300; the low molecular weight system (bottom) had a degree of polymerization of S0 and
one-sixth the density of entanglements. Reproduced with permission from ref 34. Copyright 2017 American Chemical Society.

took this result as proof that rubbery conjugated polymers
need not have poor optoelectronic properties and decided to
devote our group’s full research efforts to this topic.

3. NEW METROLOGICAL TECHNIQUES: IMPROVING
DATA COLLECTION

With greater focus within our group on the mechanical
properties of conjugated polymer films, we needed more
accurate and eflicient methods to characterize their elastic
moduli and fracture behavior. We had additionally now
obtained outside funding for this research topic, giving the
long-term stability required to explore more foundational work
such as metrological techniques. Until this point, we had
carried out all our experiments with our thin films adhered to
an elastomer (polydimethylsiloxane, PDMS). We used these
“film-on-elastomer” methods because handling freestanding
thin films was highly impractical. However, we had to carry our
measurements of each mechanical property separately: we
performed one test to find the elastic modulus of the
polymer,32 one to find the yield point,33 and one to find the
strain at failure (crack-onset strain).’’ Several films for each
test had to be cast, and several locations on each film were
measured to obtain proper statistics. For the measurements of
strain at failure, each sample had to be examined by optical
microscopy for each 1% increment of strain. For highly
stretchable films, this was impractical. Additionally, the
buckling method for testing the elastic modulus used a
combination of compressive and tensile forces rather than the
more commonly reported tensile modulus.’* Even with all
these tests, we could still only approximate the stress—strain
curve by estimating a perfectly linear increase corresponding to

the elastic modulus until the yield point, and then constant
stress until failure (Figure 2a).

In comparison, conventional pull tests of a bulk sample
reveal the modulus, the elastic range, the tensile strength, and
the fracture strain of a material in a single measurement.
Around the time we were finishing our proof-of-concept
experiments, Kim and co-workers published a method for
performing a conventional pull test of a thin film suspended on
water.>® The adoption of this technique in our own
experiments allowed us to obtain the stress—strain curves
directly. We found significant differences between properties
measured by this “film-on-water” method compared to our
previous “film-on-elastomer” techniques (Figure 3).** For
example, the modulus measured using the buckle test is higher,
and the crack-onset test tends to underestimate the film’s
stretchability as it is simply the first formation or expansion of
a crack or hole, as opposed to complete bifurcation of the film.

While this new “film on water” technique gave us new
insight into the properties of the isolated semiconducting
polymer films, the mechanical behavior of semiconducting
films on elastomers was still of interest for fabrication of actual
stretchable devices. As such, we looked to improve our “film on
elastomer” techniques. In particular, we aimed to improve our
understanding of the failure of thin films of semiconducting
polymers. We looked to a method pioneered by Stafford and
co-workers that related crack density to fracture stress in brittle
films.”® We sought to use this method to characterize
conjugated polymer films and wondered whether it would be
possible to develop an analogous technique for measuring the
behavior in ductile films. Our previous experiments had shown
that in ductile films diamond-shaped microvoids appeared at

DOI: 10.1021/acs.accounts.8b00459
Acc. Chem. Res. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.accounts.8b00459

Accounts of Chemical Research

a Brittle

fracture

Brittle Fracture

Ductile

Ductile Fracture

b c
40—~ 100
I m 3
——AS5D7 1.29+0.03 " Y
35 N Incr. Elastic | 79 —PterTh 2392008 o, | 'O9u(m) =axo
I Mismatch o - —pBT 2991007 & 2
Tt~ O ‘@ gg| —FeT 110220 o
£30 «— "o {150 2 % or o1
4 g5 % 30 60 %
25 sttt B 30 o* (MPa)
h,;=115+3 nm 0 TP PRT | asor
2.0 0
4.0 35 3.0 25 6 12 18 24 30 36
0,
d 109, o(Eppus/Epssr) £(%)
PTB7-Th A5D7 P3AT
CxHaxs1
OaHs CSHWTCsH‘sCBHWOOCGHW M
G o N, N CyHoxsr "
F8BT

0.

