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Flexible thin-film transistor (TFT) devices are essential elements of future flexible electronics owing to
their promising applications in various fields ranging from lighting and display, sensors, communication,
and smart textiles to medical devices. Currently, these state-of-the-art electronic devices are not only
struggling from “brittle” to “stretchable”, but are also expected to advance to “autonomous self-
healable”. However, to integrate these features into flexible and stretchable devices, the first
requirement to consider is compatibility between their mechanical and electrical properties given that
the self-healing ability is associated with mechanical compliance but is incompatible with existing
electronic technologies. Therefore, the first step closer to achieve is due to the recent progress in the
field of stretchable semiconducting polymers, which thus far consists of two strategies: (1) structural
engineering of conjugated polymers and (2) physical blending of conjugated polymers in soft insulating
polymers. Together with the emphasis on additional functionalization in novel modified-semiconducting
materials to boost large mechanical deformation without damaging their electronic properties, structural
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engineering can also provide targeted features (i.e., self-healing ability). Finally, we highlight the chemical
aspects of self-healing materials (from non-covalent to reversible covalent-based mechanisms) that
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1. Introduction

Since the discovery of polythiophenes and related conductive
organic polymers by Heeger, MacDiarmid, and Shirakawa
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have been successfully integrated in TFT devices.

(Nobel Prize in Chemistry 2000),"® numerous conjugated poly-
mers have been developed as a new class of organic semicon-
ductors, setting out to renew the semiconducting industry,
which has been dominated by their inorganic counterparts
such as traditional silicon-based materials over the last 50 years.*
The fruit of this effort is reflected in the electronics revolution
from heavy and cumbersome to compact and mobile and rigid
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to flexible, and is expected to proceed to stretchable, ultimately
changing the fundamental interactions between humans
and technology. Thus far, striking progress has been achieved
in various flexible electronic device applications such as soft
robots,”> e-skin sensors,’® flexible devices,”'* wearable
electronics,” and energy-storage devices.'*"> However, these
near-magnificence devices tend to fail in long-term use due to
repeated wear and tear, accidental scratching, and mechanical
fracture during deformation in their practical applications.'®
Consequently, researchers have sought to integrate healing
capabilities to achieve a substantial improvement in device
lifetime and increased reliability, maintainability, and durability.

However, the major challenge in the development of these
polymers is maintaining good electrical and mechanical pro-
perties simultaneously. The extended m-conjugation of the
polymer backbone is essential to yield good electronic proper-
ties, but the mechanical properties tend to be quite poor due to
its high rigidity. Therefore, it is necessary to explore a much
broader approach to fabricate semiconducting polymers having
excellent mechanical properties without sacrificing their charge
carrier mobility, especially for thin-film transistor (TFT) device
application.

In this progress report, we comprehensively review the
various approaches employed by different research groups to
develop stretchable semiconducting polymers with emphasis
on the design and manipulation of semiconducting polymers
toward deformable stretchable electronics, a field which has
grown significantly in the past few years.'”'® We also provide
an update on the current strategies developed toward intrinsi-
cally stretchable semiconducting materials as a starting
point, among which two main strategies for diverse structural
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modifications have been adopted, as follows: (1) backbone
engineering and (2) side-chain engineering, with each strategy
having several unique approaches, as depicted in Fig. 1a. Then,
highlighting the strong impact in the hydrogen bonding units
incorporated in the conjugated polymer, intramolecular con-
formational locks can be established, resulting in increased
backbone planarity, enhanced n-delocalization and field-effect
mobility (u-")."** This elegant strategy also creates new pro-
perties and functions, one of which is self-healing ability
(Fig. 1b).>* > The exceptionally successful building blocks that
will be discussed in this review are exemplified by a range of
different conjugated materials, including thiophene, diketopyrro-
lopyrrole (DPP), and isoindigo (IDG), containing polymers.”*™°
Furthermore, to outweigh the extra complexity introduced in
modifying structural polymers, the simplicity of the physical
blending of conjugated polymers in an elastomeric matrix for
TFTs has been exploited (Fig. 1c).*'~** Therefore, surveying the
advances from extrinsically stretchable semiconducting poly-
mer blends to self-healing capability is also necessary. We
anticipate that the integration of these approaches will be
crucial for the development of future-generation stretchable
and self-healable polymer semiconductors.

2. Stretchable semiconducting
polymers

Inspired by the overwhelming feature of elastomeric materials,
many efforts have been devoted to replicating the mechanical
properties of elastomers by integrating conjugated polymers in
TFT applications to attain sufficiently high elasticity for stable
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which consists of two main strategies, and further divided into seven approaches; (b) functionalizing the side-chain using hydrogen bonding units; and
(c) simple blending process of n-conjugated polymer with elastomer matrix, generating autonomous self-healing ability.

charge carrier transport under severe external stress.>* Consi-
dering that the elastic properties of non-conjugated materials
are influenced by the chemical nature of the monomer, branch-
ing, conformation, packing structure, extent of crosslinking,
and chain length of macromolecules, exploitation of similar
attributes in electrically active polymers bears great potential
to achieve similar or even better mechanical properties.*®
The success of this approach can tremendously promote the
potential of flexible devices, including the possibility of
using low-cost fabrication methods over large-area substrates.
In particular, Prof. Bao at Stanford University contributed
greatly to the innovative development of this emerging field
by utilizing the semiconducting polymer poly(3-hexylthiophene
(P3HT)) to yield high-performance transistors.**™*° Subsequently,
flexible electronic devices began to develop rapidly. Several
examples are presented and discussed in the next section, with
emphasis on the details of the interrelation between the physical
characteristics of the conjugated polymer structure with the
mechanical-electronical compliance in TFT devices.

