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ABSTRACT: An extensive family of semi-random polymers was prepared via Stille polycondensation with varying contents of
alkyl spacers incorporated into the polymer backbone to serve as a break in conjugation. This family was investigated to
determine the effect of alkyl spacer length and percent incorporation on the optical, electronic, and mechanical properties. The
optical bandgap was found to steadily increase from 1.53 to 1.70 eV as the amount of spacer was increased from 10 mol percent
to 40 mol percent while the length of the spacer had little to no effect. In space charge limited current (SCLC) carrier mobility
measurements, hole mobility was found to decrease as the amount of spacer increased but was found to steadily increase as the
length of the spacer was increased from 6 to 10 carbons. Mechanical properties were observed by film-on-elastomer and film-on-
water measurements, with low elastic moduli and high ductility attributed both to the break in conjugation as well as the semi-
random structure of the polymer backbone. Measurements of the mechanical properties using the buckling method revealed
elastic moduli between 0.14 and 1.3 GPa, and several polymers, when bonded to an elastomeric substrate, could be stretched
beyond 80% strain. These polymers were further tested as free-standing films by obtaining a pull test on the surface of water,
where we obtained tensile moduli between 0.13 and 0.75 GPa. These results indicate that semi-random polymers with
conjugation-break spacers are promising candidates for further study in flexible electronics.

KEYWORDS: conjugated polymers, conjugation-break spacer, semi-random polymers, mechanical properties, film-on-water

■ INTRODUCTION

Organic electronic materials have been pursued for several
decades with a vision of creating devices that are lightweight,
flexible, and even stretchable to be suitable for a broad variety
of applications. Conjugated polymers have many character-
istics that make them attractive for these applications,1

however, they tend to be brittle, inflexible, and have limited
solubility and high melting points, making it impractical to
incorporate them into industrial production. The rigid π-
conjugated backbone of these materials, combined with the
semicrystalline microstructure and the (often) glassy state of
the amorphous domains at the operating temperature, has the

effect of decreasing mechanical deformability and robustness.
Different strategies have been pursued to try to overcome these
mechanical and physical limitations, including side-chain
engineering,2,3 nanoconfinement,4,5 blends with nonconjugated
polymers,6,7 and the creation of rod−coil-type block
copolymers with conjugated and nonconjugated segments.8,9

Many of these approaches dilute the electroactive component
with insulating hydrocarbons, leading to a decrease in charge
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mobility. Additionally, several of these strategies require
complex synthetic and processing conditions, increasing their
ultimate cost. Thus, the desire arises to create simple, single-
component semiconducting polymers with intrinsically robust
mechanical properties.10

Over the past few years, a strategy from the 1990s11−13 of
incorporating nonconjugated segments into a conjugated
polymer backbone has been revived with new versatility lent
by improved polymerization techniques and a large library of
electroactive monomers. An increasing number of groups have
begun to study semiconducting polymers with a break in
conjugation, seeking properties such as melt processability,14

stretchability,15 and even healable materials16 by introducing
additional modes for dissipation of mechanical energy (e.g.,
stretching of and rotation about aliphatic units).17−21 The
nonconjugated segments within the polymers are commonly
known as conjugation-break spacers or CBSs. The Bao group
has succeeded in making polymers that could almost fully
recover their OFET charge mobility (1.13 vs 1.28 cm2 V−1 s−1)
after healing a cut in the film by incorporating conjugation-
break spacers capable of hydrogen bonding. The Mei group
has synthesized a family of polymers with CBSs that so
drastically lowered the polymer melting point (from 221 to 94
°C as spacer length increased) that it allowed for melt
processing of thin films, eliminating the need for wasteful, toxic
organic solvents. Previous work has suggested that mechanical
properties such as the elastic modulus (E) depend on a
complex interplay between molecular structure and packing
arrangement in the solid state.15 A lower elastic modulus is
generally considered to be better for flexible electronics
applications, as it indicates a material which is more easily
deformed and which produces decreased interfacial stresses
with other layers in a device. While elastic moduli of
conjugated polymers vary widely (E = 0.1−8 GPa),3,16,22−24

polymers with CBSs have consistently shown elastic moduli of
less than 1 GPa.15,16 However, they fall far short of
conventional elastomers such as PDMS (E = 0.6−2.5
MPa)25 or polyisoprene (E = 0.36 MPa).26