CeHis™ “CgH,y

N\ s < s
SS \/\ln
\_/

7
CgHi7” CgHyz N‘S'\N n

Figure 4. Fracture behavior of brittle and ductile films. (a) Schematic diagram of brittle (left) and ductile (right) fracture of conjugated polymer
films on PDMS substrates. Ductile fracture is characterized by diamond-shaped microvoids. The rate at which the aspect ratio (I/w) grows with
strain is named the microvoid propagation number (m) and plotted versus the log of the elastic mismatch of the PDMS and a (relatively stiff) film
of poly(3-butylthiophene) (P3BT) in panel b. The elastic mismatch has a smaller effect on the crack-onset strain (COS). (c) Stress vs strain curves
for the four structures shown in panel d. The inset plotting log(m) versus the fracture stress (6*) shows linear behavior and connects m,
determined optically, to a force, 6*, determined mechanically. Reproduced with permission from ref 37. Copyright 2017 American Chemical

Society.

the crack-onset strain, which increased in aspect ratio with
increasing strain (Figure 4). We were able to correlate the rate
of change in aspect ratio to strain to find a microvoid
propagation number, m.”” This number corresponds to the
crack-onset strain of the polymeric film and is a more robust
measurement as it does not depend on human judgment of
small changes in the sizes of defects.

Our work on P3HpT had demonstrated the importance of
T, on the mechanical properties of conjugated polymer films.*"
However, the structure of conjugated polymers can make the
measurement of T, difficult.”® The glass transition is a second-
order phase transition that occurs concomitantly with a change
in the heat capacity and rate of change in density with
temperature. A conjugated polymer, however, comprises both
a conjugated backbone and (usually) aliphatic side chains.
Given that the side chains are liquid-like even at temperatures
well below the operating temperatures of most devices, the
additional heat capacity upon reaching the glass transition of
the side chains is only incremental and thus hard to detect.
Moreover, for materials that form liquid crystalline phases, the
transition from the liquid crystal glass to the liquid crystal melt
may not enable sufficient molecular motion to produce a
measurable increase in heat capacity by calorimetry.”®

A number of techniques already existed to overcome the
challenges of measuring the T,. These approaches included
variable temperature ellipsometry,” along with a technique in
which the conjugated polymer film is cast on a film of metallic

nanoparticles and changes in density are recorded based on
changes in the localized surface plasmon resonances of the
nanoparticles.”” However, these techniques required speci-
alized materials, equipment, and training, making them difficult
to access for a young laboratory. We therefore developed a
method to determine the T, based on the intrinsic
optoelectronic changes of 7-conjugated polymers that occur
upon thermally activated aggregation.”’ The technique only
requires a hot plate and an ultraviolet—visible (UV—vis)
spectrometer. Briefly, one takes a film and anneals it on a hot
plate at a relatively low temperature. The sample is then
allowed to cool to room temperature, and its UV—vis spectrum
is measured. The process is then iterated at increasing
temperatures. A quantity called the deviation metric (DM,
eq 1) is calculated and defined as the mean-squared deviation
between the as-cast and annealed films:

j’max

DM = ) [Ly(4) — L()TAA
T (1)

Here, Izr(4) and I,(A) are the normalized absorption
intensities of the as-cast and annealed films as a function of
the wavelength, 4. A4 is the wavelength increment of the UV—
vis spectrophotometer (A4 = 1 nm), and A, me are the
bounds for the optical sweep. This quantity is plotted against
the temperature and a change in slope corresponds to the
location of the T,. The values obtained by this process agree
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with the results of other methods of obtaining T, for polymers
with semicrystalline microstructures (Figure S).