2.1 Fundamental properties of polythiophene derivatives

P3HT has emerged as a second-generation conjugated polymer
that has successfully improved the performance of organic TFT
devices.” Starting from the dedication of scientists to analyze
and characterize the structural properties of P3HT, it was
revealed that one of the most compelling properties of P3HT
is its ability to form highly ordered m-stacks and side-chain
lamella stacks.’®*"** Transmission electron microscopy (TEM)
has been used to demonstrate the structural evolution from

7156 | Mater. Adv.,, 2022, 3, 7154-7184

chain-extended crystals to an architecture consisting of inter-
linked crystalline lamellae and amorphous regions at a weight-
average molecular weight (M,,) of around 25-35 kg mol *.*"*?
Furthermore, the long-range packing behavior and morphology
of a P3HT film was observed via atomic force microscopy
(AFM), providing information about its assembly mechanism
and the aligning effects of various deposition methods.
Obviously, chain folding, which leads to lamellar crystalline
units, was discovered in classical systems such as polyolefins
and poly(ethylene oxides)”*™** and visualized in longer-chain
P3HT molecules by scanning tunnelling microscopy (STM) in
early 2000 by Mena-Osteriz et al.*® In brief, the well-controlled
M,, P3HT chains can fold and may possess sufficient connec-
tions (or tie chains) between ordered domains, resulting in
higher charge mobility compared with low-M,, P3HT.
Focusing on the typical semicrystalline P3HT morphology
composed of anisotropic crystalline regions bridged by tie
chains (Fig. 2a),"”*® the possibility of intrinsic stretchability
can be expected. As the first step in investigating the strong
correlation between the strain-alignment and charge mobility
of P3HT thin films, O’Connor et al. proposed an innovative
strategy to align the crystalline phase in P3HT, which was
achieved by laminating a P3HT spin-coated film on a stretch-
able poly(dimethylsiloxane) (PDMS) substrate, and then
stretching to various extents.?® Upon stretching, the crystallites
in the P3HT films were reoriented with the polymer backbones
aligned in the direction of the applied strain. The mobility of
P3HT increased in the applied strain direction and decreased
in the perpendicular direction. This strain-induced alignment

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structure engineering of polythiophene derivatives. (a) Atomic force microscopy (AFM) image of P3HT film (left), schematic of molecular structure
consisting of anisotropic crystalline region bridged by amorphous regions (middle), and crystallographic molecular structures of the semicrystalline P3HT
packing behavior showing directions of n-stacking and lamellar-stacking (right). (left and middle)*” Copyright: 2005, the American Chemical Society.
(right)*® Copyright: 2017, the American Chemical Society. (b) Illustration of the P3HT backbone stacking orientation before and after strain. The polymer
crystallites reorient to align in the direction of the applied strain, transforming the edge-on crystallites into face-on crystallites.>® Copyright: 2013, the
American Chemical Society. (c) Hole mobilities and stress—strain curves of P3HT tapes as a function of M,,.>2 Copyright: 2013, Elsevier. (d) stress—strain
curves and tensile moduli of P3HT thin films at different M,, obtained by film-on-water (FOW) technique.>®* Copyright 2017, the American Chemical
Society. () Schematic showing three possible coupling modes and chemical structure of regioregularity (RRe) and regiorandom (RRa) of P3HT. (f) stress—
strain curves and hole mobilities of P3HT films with respect to the degree of regioregularity M,, obtained by the FOW technique.®® Copyright: 2015, the
American Chemical Society. (g) Schematic illustration of block-P3HTs with increasing lengths of RRa-blocks added for mechanically robust and high-
performance TFTs, the stress—strain curves of block-P3HTs (the inserted picture of the RRpiock 60 film shows that no damage occurred even after
stretching above 30% strain), and hole mobility values as a function of RRe-block-P3HTs.>® Copyright: 2019, the American Chemical Society.

transformed the predominant edge-on oriented (100) polymer elastic modulus, and alter charge transport. Furthermore, mole-
crystallites to face-on orientation (010) crystallites (Fig. 2b). cular engineering seeks to attain the integration of different
Alternatively, 100% biaxially stretched films showed an increase features by focusing on the structure-property relationship at
in facial alignment, but the charge mobility anisotropy was not the molecular level such as molecular weight (M,,), regioregularity
significant.>® These results suggest that mechanical strain on the (RRe), and other considerations related to solution processing and
micrometer scale can produce changes in texture, anisotropy in  fabrication techniques. In the following section, we specifically

© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 7154-7184 | 7157
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discuss the influence of these crucial parameters on charge
transport and mechanical properties.

2.1.1 Molecular weight effect. Together with molecular
structure design, molecular weight and dispersity have been
well documented as unavoidable-parameters that exert a signi-
ficant impact on most of the physical properties of polymers.*"
The charge carrier mobility in P3HT is the same. Koch et al.
reported that the up*" in P3HT increased by several orders of
magnitude (from 107> to 107" em® V™' s7') in a relatively
narrow range of molecular weights (2-25 kg mol™") with
PDI between 1.0-2.0, and then became saturated (Fig. 2c).>>
Meanwhile, by subjecting melt-processed P3HT tapes of various
number-average molecular weights (M, = 20, 25, 90 and
110 kg mol’l) to a mechanical tensile test, the low M,, P3HT
displayed brittle tensile behavior, rupturing below 10% strain
and higher elastic modulus. A high M,, showed plastic deforma-
tion, exhibiting very high extensibilities (nearly 300%) prior to
fracture with the greatest mechanical strength of 24 MPa. This
phenomenon represents the softening effect of MW in P3HT
and related to the structural organization. A similar trend was
assayed in thin film immersed in water by Rodriquez et al.
(Fig. 2d).>® In this case, the ductility (strain at fracture) and
toughness (total energy density absorbed by the material at the
point of fracture) increased with an increase in molecular
weight, but became saturated at approximately 40 kDa, while
the maximum extensibility continued to increase to more than
100% for 80 kDa as the highest molecular weight tested.
Microstructurally, it has been proven that semiconducting
polymers with high M, bear greater resilience to cracking as a
result of their higher chain entanglement, lower crystallinity,
and tie chain bridging stress across crystallites. In contrast, a
low M, is associated with the presence of highly ordered
needle-like aggregates, which in principle can stiffen the films.
Definitely, it is favorable to maximize the M, of conjugated
polymers up to a certain point for achieving superior mechanical
and electric properties.

