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ABSTRACT: Herein, to decrease the synthetic burden of the rod−
coil diblock copolymers, the coordination-driven self-assembly
approach is utilized to readily construct a series of polystyrene
(PS)-block-poly(3-hexylthiophene) (P3HT) copolymers with dy-
namic heteroleptic coordination bonds between the two blocks. In
detail, the chain length of the PS is varied for a fixed P3HT chain
length to produce block copolymers, namely, PS85−Zn−P3HT187
(P1) and PS161−Zn−P3HT187 (P2), with comparable electrical
performance to that of homopolymer P3HT (P0) in the unstrained
state, along with enhanced crack onset strain and much less reduced
mobility under 25−100% strain. The ability to maintain the charge
transport characteristics is due to the longer coil chain length and
amorphous PS regions for the dissipation of strain energy. The
organic field effect transistors of P2 with a longer PS segment show only a slight change in mobility from 5.48 × 10−3 to 1.40 × 10−3

cm2 V−1 s−1 under 25−100% and maintain this mobility even after being subjected to 100 repeated stretching/releasing cycles at
50% strain. This proof-of-concept demonstration of the proposed molecular engineering approach based on the metallo-
supramolecular method provides a suitable route to the molecular design of stretchable polymer semiconductors with balanced
mechanical and electrical behaviors.

■ INTRODUCTION
Recent progress in the synthesis and assembly of organic
semiconductor materials has established a foundation for
electronic devices on flexible, bendable, and stretchable
substrates, with various capabilities that cannot be reproduced
using conventional Si-based technologies.1−5 The primary goal
of stretchable organic semiconductor electronics is the
production of devices with good charge transport properties
and performances that are maintained under strain deforma-
tion. However, the high mobility (μ) and high degree of
crystallinity originate from rigid chains in π-conjugated
polymers with an inherent mechanical nonstretchability that
is antithetical to deformability. Such brittle semiconductor
materials typically require geometric engineering in order to
accommodate strain via wrinkled, wavy, and kirigami
structures.6−8 However, while these extrinsic approaches are
compatible, they still face the difficulties of limited durability
and complicated fabrication. Hence, methods for endowing
these organic semiconductor materials with suitable properties
for application in high-tolerance, stretchable organic field effect
transistor (OFET) devices have become a critical issue. The
two main strategies for imparting stretchability to organic
semiconductor materials are (i) the fabrication of intrinsically
stretchable polymeric semiconductors via delicate molecular

design9−13 and (ii) the fabrication of stretchable semi-
conducting composites via the physical blending of flexible
materials (usually elastomers) into conjugated polymers.11−15

The general design principle of these two strategies is to lower
the crystallinity of the organic semiconductor thin film and to
provide the entire film with strain energy dissipation regions
under stretching in order to increase its intrinsic deform-
ability.16

The electrical and mechanical properties of conjugated
polymer semiconductors can be molecularly engineered by
modifying the main chain backbone and the side chain in order
to control the factors relating to stretchability. The two main
approaches to main chain structural design are as follows: (i)
inserting flexible conjugation break spacers17−21 and (ii)
inserting twisted backbone structures.22,23 These approaches
enable the backbone flexibility and packing behavior to be
directly altered while decreasing the rigidity of the polymers,

Received: May 10, 2022
Revised: November 4, 2022
Published: November 17, 2022

Articlepubs.acs.org/Macromolecules

© 2022 American Chemical Society
10670

https://doi.org/10.1021/acs.macromol.2c00957
Macromolecules 2022, 55, 10670−10681

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 T
A

IW
A

N
 U

N
IV

 o
n 

A
pr

il 
29

, 2
02

3 
at

 0
2:

30
:5

4 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei-Ni+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tsung-Han+Tu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chiao-Hsuan+Pai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kuan-Heng+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shih-Huang+Tung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi-Tsu+Chan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng-Liang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng-Liang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.2c00957&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00957?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00957?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00957?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00957?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00957?fig=abs1&ref=pdf
https://pubs.acs.org/toc/mamobx/55/23?ref=pdf
https://pubs.acs.org/toc/mamobx/55/23?ref=pdf
https://pubs.acs.org/toc/mamobx/55/23?ref=pdf
https://pubs.acs.org/toc/mamobx/55/23?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf


thus leading to reduced crystallinity and enhanced softness of
the polymeric semiconductor thin film without significantly
affecting the μ. When considering side chain engineering, the
packing behavior of the thin film can also be manipulated by
changing the side chain length/branching characteristics24−26

and introducing asymmetric27,28 and specific functional side
groups29−31 via various interchain interactions. Varying these
side chain structures has been clearly shown to exert a
softening effect upon the conjugated polymer, thereby
providing greater ductility and lower elastic modulus while
maintaining the charge transport properties. Stretchable
composites composed of elastomeric matrices and conjugated
polymer chains have also been successfully developed for
extrinsic stretchable organic semiconductor materials.32−37

