
This journal is©The Royal Society of Chemistry 2019 J. Mater. Chem. C, 2019, 7, 11639--11649 | 11639

Cite this: J.Mater. Chem. C, 2019,

7, 11639

Rational molecular design for isoindigo-based
polymer semiconductors with high ductility and
high electrical performance†

Fengshou Tian,a Han Chen,a Yuchang Du,ab Junhui Chen,a Xiaohong Wang, *a

Hongbo Lu, a Kilwon Cho, c Guobing Zhang a and Longzhen Qiu *ab

Achieving good electrical properties and ductility of polymer semiconductors has always been

challenging. In this work, a series of isoindigo derivative-based conjugated polymers was studied in an

effort to gain a better understanding of the influence of polymer main and side chain structures on their

electrical and mechanical properties. The results suggested that the introduction of alkyl side chains

onto the donors can significantly enhance the mechanical properties of isoindigo-based polymers;

however, the electrical properties of the films greatly deteriorated due to the large steric hindrance by

the chain. The insertion of strong electron-withdrawing units, such as benzodifurandione, into the

isoindigo chain during the synthesis of a bis(2-oxoindolin-3-ylidene)-benzodifuran-dione (BIBDF)-based

polymer (PBIBDF-BT) significantly boosted the electrical properties of the films without decreasing their

mechanical properties. The crack onset in PBIBDF-BT thin films was observed at 50% tensile strain. In

addition, PBIBDF-BT thin films exhibited bipolar transport properties with both electron and hole

mobilities greater than 0.1 cm2 V�1 s�1 at 100% strain. It is found that the improvement of PBIBDF-BT

performance is attributed to its proper molecular structure. The long alkyl side chains significantly

increase the ductility of PBIBDF-BT thin films, and the strong electron-withdrawing BIBDF unit in the

main chains enhances the local aggregation, resulting in a significant increase in mobility. These results

indicate that the mechanical and electrical properties of conjugated polymers could simultaneously be

improved through reasonable molecular design.

1. Introduction

Polymer semiconductor materials have been widely used in
flexible electronics due to their inherent advantages, such
as high mechanical flexibility and solution processability.1–5

Though polymer semiconductors based on carbon frames have
a certain degree of flexibility, their rigid p-conjugated backbone
and highly ordered aggregate structures (required for effective
charge transfer) often yield hard and brittle mechanical proper-
ties, rather than the strong and tough characteristics similar to

engineering plastics or rubber.6–8 Therefore, the development
of ductile semiconductors for wearable and implantable plastic
electronic devices remains challenging.9,10

In the past few years, numerous studies have been carried
out to explore the relationship between mechanical properties
and structures of conjugated polymers. Some methods led to
improvements in the mechanical properties of polymers. One
approach consisted of introducing soft amorphous moieties
into conjugated polymer films either by physic blending or by
chemical modification.11–13 For suitably designed polymer films
containing crystalline and amorphous regions, the applied stress
would preferentially dissipate in the relatively soft amorphous
region.14 Previously, we synthesized semiconducting tri-block
copolymers of poly(3-hexylthiophene)-block-poly(methyl acrylate)-
block-poly(3-hexylthiophene) and noticed that they behave like
thermoplastic elastomers with an elongation at break of 140%
and modulus of 6 MPa.15 Cho et al. blended poly(3-hexyl-
thiophene) (P3HT) nanowires (NWs) with poly(dimethyl-
siloxane) (PDMS) to yield P3HT NW networks embedded in
PDMS matrix. Even at 50% strain, P3HT NW/PDMS blends
retained continuous P3HT NW networks with few cracks and
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low mobility around 10�3 cm2 V�1 s�1.16 However, this route often
introduces a large number of insulating polymers and reduces
the carrier mobility. Moreover, chemical differences between
polymers may lead to nano- or micro-scale phase separation
and deterioration of device performance over time.17

Another method based on molecular modification of main and
side chains has been found to improve the overall flexibility of
polymer films without sacrificing charge transport.18,19 The use
of conjugated breakers, designed initially to improve solution
processability of polymer semiconductors, might enhance
stretchability by the addition of non-conjugated structural units
to the main chain to break the conjugated structures.20,21 Bao et al.
utilized various length alkyl chains as conjugation breakers
and recorded higher fracture strains reaching 130%.22