2.1.2 Regioregularity effect. P3HT exhibits three possible
orientations when two thiophene rings are coupled (i.e., head-
to-head (HH), head-to-tail (HT), and tail-to-tail (TT)) (Fig. 2e).
P3HT with mainly the HT orientation (>95%) is referred to as a
regioregular (RRe) structure, leading to ordered interchain
packing. In contrast, other configurations such as HH and TT
coupling lead to distributed chain conformations of the regior-
andom (RRa) P3HT owing to the steric hindrance between the
nearest hexyl side chains. Early studies reported that RRe P3HT
resulted in higher crystallinity and higher charge mobility
compared to RRa isomers.*®***7 Ag an example, Sirringhaus
et al. revealed that 96% RRe P3HT possessed a high carrier
mobility of up to 10~ " em® V" s, whereas less RRe P3HT (~ 80%)
exhibited low mobilities of about 2 x 107* em® v~ ' 7155
Since the regioregularity (RRe) of a polymer can control the crystal-
linity of thin films, it may also influence their mechanical proper-
ties. Kim et al reported that the mechanical and electrical
properties of P3HT could be effectively controlled by tuning the
degree of RRe.”® P3HT was synthesized via Grignard metathesis
(GRIM) polymerization, which allows excellent control of the RRe

7158 | Mater. Adv., 2022, 3, 7154-7184
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degree with a comparable M,, and low PDI. It should be noted that
the authors employed a film-on-water (FOW) technique to validate
the intrinsic mechanical measurements. As shown in Fig. 2f, the
elongation at break value of P3HT was significantly improved from
0.6% to 5.3% with respect to a reduction in the degree of RRe from
98% to 64% (RRe-98 to RRe-64). Conversely, the tensile moduli
tended to decrease from 287 MPa to 13 MPa, given that the
amorphous regions in low RRe P3HT films disrupt their crystalline
packing behavior. Meanwhile, the highly crystalline RRe-98 P3HT
polymer provided a great average i, ® of 0.18 cm® V' s, while
the average up"" of RRe-64 was only 4.8 x 10 % cm®> V' s,
Thus, the high RRe P3HT showed strong crystallinity, leading
to high charge carrier mobility but suffered from severe
mechanical failure. By contrast, regiorandom (RRa) P3HT films
can sustain large mechanical deformations without failure;
however, it usually leads to a decrease in their electrical
performance.

Considering the disadvantages of using a homopolymer
with randomly coupled HH defects, in the case with a limited
extent of ordered domains, the same research team continued
the development of mechanically robust and high-performance
TFT using a P3HT regioblock copolymerization strategy (block-
P3HTs).>® The authors prepared a series of block-P3HTs con-
sisting of RRe and RRa P3HTs with various M, values of RRa
blocks (from 3 to 33 kg mol™") and a fixed M, of RRe blocks
(11-12 kg mol ") via a catalyst-transfer polycondensation strat-
egy (Fig. 2g). Briefly, block-P3HT thin films with longer RRa
blocks enhanced the mechanical ductility due to the fact that
the amorphous moiety in regioblock copolymers promotes the
formation of an entangled and/or folded structure. For exam-
ple, the elongation at break of the thin films was remarkably
enhanced by 100-fold (i.e., from 0.3% to 30.2%) as the M,, of the
RRa block increased. Amazingly, all the block-P3HT possessed
a similar high ufi"" of 1.5 x 10™" em® V' s~ " to that of the high
RRe P3HT homopolymer. The discovery of the mechanical
ductility of block-P3HTs, which can be dramatically enhanced
without sacrificing the electrical properties, becomes ones
of the promising candidate strategies to fabricate high-
performance soft electronics, considering the trade-off between
electronic properties and mechanical flexibility often encoun-
tered by scientists.

2.1.3 Solution processing and fabrication effect. The mobi-
lity together with the deformability of polymer packing by
altering the film preparation or processing conditions, such
as annealing temperature and solvent choice, have also been
considered.***°** These considerations are based on the rela-
tionship between the film morphology and mechanical com-
pliance by M, and regioregularity effects. An early study by
Bao et al. reported both high carrier mobilities (i.e. 4.5 X
107> em® V7' s7' in the accumulation mode and 1 x
107> em® V' 57" in the depletion mode) and on/off current
ratios close to 10" for their RRe P3HT (>95%) using solution
casting.’® The mobility of RRe P3HT was found to vary by two
orders of magnitude depending on the choice of solvent used.
This investigation confirmed that the mobility of RRe P3HT
varied greatly with the solvent employed for its fabrication. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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effect of annealing polymers was demonstrated by O’Connor
et al., where the annealed poly-(2,5-bis(3alkylthiophene-2-yl)-
thieno[3,2-b]thiophene) (PBTTT) exhibited an increase in elastic
modulus from 0.9 to 1.8 GPa, where the increase in modulus upon
annealing is consistent with the increase in crystallinity, resulting
in an enhancement in charge transport.”® Moreover, polymer
packings are comprised of different levels of aggregates, evapora-
tion rates, and nanofibril formation tendencies, which are influ-
enced by the annealing temperature and choice of solvent.®®”°