The polarity difference between these two compounds, and
the self-assembly behavior of the conjugated polymers, may
facilitate their phase separation to form the semiconducting
channel, thereby combining the high charge transport property
of the conjugated polymer with the desired mechanical
properties of a rubbery polymer. However, to induce
thermodynamically stable microscale phase separation and
precisely control the distribution of the semiconducting
component within the film, an alternative approach is to
synthesize block copolymers. In block copolymer systems, two
chemically incompatible blocks can self-assemble into different
microstructures, leading to various morphologies. The classical
microphase separation is generally applied to the coil−coil type
block copolymers, in which the Flory interaction parameter χ
between the blocks and the block length N, that is, the χN value
(segregation strength), determines the phase-separated struc-
tures, typically forming lamellar, gyroidal, cylindrical, and
spherical domains.38,39 In such cases, the interchain interaction
of individual coil block does not play a significant role in the
microphase separation. For the rod−coil block copolymers,
however, because of the strong π−π interchain interaction as
well as the more stretched, rigid chains of conjugated polymers
that tend to firmly pack into crystalline nanofibrils, the
microphase separated structure is dominated by rod
blocks.40,41 Despite this, the microstructures of rod−coil
block copolymer thin films can still be fine-tuned to optimize
their morphologies and corresponding mechanical and
electrical properties by applying various combinations of rod
and coil blocks.42

Recently, several published reports have applied poly(3-
hexylthiophene) (P3HT)-based rod−coil block copolymers to
the fabrication of stretchable organic transistors.43−48 Conven-
tionally, the click reaction and Grignard metathesis polymer-
ization have been adopted to synthesize block copoly-
mers.49−51 However, while such block copolymers have been
used to dissipate strain, the development of efficient synthetic
approaches toward the facile construction of functional yet
diversified rod−coil copolymers remains a formidable
challenge. The design of metallo-supramolecular polymers
providing an alternative way to synthesize polymers has been
studied. Opposite to the convention polymerization methods
with the linkage by use of covalent bonds, metallo-supra-
molecular polymers utilize noncovalent interactions to
construct similar properties with the single-chain copolymer.52

Moreover, metallo-supramolecular polymers have drawn
significant attraction as novel functional materials due to
their further applications in various fields, for example,
stimuli−response, self-healing, shape memory, and light-
emitting devices.53,54 However, only limited studies of metal-

coordinated conjugated polymers applied in the OFETs has
been reported.55,56 Herein, a metallo-supramolecular method-
ology based on predesigned self-selective metal−ligand
coordination interactions is utilized to assemble rod and coil
segments to afford the desired diblock copolymers. To our
knowledge, OFETs based on conjugated diblock copolymers
composed using a metallo-supramolecular strategy have not
been reported yet. According to our previous study,57,58

unsubstituted 2,2′:6′,2″-terpyridine (tpy) and 6,6″-di(9-
anthracenyl)-substituted tpy are used as end-functionalized
groups to ensure precise heteroleptic complexation upon the
addition of Zn(II) ions under mild conditions. The rapid
construction of diblock copolymers is achieved by taking
advantage of these simple metal−ligand coordination com-
plexes. In this work, PS-Zn-P3HT diblock copolymers with
variation in the rod/coil block length is fabricated, utilizing
self-selective metal coordination between the amorphous
polystyrene (PS) coil segment and the semiconducting
P3HT rod segment. Further application of stretchable thin-
film transistors is also performed to verify the feasibility. The
metallo-supramolecular fabrication approach to the block
copolymers introduced herein results in a good combination
of electrical properties and stretchability.