4. SYNTHESIS AND SIMULATION: EXPANDING OUR
TECHNIQUES

The success of our proof-of-concept experiments, along with
the refinement of our metrological techniques, gave us the
stability and increased funding necessary to incorporate new
techniques into our group, such as organic synthesis and
molecular dynamics simulations. We found increased funding

particularly important at this stage as this required hiring
additional students and postdoctoral associates who specialized
in these techniques, as personnel were by far the largest
expense for our research group. While we had improved our
techniques of measuring mechanical properties, we still relied
on indirect methods of analyzing the mesoscale morphology of
our thin films such as UV—vis spectroscopy. Given the
complexity of the ways in which the molecular structure of a
polymer ultimately determines the mechanical properties of a
solid sample, we wanted to probe the evolution of mesoscale
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Figure 7. A library of donor—acceptor polymers (PDPP2F-T) with different side chain structures and compositions. (a) Chemical structures of the
donor—acceptor backbone and side chain structures. C8 and Cl14 side chains were obtained with very low molecular weight and were not
characterized. (b) Thermomechanical properties of the library of polymers. (c) Optoelectronic properties of the library of polymers. Reproduced
with permission from ref 44. Copyright 2018 Royal Society of Chemistry.

morphology in as much detail as possible. Therefore, we
turned to molecular dynamics simulations in collaboration with
Prof. Gaurav Arya. We additionally believed that including
molecular dynamics simulations would help diversify our lab
by incorporating both experimental and computational
projects, which would help our future funding efforts.

We had two goals with our molecular dynamics simulations:
to predict the thermomechanical properties of semiconducting
polymers and to understand how nanoscale features affect a
film’s mechanical properties. We chose to simulate three
materials, PDTSTPD, PTB7, and TQI, because they occupy a
range of microstructures (semicrystalline, ordered over short
length scales, and amorphous, respectively) and because they
are well-known in the literature (Figure 6).** We employed
molecular models of these polymers developed by Jackson et
al.*®> We were able to predict the T, of all the pure polymers
and its increase upon the addition of PCBM by monitoring the
density of a simulated polymer film under constant pressure
and decreasing temperature.

Another finding from these computational studies was the
primacy of solid-state microstructure, as opposed to molecular
structure, in determining the mechanical properties of the film.
For example, in these studies, our solid films were produced to
mimic either thermodynamically equilibrated or highly kineti-
cally trapped morphologies. We initialized “melt quenched”
films by simulating the film at a high temperature, then
gradually bringing it to room temperature. This process
produced a film with a high density, high incidence of
entanglements, and high elastic modulus. Conversely, a “self-
aggregated” morphology was produced by simulating the
conformations in a poor solvent and allowing the polymers to
rapidly condense into a film. This morphology was
characterized by high free volume, low elastic modulus, and
reduced density of entanglements. Tellingly, the simulated
mechanical properties of the three materials, PDTSTPD,
PTB7, and TQl, depended far more on the method of

deposition than on the molecular structure of the materials.
This result implied that the importance of molecular structure
in determining the mechanical properties of solid films arises
principally from its effect on conformation during the process
of solidification, at least for glassy films.

We also began to incorporate chemical synthesis into our
group’s toolkit. We were initially cautious about synthesizing
new materials, as fine-tuning a synthetic process could add a
substantial amount of time before materials characterization
could begin. This made synthesis nonideal for our proof-of-
concept experiments. As our research progressed, however, we
found that furthering our understanding of the relationships
between chemical structure and mechanical properties in
semiconducting polymers nearly required inclusion of
synthetic chemistry, particularly to measure structure—
property relations in donor—acceptor polymers. As such, we
synthesized our own library of donor—acceptor polymers with
varying side chain structures to examine whether the softening
effects of long side chains held in a stiffer, higher-T, donor—
acceptor polymer (Figure 7a).** We additionally looked at the
effects of different side chain structures, particularly branched
and poly(ethylene oxide) (PEO) motifs.