In the preparation of polymers, it is necessary to consider
parameters such as the film preparation method (ultrasonica-
tion, spin-coating, dip-coating, drop-casting, melt processing,
and blade coating) given that they can influence their morpho-
logy, regioregularity, and change in M, in comparison to
conjugated polymers, which are structurally different, to fairly
assess their structural contribution.*®”"”> Another example by
Choi et al. showed that ultrasonication led to the formation of
P3HT nanowires with increased mobility, film crystallinity, and
decreased crack onset strains.”® Therefore, ultrasonication
plays an important role in breaking down the polymer chain,
enhancement in aggregation, and local order for inter-and
intramolecular interactions. The mechanical behavior could
be observed in the tensile test of melt-processed P3HT and
spin-coated P3HT, as shown in Fig. 2c and d, respectively. The
optimal maximum strain value of the melt-processed high M,
P3HT reached 300%, whereas the spin-coated film was only
stretchable up to 100%. The variation in film thickness and its
morphology may also cause a significant difference in critical
strain.

2.2 Conjugated polymer engineering

Another notable aspect to promote the mechanical deformabil-
ity and charge-transporting capability of stretchable semicon-
ductor polymers arises from the diverse structural modification
of conjugated polymers. This type of approach was highlighted
by the finding of O’Connor et al. when comparing RRe P3HT
and PBTTT.® The correlation between uf"" and elastic moduli
was displayed with moderately crystalline P3HT and highly
crystalline PBTTT, exhibiting low and high uf®", respectively,
while their elastic moduli showed a proportional trend with
Ut As has been discussed previously (see Fig. 2a), P3HT
adopts an edge-on type lamellar packing motif of polymer
backbones bridged by alkyl chain regions. The n-stacking
direction in a parallel way to the substrate enables efficient
2D charge transport favorable for TFTs. In contrast, PBTTT
more easily forms highly ordered films due to the existence of
many crystalline domains with larger crystalline sizes and fewer
defects. This superiority in terms of ug,-" (8 x 10 >em?* VvV 's™*
and elastic modulus (E = 0.9 GPa) of PBTTT over P3HT (uf,"" =
6 x 1072 ecm®* V' 7" and E = 0.25 GPa) is due to its higher
crystalline morphology. Furthermore, the high crystallinity is
also responsible for the low crack onset strain for PBTTT
(<2.5%) compared to P3HT (>150%). These results illustrate
that long-range order is preferable to increase the mobility,
but inevitably stiffens and embrittles the polythiophene
semiconductor films.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Considering the high crystallinity and amorphous nature
of conjugated polymers, it is assumed that their electrical-
mechanical properties are mutually exclusive. However, through
the continuous efforts and exploration by researchers, it was
discovered that conjugated polymers based on isoindigo (IDG),
naphthalene diimides (NDI), and diketopyrrolopyrrole (DPP)**°
exhibit impressive charge mobilities of over 1 ecm> V"' s7*
although their long-range order is relatively poorer than that of
P3HT and PBTTT. These observations have led to a new way of
generating conjugated polymer thin films for effective charge
mobility, thus facilitating the optimum intra- and intermolecular
charge transport at the device length scale, improving the inter-
connectedness between aggregated domains, and reducing the
amount of disorder in the conjugated segments (making rigid
backbones) seem to be the key rather than inducing high
crystallinity.”*””® Hence, two main strategies of diverse structural
modifications have been adopted, ie., backbone engineering
and side-chain engineering (Fig. 1a). Backbone engineering
involves the introduction of conjugated and non-conjugated
units into the main chain of a polymer, which is generally
classified into three approaches, mainly block copolymerization,
molecular spacer, and terpolymerization. Meanwhile, side chain
engineering introduces non-conjugated units in the side chain of
a conjugated polymer, which can also be classified into four
different approaches, including symmetric/asymmetric side-
chain, cross-linking, and Y-shaped side-chain. Furthermore, it
was revealed that the incorporation of hydrogen bonding moi-
eties in these novel conjugated polymer designs is particularly
effective in tailoring the mechanical deformability and main-
taining or even boosting the charge transport values in TFTs.'*2*
Interestingly, the combination of dynamic H-bonds in organic
semiconductors has created new properties and functions such
as self-healing ability which will be explained in Section 3.>**°