In previous examples of polymers containing CBS units,
polymers were synthesized with a perfectly alternating or semi-
alternating27 (random) architecture, using AA and BB

functionalized monomers.21,28,29 The restricted linkage pattern
in these polymers lends order to the polymer chain, which is
propagated through the bulk and manifests itself in the high
degree of crystallinity often seen in perfectly alternating
polymers.30,31 Herein, we introduce a semi-random architec-
ture to polymers incorporating conjugation-break spacers,
using AA, AB, and BB monomers. The less restrictive linkage
pattern available to monomers in the semi-random polymer
can increase disorder along the polymer backbone, a trait
associated with decreased stiffness and brittleness in polymer
films.32,33 The semi-random architecture has also been shown
to broaden the absorption of conjugated polymers over that of
perfectly alternating polymers by creating a broader range of
chromophores within the polymer backbone than is accessible
with a perfectly alternating architecture.34 Additionally,
incorporating 3-hexylthiophene allows for the retention of
the favorable properties of P3HT while tuning such properties
as absorption, electronic energy levels, and surface energy.35,36

In this study, a family of semi-random polymers with
conjugation-break spacers was synthesized via Stille polymer-
ization (Scheme 1). CBSs were incorporated at 10%, 20%,
30%, and 40%, with spacer length varying between 4 and 10
methylene units. Due to the need to balance the AA/BB
functional groups, the amount of the electron poor
diketopyrrolopyrrole (DPP) acceptor monomer was increased
at the same rate as the CBS, while simultaneously decreasing
the amount of 3-hexylthiophene (3HT) monomer. Introducing
randomness into the backbone of a conjugated polymer has
been shown to decrease elastic modulus and increase crack-
onset strain.23 It was expected that the semi-random nature of
the polymer backbones in this study would have a similar
effect. The degrees of freedom added by conjugation-break
spacers were expected to amplify these trends. As more
methylene units were introduced into the spacer, we
anticipated a decrease in elastic modulus (the ability of the
material to resist deformation when a stress is applied to it)
and ultimate tensile strength (UTS, the maximum stress that a
material can withstand) due to the increased modes of
dissipating mechanical energy excluding fracture.37,38 In
addition to probing the influence of structure on mechanical
properties, we also aimed to expand our understanding of the

Scheme 1. Semi-Random Polymers with Conjugation-Break Spacers Synthesized for This Study
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scope of structure−function relationships in the versatile class
of semi-random polymers.

■ RESULTS AND DISCUSSION

The family of 16 polymers with varying contents of CBS (and
consequently DPP and 3HT monomers) and the fully
conjugated reference polymer, P3HTT-DPP-10%, were
synthesized via Stille polycondensation using methods
previously developed in our group.34 Solely even-numbered
hydrocarbon chains were studied both for economic
practicality and to eliminate a possible odd−even effect.39

Polymers were named by the CBS monomer and the amount
by which it was incorporated, e.g., 10% T-4-T indicates a CBS
length of 4 carbons and that monomer makes up 10 mol
percent of the polymer backbone, along with 10 mol percent of
DPP and 80 mol percent 3HT. Polymer composition was
confirmed by NMR to match the monomer feed ratios
(Figures S2−S6). As increasing amounts of the alkyl spacers
were incorporated into the polymer backbone, solubility in
common halogenated solvents decreased, contrary to trends
observed by Zhao et al.21 Solubility is necessary not only for
purifying and analyzing the polymers but also for processing
them in their eventual use in organic electronics. The decrease
in solubility was evidenced not only by increased difficulty with
processing the polymers, particularly those with shorter
spacers, but also the regular decrease in polymer molecular
weight as the content of CBS increased (Table 1 and Table S1
and Figure S1). This could be due to the fact that DPP content
was increased at the same rate as spacer content, with the
poorly soluble acceptor monomer perhaps having a contra-
dictory effect from that of the CBS. This effect diminished with
the 10-carbon alkyl spacer. We suspect that the solubility-
enhancing effects of the ten-carbon spacer outweighed the