■ EXPERIMENTAL SECTION
General Procedure for Complexation. One equivalent of

Zn(OTf)2 in MeOH (0.1 M) was added to an equimolar solution of
P3HT187 (P0) and PSm (m = 85 or 161) in CHCl3. The stoichiometry
was verified by 1H NMR. After the reaction mixture was stirred at
room temperature for 5 min, the solvent was evaporated under
reduced pressure, and the residue was washed with MeOH to give the
corresponding diblock copolymers.
OFET Fabrication and Characterizations. The OFETs with

solution-sheared polymer films were fabricated to measure the field
effect mobility. A heavily n-doped Si wafer was used as the substrate,
with thermally grown 300 nm SiO2 as a dielectric layer. After
sonication in acetone and 2-propanol, the substrates were immersed
in decyltrichlorosilane (DTS) solution (3 μL mL−1 in anhydrous
toluene) at room temperature for 90 min to grow a hydrophobic self-
assembled monolayer. Each polymer was dissolved in a mixture of 1,2-
dichlorobenzene/chloroform (3:97, v/v) at a concentration of 10 mg
mL−1 and then heated at 55 °C for 30 min. The substrate was placed
on the center of the heating stage and held under vacuum via the
chuck. Then, the upper shearing plate was lowered to contact the
substrate. The polymer semiconductor thin films were deposited by
the shearing method with optimized conditions, as previously
reported.59 The solution shearing deposition was performed under
an ambient atmosphere at a substrate temperature of 25 °C and with a
fixed moving speed of 1 mm s−1, followed by postannealing at 55 °C
under vacuum overnight. Finally, the 60 nm Au electrodes were
deposited onto the polymer films under high vacuum through a
shadow mask defining channels of 20 μm in length (L) and 1500 μm
in width (W). The OFETs were completed with a bottom-gate top-
contact (BGTC) architecture. The OFET characteristics were
measured in the dark using a Keithley 4200 semiconductor analyzer
under a N2-filled atmosphere. The mobility (μ) was fitted by the data
point of the transfer curve measured in the saturated region and
calculated using eq 1:

= i
k
jjj y

{
zzzI W

L
C V V

2
( )id g th

2

(1)

where Id is the drain current, Ci is the capacitance of the gate dielectric
layer (∼10 nF cm−2), Vg is the gate voltage, and Vth is the threshold
voltage.
The double transfer-printing technique was adopted to investigate

the OFET properties of the stretched polymer films. The polymer
films on the DTS-treated SiO2/Si substrates were first transferred
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onto the poly(dimethylsiloxane) (PDMS) (base/crosslinker = 20:1
w/w) slabs and then stretched to strain values of 0, 25, 50, and 100%.
Then, the stretched films were transferred to phenyltrichlorosilane-
treated SiO2/Si substrates. Finally, gold electrodes were deposited on
the top to finish the OFET fabrication for further testing.

■ RESULTS AND DISCUSSION
Figure 1 shows the schematic illustration of the experimental
method in this study. The solution shearing of the polymer
semiconductors and the transfer printing process are used to
fabricate the stretchable organic transistors with a uniaxially
stretched structure in the elastomer template.
Polymer Synthesis. All the polymers were synthesized

according to the previously reported procedures.57,60 Gen-
erally, the well-defined tpy-modified PSs (PS85 and PS161) were
synthesized using an Fe(II)-bis(tpy) complex bearing an α-
Bromoester as the metallo-initiator for the atom transfer
radical polymerization of styrene. After decomplexation, the
chain-end functionalized PSs with controllable molecular
weights and low polydispersities (D̵ = Mw/Mn) were realized.
Under the optimized reaction conditions, two tpy-function-
alized PS polymers with varying degrees of polymerization
(DPs), namely, PS85 (Mn = 7900 Da, DP = 85, D̵ = 1.21) and

PS161 (Mn = 16,200 Da, DP = 161, D̵ = 1.17), were obtained.
Meanwhile, the well-defined P3HT187 (P0, Mn = 36,500 Da,
DP = 187, D̵ = 1.18) end-functionalized with a 6,6″-di(9-
anthracenyl)-substituted tpy motif was obtained via the
Suzuki−Miyaura coupling reaction of monobrominated
P3HT with 6,6″-di(9-anthracenyl)-4′-(4-boronophenyl) tpy.
Subsequently, the metallo-supramolecular diblock copolymers
P1 and P2 were instantly constructed from PSm (m = 85 or
161) and P3HT187 upon complexation with Zn(OTf)2
(Scheme 1). The chemical structures of copolymers P1 and
P2 were unambiguously established by NMR spectroscopy
(Figure S4). In particular, the characteristic shifts of the 1H
NMR signals after complexation strongly supported the
quantitative formation of the heteroleptic Zn(II)-tpy com-
plexes. Notably, the presence of the 9-anthracenyl substituents
successfully avoided the formation of any unwanted homo-
leptic complexes.57 As a result, the spontaneous heteroleptic
complexation with Zn(II) ions led to the desired rod−coil
block copolymers.
Polymer Characterization. The thermal behaviors of P0,

P1, and P2 were examined by differential scanning calorimetry
(DSC) (Figure S6), and their thermal properties are
summarized in Table 1. The thermogram of P0 exhibits

Figure 1. Schematic diagram of the process of stretched OFET devices.