2.2.1 Block copolymer approach. Attaching soft and insu-
lating segments in the conjugated backbone is a widely used
approach to develop a new class of intrinsically stretchable
semiconducting multiblock copolymers because the presence
of a flexible insulating segment reduces the glass transition
temperature (T,) of polymers and decreases the n-n stacking
and crystallinity of polymer semiconductors in the solid-state.
Miiller et al. (2007) designed semiconducting diblock copoly-
mers containing various weight ratios of P3HT as the rigid
segment and polyethylene (PE) as the soft segment (Fig. 3a).””
The rigid PZHT homopolymer featured a high Young’s modulus
of up to 28 MPa and elongation at break of only 13%. However,
by incorporating soft PE blocks with a content as high as
65 wt%, the diblock copolymer showed an impressive Young’s
modulus of 240 MPa and maximum elongation of over 600%
before break. Interestingly, the 35-65 wt% P3HT-PE possessed
a decent u1°" of 5 x 1072 em® V™' 57, which is comparable to
the maximum FET-mobility values reported for non-stretchable
P3HT homopolymer.>*®”® Thus, P3HT-PE displays very useful
semiconductor properties even at a low P3HT content. Subse-
quently, the success of this strategy prompted the curiosity of
researchers to combine P3HT with other soft-type materials.
Chen and Satoh group investigated the influence of low-T,
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Fig. 3 Intrinsically stretchable semiconducting polymers developed based on the block copolymer approach. The chemical structures and mechanical
and/or electrical properties of: (a) diblock copolymers with different weight ratios of P3HT and PE. The inset of the bottom image is an optical image of a
dog-bone-shaped 35-65 wt% P3HT-PE under 600% stretching.”” Copyright: 2007, Wiley-VCH. (b) P3HT-b-PBA rod-coil diblock copolymers.”®
Copyright: 2017, the American Chemical Society. (c) AB-type, BAB-type, and ABA-type of P3HT-b-POO block copolymers.8® Copyright: 2019, The Royal
Society of Chemistry. (d) Triblock copolymer P3HT-b-PMA-b-P3HT.8 Copyright: 2015, The Royal Society of Chemistry. (e) P3HT-b-PIB-b-P3HT with a
photograph of the triblock copolymer film before and after stretching (upper left) and illustration of the model for the deformation of the microphase
separated structure and crystalline orientation of the triblock copolymer thin film (bottom).82 Copyright: 2015, the American Chemical Society. (f) P3HT-
b-P3SiHT-b-P3HT, where the stress—strain profile composed of the homopolymer P3HT (Mn = 20 kg mol™?), diblock copolymer P3HT-b-P3SiHT (P1-P3
where PI, P2, and P3 containing 73, 60, and 53 wt% P3HT, respectively), and triblock copolymer P3HT-b-P3SiHT-b-P3HT containing 22 wt% P3HT (P6).8°
Copyright: 2018, Wiley-VCH.

poly("butyl acrylate) (PBA) segments in the rod-coil diblock PBAj) to 0.19 GPa (P3HT-b-PBA,,) with an increase in the
copolymers (P3HT-b-PBA).”° As expected, the tensile modulus block length of PBA (Fig. 3b). Even after 100% mechanical strain,
of the P3HT-b-PBA thin films decreased from 0.63 GPa (P3HT-b-  P3HT-b-PBAg, displayed a high f"" of 2.5 x 10 > em®V ' s~ with
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an on/off ratio of 7.2 x 10° and it could still maintain its mobility
at the same magnitude after further stretching-releasing up to
1000 cycles. This result indicates that an optimized block ratio
(P3HT-b-PBAg) can provide promising stability and reproduci-
bility. In addition, the same group expanded on this work by
using poly(octylene oxide) (POO) as the soft segment with
different molecular architectures (AB-, ABA-, and BAB-type
block copolymers), where A is the P3HT block and B is POO
block.® Among the conjugated-elastic block copolymers, only
the ABA-type block copolymer thin film remained perfectly
smooth and no cracks were observed even up to 100% strain
(Fig. 3c). Meanwhile, the average hole mobilities of the ABA-
type, AB-type, and BAB-type block copolymer-based field-effect
transistors were 2.5 x 10°% 1.2 x 1074, and 7.5 x 10> cm?*V s},
respectively, which may be caused by the sizes of the crystalline
nanofibrils. The larger and longer nanofibrils offer more appealing
charge-transfer mobilities.

As another example of more advanced molecular backbone
engineering, Peng et al. (2015) first proposed the concept of
utilizing hard-soft-hard (ABA-type) triblock copolymers based
on the principle of architectural thermoplastic elastomers
(TPEs), leading to the formation of intrinsically stretchable
semiconductor TPEs (Fig. 3d).*' The authors succeeded in
synthesizing ABA triblock copolymers consisting of crystalline
P3HT as A and amorphous polymethacrylate (PMA) block as B.
The novel ABA triblock copolymer demonstrated a high
Young’s modulus of 6 MPa, stretchability of 140%, and uy" " of
1.7 x 107* em® V' s~ despite containing 65 wt% PMA.
Inspired by the semiconductor TPE design, Higashihara et al.
(2019) used a similar approach to prepare a novel intrinsically
stretchable ABA-type triblock copolymer composed of P3HT and
polyisobutylene (PIB) segments (P3HT-b-PIB-b-P3HT) (Fig. 3e). Due
to the excellent elastomeric properties of the PIB segments,*” this
polymer exhibited an extremely low elastic modulus of 0.00113 GPa
and a much improved crack onset strain value of 300%, as
determined via the tensile test in bulk films, with the uf*"
of 3.0 x 107* em® V! 57" despite containing 70 wt% insulat-
ing PIB. Given the fact that these polymers possessed insulating
and non-semiconducting segments, it is not surprising that the
mobility of the triblock copolymers decreased as the soft-
material content increased.