negative impact DPP had on solubility. Specifically, when 40%
of the T-10-T monomer was incorporated into the polymer, a
higher molecular weight was obtained than when only 30% of
the ten-carbon spacer was used, contrary to the trend seen with
every other spacer length. The entire T-10-T subfamily was
easily soluble in chloroform at room temperature in contrast to
the T-4-T subfamily. The polymer incorporating a four-carbon
spacer at 40%, and thus DPP at 40%, required a chlorobenzene
Soxhlet extraction to obtain a higher molecular weight (16.9
kDa) polymer fraction, but this fraction was not used for any
subsequent analysis due to its poor solubility. These were
generally high-yielding polymerizations, giving chloroform-
soluble fractions at 60%−80% yield (Table S2).
The UV−vis spectra of the T-8-T subfamily are shown in

Figure 1 as a representative example of optical trends. Spectra
for all of the subfamilies are provided in Figures S7−S14. All
polymers with a break in conjugation had a blue-shifted
absorption onset, leading to a wider optical bandgap, when
compared to the fully conjugated P3HTT-DPP-10% optical
bandgap of 1.50 eV (Table 1). As the percentage of CBS and
DPP incorporated into the polymer increased, the absorption
onset continued to blue-shift to a maximum bandgap of 1.70
eV for the 40% T-X-T subfamily (Figure S15). Both of these
trends are as expected, for the extended conjugation of a
semiconducting polymer allows the highest occupied and
lowest unoccupied molecular orbitals to draw nearer to each
other, lowering the bandgap of the extended solid. By
interrupting this extended sp2 hybridization with the sp3

hybridized carbons of alkyl chains, the bandgap increased
and therefore the absorption onset moved to a higher energy.
This is in contrast to a previous study from our group in which
the absorption onset was found to red-shift and the bandgap to
decrease with increasing DPP acceptor content in fully

Table 1. SEC, Thermal, and Electronic Data for Semi-Random Polymer Family

polymer Mn
a (kDa) Đa Tm/Tc

b (°C) Eg
c (eV) HOMOd (eV) μh

e (cm2 V−1 s−1)

P3HTT-DPP-10% 9.5 4.15 208/182 1.50 5.52 9.29 × 10−4

10% T-4-T 10.5 4.30 -/-f 1.54 5.45 -g

10% T-6-T 29.0 4.79 -/-f 1.56 5.51 2.90 × 10−6

10% T-8-T 19.7 6.23 -/-f 1.55 5.41 2.08 × 10−5

10% T-10-T 14.0 3.68 -/-f 1.53 5.43 2.53 × 10−4

20% T-4-T 8.4 4.90 -/-f 1.58 5.41 -g

20% T-6-T 17.6 4.28 -/-f 1.58 5.41 -g

20% T-8-T 14.2 5.15 -/-f 1.61 5.49 6.49 × 10−6

20% T-10-T 12.4 5.24 -/-f 1.60 5.44 1.06 × 10−5

30% T-4-T 6.4 2.87 -/-f 1.63 5.42 -g

30% T-6-T 14.4 5.42 -/-f 1.65 5.40 -g

30% T-8-T 9.9 5.15 90/81 1.66 5.43 -g

30% T-10-T 9.8 6.47 75/73 1.64 5.48 3.55 × 10−6

40% T-4-T 7.4 2.90 -/-f 1.70 5.43 -g

40% T-6-T 10.5 5.09 143/112 1.68 5.41 -g

40% T-8-T 8.8 2.69 125/85 1.68 5.45 -g

40% T-10-T 12.2 2.98 83/76 1.68 5.50 -h

aObtained via size-exclusion chromatography (SEC) versus polystyrene standards. bObtained via differential scanning calorimetry (DSC).
cCalculated from the absorption band edge in thin films, where Eg = 1240/λedge.