Scheme 1. Synthesis of Diblock Copolymers PS85−Zn−P3HT187 (P1) and PS161−Zn−P3HT187 (P2)
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pronounced endothermic and exothermic peaks that indicate a
melting temperature (Tm) of 210.0 °C and a crystallization
temperature (Tc) of 171.8 °C, which are consistent with those
of typical P3HT homopolymers. For the block copolymers P1
and P2, glass transition temperatures (Tg) of around 100 °C
can be observed, corresponding to the segmental motion of the
PS chains in the amorphous state. In addition, the block
copolymers P1 and P2 exhibit P3HT melting peaks at around
204 °C (slightly lower than that of P0), along with
crystallization temperatures of 158.3 and 148.9 °C, respec-
tively. The lower Tm and Tc of the block copolymers relative to
that of P3HT imply that the crystallization of P3HT is
hindered by the PS chains.48,61 Moreover, the enthalpy of
fusion (ΔHm) was calculated from the second heating curves
to directly compare the crystallinity, and the corresponding
ΔHm values of the P3HT block in the copolymers were
corrected according to the weight fraction of P3HT. The ΔHm
values of P1 and P2 were 10.03 and 10.66 J g−1, respectively,
whereas that of P0 was 12.37 J g−1. It has been reported that
the perfect P3HT crystal shows a ΔHm of 74 J g−1 derived
from the Flory equation.62 Thus, the relative crystallinities of
P3HT in each polymer were determined to be 22.0, 13.6, and
14.4% for P0, P1, and P2, respectively.48 The lower P3HT
crystallinities of P1 and P2 relative to that of pristine P3HT
(P0) indicate that the introduction of the coiled PS segment
interferes with the packing behavior of P3HT. However, the
P3HT crystallinity of P2 is slightly higher than that of P1,
thereby implying that the higher segregation strength between
P3HT and the long PS chains in P2 may generate a well-
defined phase-separated domain in which the P3HT can be
more orderly packed.63

The optical properties and polymer aggregation behavior of
the block copolymers were characterized by UV−vis spectros-
copy, and the normalized UV−vis spectra of the three

polymers in the solution and thin film states are presented in
Figure 2. The differences between the polymer interchain
interaction strengths of the three polymers were determined by
comparing the maximum absorption features associated with
P3HT. In solution, the three polymers have similar absorption
maxima at 452 nm due to the π−π* transition of the
polythiophene main chain, thereby indicating that the
incorporation of metal complexes and the formation of diblock
copolymers with the PS segment have little impact on the
polymer aggregation behavior. Meanwhile, the thin-film
absorption spectrum of P0 exhibits absorption maxima at
598 and 548 nm, corresponding to the 0−0 and 0−1 vibronic
transitions, respectively, whereas P1 and P2 exhibit slightly
blue-shifted absorption peaks, with a relatively lower 0−0 peak
intensity. In detail, the absorption spectra of P1 and P2 exhibit
peak maxima at 594 nm for the 0−0 transition, along with
vibronic shoulders for the 0−1 transition at 544 and 543 nm,
respectively. Moreover, the semiconducting molecular organ-
ization was quantitatively analyzed by calculating the ratio of
the band intensities between the 0−0 and 0−1 vibronic peaks
(A0−0/A0−1).