Recognizing this weakness, Miyane et al. (2018) fabricated
fully conjugated ABA triblock polymers by utilizing a regio-
regular polythiophene derivative bearing a trisiloxane group in
the side chains (P3SiHT) as the soft segment.** The merits of
the introduction the P3SiHT moiety in conjugated polymers
have been further investigated.®*®” Indeed, a P3SiHT film
displayed a remarkable change in characteristics such as
thermal behavior, chemical stability, mechanical property,
and miscibility in solvents. Especially in terms of mechanical
behavior, it exhibited 2-orders of magnitude smaller Young’s
modulus and 20 times higher elongation at break than RRe
P3HT.®” Benefiting from the features of P3SiHT, all the block
copolymers exhibited a lower tensile modulus and greater
elongation as the P3SiHT content increased, which are typical
characteristics of a plastic-to-rubber transition. As illustrated in

value
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Fig. 3f, P3HT-b-P3SiHT-b-P3HT with the highest P3SiHT con-
tent of 78 wt% delivered a low elastic modulus of 0.00335 GPa
and improved elongation at break of 118%. Interestingly, the
resulting p;, of the ABA triblock copolymer in the TFTs were
unexpectedly comparable or even higher than that of the P3HT
homopolymer. P3HT-b-P3SiHT-b-P3HT with the lowest P3HT
content of 22% exhibited an even higher average mobility
(514 x 10%cm® V' s7") than the P3HT homopolymer
(1.46 x 10 *cm® V' s7"). Among the prepared copolymers,
P3HT-b-P3SiHT-b-P3HT with 59 wt% P3HT obtained an excel-
lent average uf°" value of 1.06 x 10~ 2 cm?® V' s, Overall, by
leveraging its ability to assemble well-defined structures on the
nanoscale, the block copolymer approach plays an important
role in efficiently optimizing the mechanical properties of
materials. This approach offers a way to avoid complex struc-
tural engineering for the fabrication of devices, but the devel-
opment of stretchable materials suitable for electronic devices
is a great challenge. Thus far, the low uf,°" with P3HT-based
modification still cannot satisfy the theoretical intrinsic intra-
crystalline mobility of RRe P3HT, which can reach over
1 ecm?® V' 571889 Thus, it seems that the block copolymer
approach still needs to be further developed to actualize the
application of high-performance devices in terms of both
electrical-mechanical properties.

2.2.2 Molecular spacer approach. As reported by Miiller’s
group, in P3HT-b-PE, it is possible for a conjugated polymer
to retain favorable charge-transport properties despite the fact
that most diblock copolymers are composed of insulating
segments.”” In contrast to the modification of the polymer
without interfering with its conjugated units, Mei and co-workers
used diketopyrrolopyrrole (DPP) donor-acceptor (D-A) polymers
to improve the ductility and reduce the modulus, and simulta-
neously retain much of their electronic performance, while
interrupting the rigid conjugated backbones with flexible
1,3-propylene (C3) spacer units.”® It was revealed that the DPP-
20 mol% conjugation break spacer (CBS) unexpectedly main-
tained relatively high charge mobility of over 1.0 cm®> V' s,
which is insignificantly different from an average mobility of
DPP-0 mol% CBS (4.3 cm® V~' s7"). The same research group
collaborated with Thompson’s group, introducing a concept of
CBS in the polymer backbone to reduce the crystallinity and Ty,
which consequently impart stretchability.”"*> In these reports, a
series of semi-random polymers with varying spacer lengths and
spacer compositions were examined (Fig. 4a).”> Consequently,
the 10% T-10-T polymer sample exhibited relatively high hole
mobility based on its space charge-limited current (SCLC) (15"
value of 2.53 x 10 *ecm? V™' s, which was comparable to that
of its fully conjugated counterpart (P3HT-DPP-10%) of 9.29 x
10 *em® V' s7' Interestingly, although the hole mobility
decreased with an increase in spacer composition, there is
still an increment in hole mobility with respect to the length
of the spacer carbon chain. Through the film-on-elastomer
measurement, it was revealed that several modified polymers
could be stretched beyond 80% strain, and particularly for 10%
T-8-T and 10% T-10-T, they could achieve the lowest elastic
modulus of 0.14 GPa and 0.15 GPa, respectively. This approach
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(a) Chemical structure of the designed DPP-based conjugated polymer backbone and the effect of the conjugation-break spacer length and

spacer composition on its mechanical and electrical properties. Representative stress—strain curves of modified P3HT-DPP polymer films obtained using
the FOW technique.®2 Copyright: 2018, the American Chemical Society. (b) Effects of chain breakers on elastic modulus and mobility under strain in DPP-
TVT polymers.®® Copyright: 2018, Wiley-VCH. (c) Summary of the crack on-set and elastic modulus measurements of DPP-TVT polymers as a function of

the H-bonding conjugation breaker effect.®*

Copyright: 2020, the American Chemical Society. (d) Effect of conjugated rigid fused-rings with optimized

bulky side groups in the conjugated polymer backbone.®® Copyright: 2021, the American Chemical Society.

opens an avenue for researchers to overcome the most common
obstacle of the tradeoff between mechanical and electronic
performance.

Mun et al. investigated the influence of flexible conjugation
breakers in the DPP/thienylene vinylene (TVT) polymer semi-
conductor backbone, in which three different chain breakers
were used, i.e., ethylene, dibutylbenzene (DBB), hexane (C6),
and dodecane (C12).”* Upon the incorporation of 10% molar
ratio chain breaker, the non-conjugated segments could ‘“‘tune”
the mechanical properties, while maintaining high mobility
of higher than 1 cm® V™" 57", as shown in Fig. 4b. Remarkably,
the C12-DPP/TVT polymer thin films exhibited a largely
improved crack onset strain as high as 100% strain and a low
modulus of 0.13 GPa, which could maintain moderate mobility
(>0.36 cm® V"' s7!) under 100% strain even after a hundred
cycles of 50% strain. Compared to DPP/TVT-based polymer
films containing other conjugation breakers, C12-DPP/TVT
was revealed to exhibit the best balanced performance in terms
of both mechanical and electrical properties. Moreover, the