dEstimated from cyclic voltammetry (CV) oxidation onset versus
ferrocene. eCalculated from SCLC mobility measurements in hole-only devices with the architecture: ITO/PEDOT:PSS/polymer/Al, where the
polymer layer was spin-cast from chloroform and annealed for 30 min at 150 °C prior to aluminum deposition. fNo apparent thermal transitions.
gHole mobility not measured due to difficulty obtaining uniform films. hNot enough sample for annealed test; unannealed data in the Supporting
Information.
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conjugated semi-random polymers.40 It is interesting to
consider that perhaps the DPP and CBS monomers had
contradictory effects on optical properties as well.
Only the percentage of conjugation-break spacer incorpo-

rated seemed to affect the absorption onset; the length of the
CBS had no effect on the onset. However, experiments with
different solvent and annealing conditions for the T-6-T
subfamily indicated that there was a strong dependence of
optical properties on processing conditions (Table S5 and
Figure S16), which has been observed previously in semi-
conducting polymers.41 From these experiments it is seen that
both aromatic solvents and thermal annealing slightly increased
the bandgap of the T-6-T polymers. As expected, absorption in
the P3HT region of 400−550 nm decreased as CBS and
acceptor content increased due to a consequent decrease in
loading of the 3-hexylthiophene monomer (Figure 1).
Conjugated polymers are known for their high melting and

crystallization temperatures, which were apparent in the fully
conjugated P3HTT-DPP-10% polymer when analyzed by
differential scanning calorimetry (DSC) (Figure S26). These
thermal transitions can likely be attributed to crystallized
P3HT segments present within the polymer, for P3HT has a
melting point of 212 °C,40 very close to the P3HTT-DPP-10%
Tm of 208 °C. In contrast, no thermal transitions were
observed in the semi-random polymers with lower incorpo-
ration of CBS, even though the 10% T-X-T subfamily has the
same P3HT content as the fully conjugated P3HTT-DPP-10%
polymer. This lack of thermal transitions is presumably due to
the additional disorder contributed to the semi-random
structure by the addition of the CBS. Melting and
crystallization transitions became evident at higher percentages
of CBS and DPP incorporation but only for longer spacers
(e.g., 30% T-8-T, 30% T-10-T, 40% T-6-T, 40% T-8-T, and
40% T-10-T; see Tables S7 and S8 and Figures S32 and S33).
The temperature of these thermal transitions decreased with
increasing spacer length, as had been observed previously by
Zhao et al.39 This trend is attributable to a corresponding
increase in polymer backbone flexibility, which lowered the
melting and crystallization temperatures by increasing the
entropy associated with those transitions.

An attempt to corroborate the DSC findings was made by
observing crystallinity in thin films via grazing incidence X-ray
diffraction (GIXRD). However, contrary to the findings above,
within the CBS polymers, peaks were visible primarily for the
10% T-X-T subfamily (Figure S34 and Table S9). This is
attributable to the high P3HT content in that family, as the
100 diffraction peak in P3HT corresponds to a lamellar
packing distance of 16.7 Å,42 which nearly matches the average
distance of 16.3 Å for the 10% T-X-T subfamily. The fully
conjugated, semicrystalline P3HTT-DPP-10% polymer packed
closer at 15.7 Å, as previously observed.35 Interestingly, the
intensity of the diffraction peak decreased steadily as the spacer
length increased across the 10% T-X-T subfamily, with the
exception of 10% T-10-T, which showed a sharp increase,
exhibiting even more crystallinity than the fully conjugated
P3HTT-DPP-10% polymer. It could be that when the spacer
reached ten methylene units in length, it had sufficient
flexibility to allow better intra- and intermolecular packing,
leading to a more intense diffraction peak. This improved
packing could also explain why the 20% T-10-T polymer was
the only one in the 20% T-X-T subfamily to exhibit a
diffraction peak. The 20% T-10-T peak was likely much less
intense than its 10% T-10-T cousin due to the 20% decrease in
3HT monomer content between the two, though it appeared
to have approximately the same lamellar packing distance (16.0
Å). A small diffraction peak was observed in the same region
for the 40% T-6-T polymer, but it was not distinct enough to
obtain a Gaussian fit.
The highest occupied molecular orbital (HOMO) energy