We chose the PDPP2F-T structure developed by the Fréchet
group as our backbone due to its high planarity and good
optoelectronic properties.”> We found that while longer side
chains did soften films, branching had greater effect, and PEO
side chains produced the softest films of all (Figure 8b).
Interestingly, while all our polymers were found to have T,
significantly above room temperature (using our technique
described in section 4), some polymers were found to have
greater ductility and lower elastic moduli than the P3ATs we
had previously studied with T, below room temperature. This
result suggested that for donor—acceptor polymers, branched
or PEO side chains can produce soft, ductile films.

Synthetic techniques additionally allowed us to expand our
applications beyond simply stretchable electronics. For
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Figure 8. Stretchable and degradable block copolymers. (a) Chemical structure of a polymer comprising a semiconducting component and a
stretchable, degradable insulating component, poly(caprolactone) (PCL). (b) Stress—strain behavior of one family of the polymers shown in panel
a. (c) Hole mobility for thiophene-donor (BCP-T) and thienothiopene-donor (BCP-TT) polymers versus PCL content. The maintenance of
mobility is consistent with increased aggregation (order) of BCP-TT as measured by the ratio of Ay_, to Ay_, absorption by UV—vis (d).
Reproduced with permission from ref 46. Copyright 2018 American Chemical Society.

example, stretchable organic electronic devices are potentially
appealing to the field of implantable bioelectronics, as
stretchable electronics can maintain intimate contact with the
skin and internal organs. For many implantable devices, it
would also be beneficial for the device to eventually degrade
under physiological conditions into harmless byproducts. We
decided to engineer a block copolymer that was both
stretchable and biodegradable via a chain extension reaction
of semiconducting polymers bearing diketopyrrolopyrrole
(DPP) acceptor units flanked by two furan units (DPP2F)
and thiophene donor units, separated by biodegradable units
based on poly(caprolactone) (PCL).*® The semiconducting
units would provide the charge transport, while the PCL units
would provide the mechanical deformability and biodegrad-
ability.

Our approach is illustrated in Figure 8. The block copolymer
was substantially tougher and more stretchable than both the
neat semiconducting polymer and the physical blend of the
semiconducting polymer and the PCL. Moreover, when the

fused thienothiophene unit was used to couple the DPP2F
units together, as opposed to a single thiophene unit, charge
mobility as measured in thin-film transistors was retained up to
loading fractions of 90% PCL. Additionally, we found that the
polymer degraded in a slightly basic phosphate buffered saline
(PBS) solution, which we used to mimic biological conditions.
This approach thus constitutes a promising way to develop
implantable materials that have favorable electronic and
mechanical properties.

5. CONCLUSIONS

When we started our research program in 2012, the
mechanical properties of conjugated polymers was one of
three research thrusts (which incidentally corresponded to the
proposals in our principal investigator’s faculty applications). It
later became the basis of his tenure dossier and remains the
foundational topic of the group. We believe there are three
reasons why this ended up being our ideal initial topic. (1)
There was a large field of researchers and previous literature in
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the field of the synthesis and microstructure of conjugated
polymers from which to draw inspiration and to connect our
findings. (2) The initial experiments did not require specialized
equipment and for the most part could be done inexpensively.
(3) There was an adjacent field (mechanics, especially of
polymeric materials) that rarely interacted with the central field
(organic electronics), and thus much knowledge to be created
by bridging the fields.

Six years into our research mission, understanding and
predicting the mechanical properties of conjugated polymers is
still by no means a “solved problem”. For example,
“stretchable” in the field of composite materials, metal traces
and integrated circuits embedded in elastomers, typically
means “elastic’. Most “stretchable” organic semiconductors,
however, have a limited elastic range (<10%). Additionally, the
rheological behavior (time-dependent mechanical properties)
of high-performance organic semiconductors with complex
molecular structures is still unknown. It is our hope that the
work described here encourages others to engage with aspects
of this important topic and that our experiences are instructive
to newly independent scientists at the outset of their careers.
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