7162 | Mater. Adv, 2022, 3, 7154-7184

effect of the three chain breakers on all the polymer derivatives
was still more ductile with a lower elastic modulus compared to
the reference polymer using ethylene as the chain breaker.
It should be noted that the obtained higher stretchability of the
C12-DPP/TVT thin films originates from their lower crystal-
linity, as confirmed by T, measurements and X-ray diffraction.
To further understand the effects of the H-bonding strength,
Zheng et al studied its influence on the mechanical and
electrical properties of polymer semiconductor thin films using
different types of H-bonding units (urea > amide > urethane >
carbonate) and linker flexibilities (ether chain (E) > alkyl chain
(A)) (Fig. 4c).>* Basically, H-bonding units were incorporated as
CBS into a DPP D-A conjugated polymer backbone. It was
observed that E-urea and A-urea with stronger H-bonding (self-
association constant of >0.7) and flexible linkers having
a higher tendency for denser packing could induce higher
polymer chain aggregation and crystallinity in thin films, result-
ing in an improvement in the modulus and crack on-set strain
and less degradation in mobility during stretching. It has to be

© 2022 The Author(s). Published by the Royal Society of Chemistry
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emphasized that the E-urea/E-amide-derived polymers exhibited
the highest charge transport mobilities due to their high crystal-
linity and intense H-bonding.

The same concept is applicable to other material systems,
another example of which is the introduction two distinct
classes of rigid fused-ring systems in a poly(thieno[3,2-b]thio-
phene-diketopyrrolopyrrole) (PDPPTT) backbone. The rigid
fused-ring systems investigated by researchers, namely, benzene-
substituted dibenzothiopheno[6,5-b:6',5'-f]thieno[3,2-b]thiophene
(Ph-DBTTT) and indacenodithiophene (IDT) systems.” In fully
stretchable transistors, as shown in Fig. 4d, the PIDT-3T-OC12-
10% polymer showed a mobility of 0.27 cm® V™" s~ " at 75% strain
and maintained its mobility after being subjected to hundreds of
stretching-releasing cycles at 25% strain. Compared to the refer-
ence polymer PDPPTT, the device showed an abrupt drop in
mobility when stretched either parallel to the strain direction (|)
or perpendicular to the strain direction (L) from 0% to 75%
strain, in which the initial mobility of 0.76 cm* V™" s~* decreased
touh; =7 x10 > em’*V s tand i = 1.1 x 10 P em’ Vs
at 75% strain. After 500 cycles at 25% strain, the tested devices all
showed a low " = 6 x 107> em®* V' s' in the parallel
stretching direction due to crack formation at 25% strain. These
results underscore the intimate correlation between chemical
structures, mechanical properties, and charge carrier mobility of
polymer semiconductors.
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2.2.3 Terpolymerization approach. Many previous studies
revealed that the CBS approach can lower the backbone rigidity
and revamp the stretchability of polymer semiconductors,
despite the uncertainty in their electrical performance. Thus,
to alleviate this issue, engineering conjugated monomer struc-
tures that are more complex than the binary system of conven-
tional D-A copolymers has been pursued to enhance the
stretchability without compromising charge transport.”®*°
The most prominent example is conjugated random terpolymers,
including A-D-A’-D- and/or A-D-A-D’-type copolymers. It was
revealed that these conjugated random terpolymers can be used
to effectively fine-tune the crystallinity and aggregation behaviors
of the reference parent polymers. Owing to the mismatched
geometry induced by additional components, random ternary
copolymers are expected to possess reduced crystallinity com-
pared to their reference parent polymers. Lin et al utilized
an elegant strategy to randomly incorporated different amounts
of isoindigo (IID) unit in the reference DPP-quaterthiophene
conjugated backbone.”” As depicted in Fig. 5a, random terpoly-
mers containing the lowest IID content such as DPP95 (95 mol%
DPP and 5 mol% IID) possessed two times higher uf°" (5.5 x
10" em® V! s71) value than that of the parent polymer DPP100
(100 mol% DPP and 0 mol% IID) (2.5 x 10" em® V' ' s h).
Under 100% strain, DPP95 also exhibited much higher uf;; " (3.5 x
102 em®> V' s and pi7 (5.1 x 1072 em® V' s71) values
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than the reference parent polymer DPP100 (" = 4 x
107 em®> V' s and it = 1.8 x 10°* em® V' s71). Another
benefit of enriching amorphous features is to provide random
terpolymers with a more mobile conformation under mechan-
ical deformation, which preserves effective charge transport
pathways under strain. Consequently, DPP95 was shown to
yield improved mobility retention at 100% strain, delivering
mobility of >10"> cm® V! 57!, which surpasses the perfor-
mance (~2 x 107° ecm® V' s7") of the reference parent
DPP100. More encouragingly, the increase in elastic and elec-
trical properties was also obvious as DPP95 showed a much
better mechanical performance after 800 stretching-releasing
cycles at 60% strain, achieving >20% uf" retention. These
results suggest that it is possible to increase the mechanical
elasticity of semiconducting polymers for TFT devices without
having a deleterious effect on their electronic properties.
Recently, Mun et al. proposed a promising strategy for to
obtain intrinsically stretchable semiconducting polymers with
high mobility and mechanical reversibility against repeated
mechanical stress.”® Specifically, a ternary copolymer
composed of the DPP unit as a p-type acceptor, TVT unit as
donor 1, and bithiophene (BT) unit as donor 2 was prepared
based on various concentrations of two types of constituting co-
monomers, which were labelled as DPP-0TVT (0 mol% TVT and
100 mol% of BT) to DPP-10TVT (100 mol% TVT and 0 mol% of
BT). As depicted in Fig. 5b, the designed terpolymers with a TVT