was calculated from oxidation onset using cyclic voltammetry
(CV). As can be seen in Table 1 (and Figure S25), there were
no observable trends in the HOMOs of these polymers. All
values were approximately the same, producing an average
HOMO of 5.44 ± 0.04 eV (within the instrument error of
±0.05 eV). This was slightly more shallow than the 5.52 eV
HOMO of the fully conjugated P3HTT-DPP-10%. This trend
(or lack thereof) closely matches that seen by Zhao et al.,
where they observed no effect on the HOMO from increasing
the CBS length.39 However, in their study, the polymers were
perfectly alternating between DPP and spacer monomers,
maintaining the same electroactive moiety regardless of spacer
length. Therefore, there was no change in the effective
conjugation length as spacer length was varied, which would
lead one to assume that there would be no change in frontier
orbital energy levels. In contrast, in this study, the amount of
spacer as well as its potential distribution within the polymer
was varied, which makes the consistent HOMO energy more
surprising.
To determine if the spacer length and content influenced

charge mobility, SCLC measurements were performed on
hole-only devices. However, due to the poor solubility of some
of the polymers and the resulting difficulty in obtaining
uniform films, only 8 of the 17 polymers were measured (Table
1 and Tables S10−S13). Annealed films spin-cast from
chloroform are presented herein; films cast from ortho-
dichlorobenzene showed no trends and are presented in the
Supporting Information (Table S11), along with as-cast films
from chloroform (Tables S10 and S12 and Figure S35). From
the data points obtained, it can be seen that mobility decreased
as the content of spacer increased in the T-10-T subfamily.
This correlates with observations made in the literature for
mobility values decreasing as spacer content increased due to a
larger amount of insulating alkyl chains interrupting charge

Figure 1. UV−vis absorption spectra of the T-8-T CBS subfamily thin
films spin-cast from o-dichlorobenzene (o-DCB) and placed in a N2
cabinet for 30 min. The P3HTT-DPP-10% absorption spectrum
(dashed black line) is provided for a fully conjugated reference: (■)
10% T-8-T; (red ●) 20% T-8-T; (green ▲) 30% T-8-T; (blue ▼)
40% T-8-T.
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transport along the polymer backbone.21 However, a counter-
intuitive trend emerged within the 10% T-X-T (and, to a lesser
extent, the 20% T-X-T) subfamily. In these measurements, the
hole mobility appeared to increase as the length of the CBS
increased, contrary to trends observed by Zhao et al.39 This is
counterintuitive because the polymers with longer spacers have
more insulating hydrocarbon units per mole than those with
shorter CBSs. However, we reason that the longer spacers
possibly gave the polymer increased flexibility and more easily
allowed the electroactive portions of the polymer chain to
rearrange and stack themselves in a manner favorable for
charge transport. This corresponds well with the highest charge
mobility coming from the 10% T-10-T polymer (2.53 × 10−4

cm2 V−1 s−1), which also had the most intense diffraction peak,
indicating higher crystallinity due to improved packing.
Remarkably, this value for hole mobility is the same order of
magnitude as that obtained for the fully conjugated P3HTT-
DPP-10% analogue (9.29 × 10−4 cm2 V−1 s−1), signifying that a
10% incorporation of conjugation-break spacer did not greatly
impede charge mobility.
To test our hypothesis about semi-random CBS incorpo-