The introduction of branched alkyl side chains or increase in
length of side chains might reduce the tensile modulus
and glass transition temperature, making conjugated polymer
properties closer to ‘‘rubbery’’ at ambient temperature for better
ductility.3,14,23 Cross-linked films also displayed increased elastic
modulus and increased fracture strain due to the plasticizing

effect of soft siloxane cross-linkers.24 Overall, the above pro-
vided examples look promising for the development of new
semiconductor materials with good electrical properties and
stretchability; however, the scheme and design mechanism
for the semiconductor materials with good tensile and elec-
trical properties are still limited, which still needs to be
explored.25,26

Amide-containing dyes such as isoindigo have been exten-
sively used as acceptor units for constructing high-performance
donor–acceptor polymers because they have many advantages
such as good coplanarity, strong electron-deficiency, and adjus-
table solubility.27–30 Furthermore, isoindigo is easy to synthe-
size and has a strong modifiability. In recent years, chemists
have systematically modified the isoindigo unit, and developed
a series of novel derivatives and their conjugated polymers.31–34

These results facilitated the study of the relationship between
polymer structure and its electrical and mechanical properties.
Based on the above considerations, a series of isoindigo-based
conjugated polymers with different main and alkyl side chains
was designed and prepared (Fig. 1a). The properties of polymers

Fig. 1 (a) Chemical structures of isoindigo and its derivative-based polymers. (b–d) DSC thermograms of the three polymers at a heating/cooling rate of
20 1C min�1. (e and f) Normalized UV-vis absorption spectra of PIID-BT, PIID-BTC12, and PBIBDF-BT in solution and in thin films.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 2
6 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

by
 P

O
ST

E
C

H
 L

ib
ra

ry
 o

n 
1/

16
/2

02
0 

11
:5

1:
52

 A
M

. 
View Article Online

https://doi.org/10.1039/c9tc03263k


This journal is©The Royal Society of Chemistry 2019 J. Mater. Chem. C, 2019, 7, 11639--11649 | 11641

were systematically regulated by modifying the polymers with
side groups and strong electron-withdrawing groups, such as
conjugation degree, planarity, energy level, molecular arrange-
ment and crystallinity. It was found that these changes have
significant effects on the field-effect properties and mechanical
stretchability. Our research provided an effective strategy for
the design of polymers with good electrical properties and
mechanical flexibility.

2. Experimental
2.1 Materials

All the solvents were purchased from Sinopharm Chemical
Reagent Co., Ltd and used as received. Polydimethylsiloxane
(PDMS, Sylgard 184, Dow Corning) was mixed at a weight ratio
of 10 : 1 and then cured at 80 1C for 10 hours. Octadecyltri-
chlorosilane (OTS) was purchased from Sigma-Aldrich Chemical
Ltd. All polymer semiconductor materials were synthesized by
our group (Fig. S1 of the ESI†).

2.2 Preparation of the semiconductor layer

Highly doped Si wafers were cut into 1.5 � 1.5 cm2 pieces.
The wafers were cleaned with a mixture of concentrated
sulfuric acid and hydrogen peroxide solution (7 : 3, v/v) for
90 minutes. Then, the cleaned wafers were modified with OTS
self-assembled monolayer.35 Polymer solutions with the same
concentration (6 mg ml�1) were spin-coated on OTS-modified
Si substrates. The thickness of the obtained polymer thin films
was 35 � 2 nm.

2.3 Preparation of stretched thin films and the OFET device

The film-on-elastomer method was used to prepare the
stretched thin films.36 First, the thin films were laminated with
PDMS substrate and peeled off from the OTS-treated Si sub-
strate, stretched at a certain ratio and then transferred to a
second silicon wafer for optical microscope testing and atomic
force microscope testing. For measuring the electrical perfor-
mance of the stretched polymer thin films, the PDMS/
semiconductor bilayers were stretched to a certain strain and
then the films were transferred to Si substrates with 300 nm
SiO2 layers. The bottom-gate/top-contact device structure was
defined by 100 nm thick Au through regular shadow masks,
and the channel length (L) and width (W) were 100 and
1000 mm, respectively.