64 As this ratio is higher, it could be reasonably
suggested that the polymers have better charge transport
ability due to more ordered aggregates and the longer
conjugation length of P3HT. As shown in Table 1, the ratio
gradually decreases with the increase in PS block content, thus
revealing the negative influence of the PS chains upon the
aggregation behavior of P3HT, in agreement with the DSC
data. All three polymers provide similar optical band gaps of
∼1.96 eV, as determined from the onsets of the thin-film
absorption spectra. The highest occupied molecular orbital
(HOMO) values were measured by photoelectron spectros-
copy in air (PESA), as shown in Figure S7. Combined with
these two values, the lowest unoccupied molecular orbital
(LUMO) values were estimated, and the optical properties are

Table 1. Thermal and Optical Properties and HOMO/LUMO Energy Levels of P0, P1, and P2

Tc [°C]a Tm [°C]a ΔHm [J g−1]b λmaxsoln [nm] λ0−0 [nm] λ0−1 [nm] A0−0/A0−1 Eg,opt [eV]
c EHOMO [eV]

d ELUMO [eV]
e

P0 171.8 210.0 12.37 446 598 548 0.73 1.95 −4.78 −2.83
P1 158.3 204.9 7.57 446 594 544 0.70 1.96 −4.79 −2.83
P2 148.9 204.0 6.41 446 594 543 0.66 1.96 −4.75 −2.79

aThe crystallization temperature (Tc) and melting temperature (Tm) were extracted from DSC scans. bThe enthalpy of fusion was calculated from
integrating the area under the second heating curves. cThe optical energy band gap was extracted from the absorption band edge. dThe HOMO
levels were obtained by photoelectron spectroscopy in air (PESA). eThe LUMO levels were calculated following the equation Eg,opt = EHOMO −
ELUMO.

Figure 2. UV−vis spectra of P0, P1, and P2 in solution (dashed line) and thin film (solid line).
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summarized in Table 1. Thus, all the energy levels of the three
polymers are maintained at practically the same values, thereby
indicating that the optical properties and electronic structures
of the metallo-supramolecular block copolymers are similar
and are mainly defined by the P3HT block.
Morphological Analysis of Polymer Thin Tilms
Atomic force microscopy (AFM) was conducted to examine

the surface morphologies of the self-organized polymer films
cast from a cosolvent of dichlorobenzene/chloroform (3:97 v/
v). The height and phase images are presented in Figure 3a.
Here, all the polymers clearly exhibit randomly oriented
nanofibril structural characteristics with diameters of ∼15 nm,
indicating similar P3HT-dominated aggregation behaviors in
the copolymers. Such one-dimensional nanostructures have
been shown to result from the strong π−π interactions
between the P3HT segments in the P3HT-based rod−coil
block copolymers.65,66 Although the UV−vis absorption
spectra reveal a slightly lower degree of the ordered P3HT
aggregate in the copolymers (Figure 2), they still tend to
aggregate into nanofibrils that can facilitate charge transport.
Thus, it can be inferred that the charge transport ability of the
rod−coil block copolymers will not be seriously interrupted by
the insulating PS segments. In addition, the root-mean-square
roughness values in the AFM images of the P0, P1, and P2
thin films are 3.24, 2.33, and 1.47 nm, respectively, thereby
indicating that the flexible PS chains more efficiently fill the
gaps between the P3HT nanofibrils to result in a smoother film
surface. The 3D images of each AFM height image are

provided in Figure S8 to ensure that the surface roughness is
distinguishable from each other.
To gain more insights into the molecular packing of the

polymer chains, two-dimensional synchrotron grazing inci-
dence X-ray diffraction (2D-GIXRD) analysis was performed
to identify the crystal structures. The 2D-GIXRD patterns in
Figure 3b indicate that all three polymers exhibit well-defined
third-order (h00) P3HT diffraction peaks in the out-of-plane
direction (qz), with lamellar spacings of 16.10 Å for P0 and P1
and 16.06 Å for P2. Furthermore, clear π−π stacking peaks are
observed for all the samples in the in-plane direction (qxy),
representing the predominant edge-on preferential arrange-
ment on the surface. The corresponding π−π stacking
distances are 3.81 Å for P0 and 3.79 Å for P1 and P2.
Based on the similar crystallographic parameters of the three
polymers, it can be concluded that the P3HT chains in the
copolymers pack in an identical manner to that of pure P3HT,
that is, the alignment of the alkyl side chains and the π−π
stacking between neighboring thiophene rings are normal and
parallel to the surface substrate, respectively. In other words,
the introduction of the PS segment has little impact on the
molecular orientation, so the charge transport channels of the
conjugated P3HT domain can be preserved.
OFET Performances of Unstrained Polymer Films. To

investigate the effect of the PS building block upon the charge
transport abilities, top-contact/bottom-gate OFETs were
fabricated via solution shearing of the polymer solution in a
3:97 volume ratio of 1,2-dichlorobenzene and chloroform onto
the Si/SiO2 substrates. On the top, 60 nm source and drain

Figure 3. (a) AFM height (top) and phase (bottom) topographies of polymer thin films. (b) 2D-GIXRD patterns of polymer thin films (the
shearing direction and the incident X-ray direction are parallel).