fraction in the range of 20-80 mol% were found to be stretch-
able to >100% strain without the formation of cracks. In terms
of the mechanical reversibility test, DPP-8TVT remained free
from mechanical damage despite 500 continuous cycles of 25%
strain, while retaining high charge carrier mobility even after
repeated strain. Regardless of the TVT fraction, all the terpoly-
mers showed mobility values of >1 cm® V™' s, which are
comparable to or even greater than that of the regular copoly-
mers with only one type of co-monomer units. As the most
prominent sample, the DPP-8TVT film was chosen to fabri-
cate fully stretchable transistor arrays, providing tremendous
results such as high robustness and improved fracture resis-
tance, as indicated by the slight degradation in mobility under
various mechanical deformations (stretching, twisting, and poking)
and a negligible decrease in mobility even after 1000 times
deformation under 25% strain, respectively. These satisfactory
results enable the design of simple polymers that effectively
mitigate the long-standing trade-off between mobility and
stretchability. Fascinatingly, this molecular design concept is
obviously generalizable, and thus allows the construction of
stretchable p-type and n-type terpolymer semiconductors by
merely utilizing various combinations of electron donors and
acceptors molecules. It was hypothesized that the introduction
of two different types of fully conjugated co-monomers causes
structural randomness in the backbone, which hinders the
formation of larger crystalline domains. Substantially, this con-
trolled ordering at different length scales can improve the fracture
resistance upon strain without sacrificing the charge transport.
2.2.4 Symmetric side-chain approach. The early routes for
the incorporation of non-conjugated segments in the side
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chains of polymers focused on the selection of the side chain
itself such as the classical alkyl chain size, branch point, and
other heterophase segments, which dramatically influence the
properties of the resulting modified polymer. The most promi-
nent example of this approach can be observed in the study
by Yan et al'®* To enrich more amorphous domains, while
maintaining strong aggregation between the polymer chains,
which is conducive to promote the stretchability of semi-
conducting polymers, these authors synthesized modified
side-chain polythiophenes with ester-substituted, biaxially con-
jugated extended semi-2-D side chains of 3-(thiophen-2-yl)-6-
(thiophen-3-yl)thieno[3,2-b]thiophene-bithiophene (PDCTT2T),
and 3-(thiophen-2-yl)-6-(thiophen-3-yl)thieno[3,2-b]thiophene-
difluorobithiophene (PDCTT2T-F). Benefiting from the synergis-
tic effect of the ester-substituted, biaxially extended conjugation
and backbone fluorination, the mobility-stretchability of all four
modified polythiophenes improved compared to the prototype
RRe P3HT (ufy" = 6 x 1077 to 1.4 x 107 ecm® V! s 1).1%
Especially, PDCTT2T-F presented the highest uf*" of
0.2 cm® V™' 57! due to the fact that the fluorinated backbone
exerted higher backbone rigidity than the nonfluorinated back-
bone, and through coherence with the ester-substituted, biaxi-
ally extended side chains, resulted in stronger intramolecular
charge transfer. Moreover, as shown in Fig. 6a, PDCTT2T
and PDCTT2T-F encouragingly retained decent uf"' values,
regardless of 800 stretching-releasing cycles at 60% maximum
strain, outperforming the reference PDCTT and PDCTT-F without
side-chain conjugation, which exhibited a one order decrease in
mobility. Wen et al. explored the effects of poly(butyl acrylate)
(PBA, with various concentrations of 0, 5, 10, 20, and 100 mol%)
as the side chain embedded in isoindigo-bithiophene (II2T)-
conjugated polymers.'® The findings for the PII2T-PBA series
demonstrate an increase in crack onset strain from 25 to 100%,
low elastic modulus from 0.8 to 0.12 GPa, and maintained carrier
mobility of 0.06-0.8 cm®> V™' s~" with an on/off current ratio of
over 10° depending on the amount of PBA chains, as probed using
a top-contact transistor device. Among the mentioned composi-
tions, PII2T-PBA10 was shown to be the most reliable candidate
with a stable uf"" of 0.08-0.1 cm? V' s~* under 60% strain,
which could be maintained during 400 repeated stretching-
releasing cycles, as indicated in Fig. 6b. This improved ductility
was attributed to the larger free volume of the PBA side chains,
which reduced the interchain interactions between the polymer
backbones. This finding was consistent with the increase in
solubility and decrease in crystallinity observed from the GIXD
results.

Alternatively, the hydrogen bonds located in the side chain
also played a role in enhancing the mechanical and charge
transport performance and facilitating the morphological orga-
nization. Ocheje et al.?* incorporated a range of amide compo-
sitions (5% to 30%) in DPP-based polymers as a direct approach
to promote the intermolecular hydrogen bonding moieties
between polymer chains and tune the solid-state morphology
(Fig. 6¢). Upon the addition of 5 mol% amide side chain, there
was an enhancement in the charge mobilities to 2.46 cm®> V' 577,
but the further addition of 30 mol% amide gradually decreased the
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Fig. 6 Side chain engineering based on the grafting approach. (a) Charge mobility-stretchability relationship and chemical structure of PDCTT2T and
PDCTT2T-F compared to their non-biaxial counterparts of PDCTT and PDCTT-F, respectively.’® Copyright: 2021, the American Chemical Society.
(b) Influence of the amount of PBA in mol percentage on the PII2T side chain described by charge mobility-stretchability data.’°® Copyright: 2017, the
American Chemical Society. (c) Structure of DPP-based conjugated polymers incorporating amide-containing side chains and schematic representation

of intermolecular hydrogen bonds formed between adjacent amide-
Society.(d) Hydrogen b