ration contributing to improved mechanical properties, film-
on-elastomer mechanical tests were performed on the entire
family of 16 polymers as well as the fully conjugated P3HTT-
DPP-10% polymer. Several interesting trends were observed
(Table 2 and Table S14 and Figure S45). The elastic
(Young’s) modulus, E, is the ratio of stress σ, or force per
cross sectional area of a deformed body, to strain ε, or
fractional amount of deformation in the direction of applied
force, in the linear region of a stress−strain curve.1 The
modulus is a quantitative measure of the ability of a material to
store mechanical energy reversibly or its elasticity. This

property is strongly related to the solid-state morphology, as
well as the molecular structure, of the material.15 The more
closely polymer chains can pack, the greater the density of
load-bearing carbon−carbon bonds along the strained axis and
the greater the intermolecular forces between chains. As
aforementioned, a lower elastic modulus is generally
considered to be favorable for applications involving flexible
electronics, as it corresponds to a more compliant material.
The elastic modulus in our polymers increased when the
spacer content was increased from 10% to 20% incorporation
for all spacer lengths and most of the 40% T-X-T subfamily
were unattainable due to poor film-forming ability. It is
noteworthy that the elastic modulus of 0.32 GPa for the fully
conjugated semi-random P3HTT-DPP-10% polymer is itself in
the lower range of moduli observed in perfectly alternating
fully conjugated polymers.16,22,23,43 It is interesting that the
10% CBS subfamily exhibited improved elastic moduli
compared to the fully conjugated analogue, but this trend
was reversed for the 20% CBS subfamily. This could be due to
the aforementioned contradictory effect introduced by
increasing the ratio of the stiff DPP monomer along with the
flexible CBS monomer. With the exception of 20% T-4-T, this
entire polymer family fit the trend of CBS polymers
consistently displaying elastic moduli <1 GPa.
Crack-onset strain (COS) or the strain at failure (when

cracks first appear in the polymer film) was also obtained from
film-on-elastomer measurements. This value is a direct
measurement of film ductility and provides important insight
about film stretchability.10,44 There were clear trends both in
the COS and mode of failure as spacer length and percent
incorporation increased (Table 2, Table S15, Figure S46, and
Table S17). Ductile films failed by forming pinholes (Figure
S48), while brittle films failed by forming parallel, slender
cracks (Figure S47). All of the 10% T-X-T subfamily and the
entire T-10-T subfamily exhibited ductile behavior, while the
higher incorporation of CBS and shorter spacers exhibited
brittle behavior. This correlated with the COS increasing as the
alkyl spacer became longer and decreasing as more CBS was
incorporated into the polymer chain. Again, the general
decrease in ductility with increasing CBS incorporation is
attributed not to the alkyl spacer itself, which was expected to
improve mechanical properties, but to the corresponding
increase in DPP monomer incorporation. Notably, the COS of
10% for the fully conjugated P3HTT-DPP-10% polymer is at
the higher end of the range typically observed for fully
conjugated perfectly alternating polymers.15,16,22 This is
attributable to the more randomized monomer distribution
along the backbone attainable with semi-random polymers,
leading to decreased order.45 It should be noted that several of
the COS values obtained for this polymer family are
extraordinarily high (>80%). In measuring COS, we
terminated the film-on-elastomer tensile test beyond 80%
applied strain due to breakage of the PDMS substrate. For this
reason, further measurements of free-standing films were
pursued using an alternative technique for the seven polymers
exhibiting a COS near or greater than 80%.
The mechanical properties of the seven polymers were

further investigated using a method originally developed by
Kim and co-workers, where a tensile test is performed on a film
supported by water (Figure 2).46 This “film-on-water”
technique is a modified version of a conventional pull test
(which involves suspending the specimen in air). The film is
able to float and slide unimpeded on the surface due to the