Table 2. Summary of the OFET Performance Results and the Relevant Crystallographic Parameters of the Three Polymer
Films

μmax [cm2 V−1 s−1] μavg [cm2 V−1 s−1] ION/IOFF [−] Vth [V] lamellar spacing [Å]a π−π distance [Å]
P0 1.44 × 10−1 (8.14 ± 3.19) × 10−2 103 ∼ 106 −15.9 ± 4.3 16.10 3.81
P1 8.86 × 10−2 (5.50 ± 2.84) × 10−2 104 ∼ 106 −7.9 ± 1.9 16.10 3.79
P2 5.60 × 10−2 (5.07 ± 1.34) × 10−2 103 ∼ 105 −2.8 ± 8.9 16.06 3.79

aExtracted from fitting the (100).
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gold electrodes were thermally evaporated to finish the device.
The transfer and output characteristics are shown in Figure S9,
and all the OFET characteristic parameters, including the μ,
the ON/OFF ratio (ION/IOFF), and the threshold voltage (Vth),
are summarized in Table 2. Since the anisotropy due to the
solution process is of little importance compared to the effect
of stretching, it is discussed in the following section. In the
present section, the μ is examined with the charge transport
direction parallel to the shearing direction. Here, P0 exhibits
an average mobility (μavg) of (8.14 ± 3.19) × 10−2 cm2 V−1 s−1,

while P1 and P2 exhibit slightly lower μavg values of (5.50 ±
2.84) × 10−2 and (5.07 ± 1.34) × 10−2 cm2 V−1 s−1,
respectively. These mobilities are comparable with those of
other reported polythiophene-based homopolymers or block
copolymers.49−51,67 According to the abovementioned AFM
analysis, the P3HT domains in P1 and P2 have the same
nanofibrillar form as that of P0, and thus, P1 and P2 maintain
similar charge transport abilities to that of P0. The slight
reduction in the mobilities of P1 and P2 can be attributed to
the insulating PS domains embedded within the polymer thin

Figure 4. OM images (top) and POM images of the P0, P1, and P2 thin films at orientations of 0° (middle) and 45° (bottom) to the polarization
of the incident light.

Figure 5. AFM images of the P0, P1, and P2 films under 0, 25, 50, 75, and 100% strain.
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films. In addition, based on the DSC analysis, the P3HT blocks
of P1 and P2 have slightly lower crystallinities, which also
cause the charge mobilities to decrease. The devices exhibit
identical ION/IOFF values in the range of 103−106. The Vth of
P0 is slightly higher than that of P1 and P2, thereby suggesting
the possible presence of some defects resulting from the end-
chain functionalized 6,6″-di(9-anthracenyl)-substituted tpy
motifs in the copolymers.
Structure−Stretchability Relationship of Polymer

Films. After stretching, the fractures in the films were directly
observed via optical microscopy (OM). For the stretching test,
the films were transferred onto PDMS slabs from the silane-
modified Si/SiO2 substrates on which they were initially cast,
as described in the previous report.68 The films were then
stretched on the PDMS elastomer at a specific strain (ε) and
then transferred back to the substrate for visual inspection by
OM. It should be noted that the stretching direction is the
same as the shearing direction for all characterizations under
stretching. In Figure 4, the P0 and P1 films exhibit tearing
features at onset strains of 25%, whereas there is no evident
cracking of P2 under the same stretching condition, suggesting
that the block copolymers with a longer random coil PS chain
can endure a larger strain. In addition to OM, AFM was used
to observe the microscale morphologies of the stretched films,
and the influence of strain upon the polymer films is more
clearly revealed by the height images in Figure 5. Here, the
stretching conditions are similar to those observed in the OM
images. For the P0 thin film with only rigid P3HT chains, the
low entanglements and few tie chains between the P3HT
crystallites result in low ductility, and cracks appear under the
low strain of 25%. At higher strains of 25−100%, wrinkles
along the stretching direction, combined with slightly larger
cracks, are clearly observed. For the case of the ductile P2 film,
wrinkles are produced at the low strain of 25%, and isolated
microvoids are initiated at 75% strain, and propagated with the
increased strain. Furthermore, the polymer backbones are seen
to be oriented according to the applied strain, as can be
observed in the polarized optical microscopy (POM) images in
Figure 4. Here, P1 and P2 exhibit pronounced birefringence
when the crossed polarizer and analyzer are placed at 45° with
respect to the stretching direction, and this birefringence
becomes stronger as the strain is increased, especially for the
P2 film. By contrast, the POM images at 45° for P0 only
exhibit weak birefringence, even at large strains. These
observations suggest that P1 and P2 are better oriented than
P0 upon stretching. In the POM images at 0°, all of the films

are dark, further indicating that the polymer chains are aligned
with the stretching.
The variation in the backbone alignment of the three

polymers with respect to the strain direction can be compared
by calculating the dichroic ratio (DR) with applied strain from
the UV−vis spectra under linearly polarized illumination
(Figure S10). The DR is defined as A///A⊥, where A is the
maximum absorbance of the films with the polarized light
parallel (//) and perpendicular (⊥) to the applied strain
direction. In Figure 6a, the DR values of the P1 and P2 films
are seen to be linearly increased upon stretching, thereby
revealing that the block copolymers with amorphous PS
segments can endure higher strain levels and tend to retain
their aligned chains under plastic deformation,17 rather than
fracturing to release the stress. Further, P2 with its long PS
chains exhibits the highest DR, whereas that of P0 is little
changed with a value of ∼1 during stretching, that is, isotropic
absorbance occurs without orientation, consistent with the
abovementioned OM observations. However, the DR values of
the copolymers P1 and P2 are found to decrease slightly at
100% strain, thereby suggesting an upper limit to their strain
tolerance.
The 2D-GIXRD analyses were also conducted to investigate

the variations in the crystalline microstructures of the thin films
under strain. The change in the lamellar spacings was extracted
from the original 2D diffraction patterns (Figures S11 and
S12) and are summarized in Figure 6b. The relevant
crystallographic parameters are summarized in Table S1.
Upon strain, the lamellar spacings gradually increase due to
the displacement of the P3HT stacking layers. In addition,
quantitative nanomechanical mapping was used to determine
the elastic moduli by applying the Derjaguin−Muller−
Toporov (DMT) contact mechanics model in order to clearly
evaluate the mechanical properties of the polymer thin films. A
histogram of the moduli measured over 128 × 128 pixels
covering the area of 1 × 1 μm2 is presented in Figure S13. As
indicated in Figure 6c, the elastic moduli of P0, P1, and P2 are
0.157, 0.268, and 0.317 GPa, respectively. According to the
previous report,69 the elastic modulus of P3HT is about 0.2
GPa, which is lower than that of PS (the latter being usually a
few gigapascals). It is therefore reasonable to find that the
moduli of P1 and P2 are higher than that of P0. Nevertheless,
P1 and P2 have better deformability and stretchability because
the introduction of the flexible PS chains gives rise to
amorphous PS domains that can act as strain energy-

Figure 6. (a) DR and (b) (100) lamellar spacing under strain. (c) Elastic moduli of the three polymer films.
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dissipating regions and prevent the P3HT from becoming
damaged under stretching.
OFET Characteristics of Stretched Polymer Films. The

electrical properties of the OFETs based on the homopolymer
P0 and block copolymers P1 and P2 under applied strains
parallel and perpendicular to the channel direction were also
investigated. The transfer curves under various parallel strains
of 25, 50, 75, and 100% are presented in Figure 7a, the μ under

parallel (//) and perpendicular (⊥) strains are plotted in
Figure 7b, and the structure of the stretched device is shown
schematically in Figure 7c. The complete OFET parameters in
both directions are summarized in Tables S2 and S3.
Obviously, as the strain is increased from 0 to 25% parallel
to the charge transport direction, the ON state current of P0
considerably decreases compared to that of the other two
samples (Figure 7a), which indicates the deformation of the

Figure 7. (a) Transfer curves of the OFETs based on the P0, P1, and P2 thin films under strain direction. (b) Change in mobilities of the stretched
OFETs under strains parallel and perpendicular to the charge transport direction. (c) Schematic illustration of the BGTC OFET device structure,
showing the strain direction with respect to the charge transport channel.