Table 2. Mechanical Properties Obtained from Film-on-
Elastomer Measurements for Semi-Random Polymer Family

polymer
elastic modulus

(GPa)a
crack-onset strain

(%)b
mode of
failureb

P3HTT-DPP-
10%

0.32 ± 0.20 10 brittle

10% T-4-T 0.33 ± 0.11 27 ductile
10% T-6-T 0.15 ± 0.02 >80c ductile
10% T-8-T 0.14 ± 0.06 >80c ductile
10% T-10-T 0.15 ± 0.04 >80c ductile

20% T-4-T 1.30 ± 0.42 2 brittle
20% T-6-T 0.51 ± 0.16 37 ductile
20% T-8-T 0.65 ± 0.32 >80c ductile
20% T-10-T 0.52 ± 0.12 >80c ductile

30% T-4-T 0.15 ± 0.09 <1 brittle
30% T-6-T -d -d -d

30% T-8-T 0.59 ± 0.15 <1 brittle
30% T-10-T 0.60 ± 0.07 >80c ductile

40% T-4-T -d 1 brittle
40% T-6-T -d -d -d

40% T-8-T -d 1 brittle
40% T-10-T 0.60 ± 0.30 77 ductile

aCalculated using the buckling-based metrology and averaged over
three measurements. bObtained from optical micrographs. cTest
terminated at 80% strain due to potential for PDMS substrate
breakage. dData unattainable due to inability to form uniform films.
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high surface tension and low viscosity of water. The
mechanical properties obtained by this method can be
considered a “definitive” measurement of the inherent polymer
properties, whereas those obtained through film-on-elastomer
measurements are a more realistic approximation of mechan-
ical behavior in devices.47 Stress−strain curves acquired for this
study were produced by transforming the obtained curves of
force versus displacement using the dimensions of the
corresponding sample. From these curves were obtained the
elastic modulus, toughness, ultimate tensile strength (UTS),
and fracture strength, with the results tabulated in Table 3.

Toughness is the amount of energy per unit volume that a
material will absorb before fracturing. Since toughness is
dependent on the area under the stress−strain curve, an
increase in strength or extensibility of the material will improve
the toughness of the material. There is also a general trend
suggesting that greater intermolecular forces between polymer
chains will improve the toughness.1 UTS reflects the maximum
stress that the material withstands prior to fracture, and
fracture strength is the stress at which the material fractures.

The extensibility, or the fracture strain, is the strain at which
the material fractures. Sometimes this quantity is called the
“stretchability,” though we do not generally support the use of
this word when referring to mechanical properties because it
has different meanings to different communities.48

Trends within the film-on-water data are plotted in Figure 3,
where 3a−3c show the effects of spacer length and 3d−3f
demonstrate the effects of spacer content on mechanical
properties. Increasing the number of sp3 bonds in the
backbone of the polymer increases the ability of the bonds
along the polymer chains to rotate; we therefore predicted that
incorporation of conjugation-break spacers within the back-
bone would increase the ability of a solid material to be
deformed. Indeed, we observed a decrease in elastic modulus
and UTS as spacer length increased (Figure 3b,c) and a
relatively small effect on toughness (3b). These measurements
allowed us to distinguish the mechanical properties between
10% T-6-T, 10% T-8-T, and 10% T-10-T, which had nearly
identical behavior when measured using film-on-elastomer
techniques. Figure 3d shows the effect of the fraction of the
spacer and the DPP unit on the mechanical properties. The
most striking feature of the stress−strain behavior is the
increase in stress and decrease in extensibility with increasing
fraction of the spacer and the DPP unit, again perhaps
attributable to the contradictory effects of simultaneously
increasing CBS and DPP content. The modulus also increased,
as shown in Figure 3e. Toughness, as plotted in Figure 3e, is a
function of both the stress and the extensibility, so though it
appears that there was little change in toughness among the
polymers with varied T-10-T content, their underlying stress
and extensibility properties were quite different. It is worth
noting that the fraction of the spacer and DPP segments
seemed to have more significant effects on the mechanical
properties of the materials than the spacer length.
In short, modulating the length and fraction of the spacer in

these low-bandgap conjugated polymers had a strong effect on
the deformability. Introducing more carbon atoms into the
spacer generally had the effect of decreasing the elastic
modulus, toughness, and UTS. Increasing the fraction of the
conjugation-break spacer and the DPP unit increased the
values of these properties, making the material stronger, but
also less extensible. Overall, the effects from modulating the
fraction of the spacer and DPP monomers were more
significant than the modulation of the length of the spacer.
Although the samples tested varied in molecular weight, trends
were still observed despite the fact that mechanical properties
have been shown to depend strongly on molecular weight in
homopolymers.49

■ CONCLUSIONS
In summary, a family of semi-random polymers with
conjugation-break spacers was synthesized exhibiting notable
mechanical properties, attributed both to the break in
conjugation as well as the semi-random structure of the
polymer backbone. Film-on-elastomer measurements revealed
low elastic moduli between 0.14 and 1.3 GPa and several
polymers could be stretched beyond 80% strain before film
failure. Further testing of these polymers as free-standing films
using film-on-water methods confirmed low elastic moduli
between 0.13 and 0.75 GPa. While the electronic properties are
generally diminished relative to similar semiconducting
polymers, the trends observed in optical bandgap and hole
mobility suggest that these properties could be tuned and

Figure 2. Pseudo free-standing tensile test of P3HT-based semi-
random copolymers. Schematic representation of experimental setup,
which includes a floating film, linear actuator, load cell, and trough
filled with water. Inset photograph demonstrates the real experimental
apparatus.

Table 3. Tabulated Values of Mechanical Properties Using
the Film-on-Water Technique

polymer
modulus
(GPa)a

toughness
(MPa)b

UTS
(MPa)c

fracture
strength
(MPa)d

10% T-6-T 0.23 ± 0.03 1.4 ± 0.3 7.8 ± 0.7 7 ± 1
10% T-8-T 0.14 ± 0.03 1.5 ± 0.5 6.9 ± 0.9 6.6 ± 0.5
10% T-10-T 0.13 ± 0.01 1.0 ± 0.5 5 ± 1 5 ± 1

20% T-8-T 0.42 ± 0.03 2.6 ± 0.4 13 ± 1 13 ± 1
20% T-10-T 0.32 ± 0.03 1.8 ± 0.2 8.6 ± 0.4 7 ± 2

30% T-10-T 0.33 ± 0.04 2 ± 1 11 ± 1 10 ± 1

40% T-10-T 0.75 ± 0.08 1.9 ± 0.4 19.3 ± 0.4 16 ± 3
aElastic moduli can be derived from stress−strain curves by taking the
slope of the linear regime of the graph. bToughness values are
obtained by integrating the entirety of the stress−strain curve. cUTS is
obtained from the maximum stress in the stress−strain curve.
dFracture strength is obtained from a stress−strain curve by reading
the stress at failure.
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optimized in the future. In fact, the 10% T-10-T polymer
seems to be a promising starting point for future optimization,
with its high mobility of 2.53 × 10−4 cm2 V−1 s−1, which is
comparable to the fully conjugated P3HTT-DPP-10% mobility
of 9.29 × 10−4 cm2 V−1 s−1. This ductile polymer had the
lowest elastic modulus as measured by both film-on-water and
film-on-elastomer techniques, and film-on-elastomer measure-
ments revealed a crack-onset strain of greater than 80%. These
results indicate that semi-random polymers with conjugation-
break spacers are promising candidates for further study in
flexible electronics. In future studies, we plan to elucidate the
effects of increasing the CBS without increasing the DPP
content, as there were several measurements wherein the two
monomers appeared to have contradictory effects. We also
plan to clarify the effects of limited solubility on the
measurements by lengthening the DPP side chain.
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