Figure 8. (a) Schematic diagram of the repeated stretching/releasing test under 50% strain. (b) Transfer curves (c) change in mobility of P2 after
repeated stretching/releasing for 1, 20, 40, 60, 80, and 100 cycle (s) under strain parallel to the charge transport direction.
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block copolymer films under the high stretching. With the
increase in strain from 25 to 100%, the calculated maximum
mobility (μmax) of P2 (//) decreases from 5.48 × 10−3 to 1.40
× 10−3 cm2 V−1 s−1 and that of P0 (//) decreases from 8.32 ×
10−4 to 3.13 × 10−5 cm2 V−1 s−1. Here, the mechanical
cracking of the P0 film starting at 25% stretching contributes
to the significantly diminished electrical properties by greatly
obstructing the charge transport pathway in the direction
parallel to the strain. This observed change in μ under parallel
strain can account for the high strain tolerance of the block
copolymer films due to the amorphous sites of the additional
PS segment and the stretching-induced P2 backbone align-
ment. By contrast, the cracks formed in the P0 film have less
impact on the μ when the stretching is applied in the
perpendicular direction. Indeed, the μ under strain in the
perpendicular direction is seen to increase slightly more than
that in the parallel direction for all samples, probably because
the cracks are oriented across the channels. In other words,
because the cracks are perpendicular to the channel, the
perpendicular strain provides a remaining partial charge
transport channel.
To further demonstrate the stretching stability, the most

stretchable of all the polymers studied herein, namely, P2, was
subjected to a cyclic stretching−releasing test. In this
procedure, the P2/PDMS film stack was repeatedly strained
to 50% and then released back to its initial unstrained state, as
shown schematically in Figure 8a. After the cyclic strain
process was complete, the film was characterized while transfer
printed onto the secondary silane-modified substrate. The
OFET properties of the P2 (//) sample after various numbers
of cycles (1−100) are indicated in Figure 8b and Table S4, and
the corresponding changes in mobility are plotted in Figure 8c.
Here, the mobility is seen to be retained at a certain level, even
after stretching and releasing for 100 times, thereby
demonstrating the excellent tolerance and potential of this
polymer for application in wearable electronics.
Based on the above results and discussion, the details of the

metallo-supramolecular rod−coil block copolymers for stretch-
ability and charge transport properties were systematically
studied. It can be inferred that the additional PS block can
effectively enhance the deformability of the semiconducting
polymer because the amorphous coil chains can support the
external strain and delay or limit crack onset. Their amorphous
nature can allow for greater strain due to the large volume
available for chain movement, and the charge transport is not
significantly disrupted even by the introduction of the random
coil disorder. We believe that the dynamic metal−ligand
coordination bonds introduced for linkage between the rod
and coil blocks can assist the chain alignment under stress,
significantly enhance the stretchability in terms of a high
modulus, increase the content of the amorphous domain, and
maintain moderate-to-high mobility via interchain hopping
charge transport.
On the other hand, tests on the blended systems were also

performed to compare with the block copolymers in this study.
For the blending system, P3HT and tpy-modified PS were
used, and the effect of amorphous PS without Zn complexation
can be discussed. Detailed characterizations are included in the
fifth section of the Supporting Information and Figures S22−
S25. These results provide evidence that the blending strategy
is unsuitable for stretchable OFET applications based on the
transferring technique and that the block copolymer is a better
solution.

■ CONCLUSIONS
We explored the feasibility of a series of metallo-supra-
molecular rod−coil block copolymers for stretchable OFETs,
where the block copolymers contain crystalline P3HT
segments connected to amorphous PS segments via metal−
ligand coordination. The as-proposed one-pot self-assembly
strategy can be readily applied to the construction of various
stretchable polymer semiconductors. The addition of the PS
block into the block copolymers was shown to increase the film
stretchability while maintaining the charge transport ability.
The chain entanglement from amorphous PS provided the
primary resistance against deformation, thereby helping sustain
the charge mobility under strain. The strain-oriented block
copolymer P2 retained a mobility of 1.40 × 10−3 cm2 V−1 s−1
under 100% strain, which was approximately 100 times greater
than that of the homopolymer counterpart P0. This large
increase in stretchability in the proof-of-concept metallo-
supramolecular block copolymers demonstrates a viable
approach toward mechanically robust and wearable organic
electronic devices. In future, the metallo-supramolecular
copolymers based on semicrystalline P3HT will be designed
and synthesized with specific amorphous and ductile polymer
blocks for a reduced Tg in order to meet the requisite
morphologies for mechanical compliance and, thus, expand the
novel molecular design of stretchable polymer semiconductors.
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