2.4 Characterization

The optical UV behavior of these polymer thin films was
recorded on a PerkinElmer model l 20 UV-vis spectro-
photometer. The morphologies of the transferred thin films
were characterized via atomic force microscopy (AFM) in
tapping mode (Digital Instruments Multimode). Electrical char-
acterization of stretched thin films was performed using a
Keithley 4200-SCS semiconductor parametric analyzer. Grazing
incidence X-ray diffraction was performed at the Pohang Accelerator
Laboratory (PAL) in Korea.

3. Results and discussion
Polymer characterization

The polymers of PIID-BT and PBIBDF-BT were synthesized
following the method reported by previous literature.31–34

PIID-BTC12 was synthesized through a similar Stiller coupling
reaction route (Fig. S1, ESI†). The detailed synthetic procedures
and characterization of the three polymers are shown in the
ESI.† PIID-BT, PIID-BTC12 and PBIBDF-BT showed number-
averaged molecular weights of 37.1 kDa (PDI = 3.35), 35.0 kDa
(PDI = 2.67) and 42.4 kDa (PDI = 1.89), respectively. Thermo-
gravimetric analysis suggested that all three polymers had
reliable thermal stabilities, with 5% weight loss at a thermal
decomposition temperature of 350 1C (Fig. S2, ESI†). This
temperature would guarantee high-temperature device proces-
sing based on these polymer thin films.

The thermal properties of the three bulk polymers were
evaluated via differential scanning calorimetry (DSC) at con-
tinuous heating and cooling rates (Fig. 1b–d). Consistent
with previous literature, PIID-BT (Fig. 1b) did not exhibit
obvious melting or a crystalline thermal transition and glass
transition within the measured temperature range, indicating
a rigid backbone with resistance to thermal disturbances. PIID-
BTC12 (Fig. 1c) and PBIBDF-BT (Fig. 1d) depicted endothermic
transitions at about 38 and 46 1C, and exothermic transitions at
around 24 and 37 1C, corresponding to their Tg, respectively.
This suggested that dodecyl side chains introduced onto bithio-
phene significantly improved the motion ability of the chain
segment. Comparison between the two isoindigo-based poly-
mers revealed PBIBDF-BT with an additional endothermic peak
(�33 1C) upon heating and an additional exothermic transition
(�37 1C) upon cooling. The latter would be related to melting
and crystallization of side chains. The lower side density and
more free space in PBIBDF-BT would make its alkyl side chain
easier to move.

The molecular conformations of PIID-BT, PIID-BTC12
and PBIBDF-BT were investigated via UV-vis-NIR absorption
spectroscopy in dilute chloroform solution (Fig. 1e) and thin
films cast from the solution (Fig. 1f). PIID-BT showed two
distinguishable absorption bands (Fig. 1e). The first absorption
band at around 410 nm was associated with the p–p* transition
and the second absorption band from 500 to 800 nm was
caused by intramolecular charge transfer (ICT), which is typical
for donor–acceptor conjugated polymers.37,38 The maximum
absorption peak of PIID-BT polymers in the solution state was
recorded at 709 nm. Once two dodecyl side chains were
introduced into bithiophene units to form PIID-BTC12, the
maximum absorption peak became blue shifted to 601 nm,
and the 709 nm absorption peak entirely vanished. This would
indicate that additional alkyl side chains could cause large
steric hindrance, breaking conjugation in the backbone and
weakening the interchain interactions. For BIBDF, the intro-
duction of a lactone group in the central core of isoindigo not
only leads to more electron-deficiency but also prolonged
its conjugate length. The coexistence of a p–p stacking effect
and D–A interaction significantly red-shifted the absorption
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spectrum of PBIBDF-BT with a maximum absorption peak
recorded at 842 nm. The absorption spectra of all three polymer
films exhibited variable degrees of red-shifting when compared
to their solution counterparts (Fig. 1f). The latter would suggest
improvements in molecular ordering in the solid phase relative
to solution due to the strong p–p interchain interactions pre-
sent in solid thin films.39 The optical band gaps of PIID-BT,
PIID-BTC12 and PBIBDF-BT estimated by the formula (Eopt

g =
1240/l) were 1.47, 1.68 and 1.14 eV, respectively.

The energy levels of these polymer thin films were tested via
cyclic voltammetry (CV) at a scan rate of 100 mV s�1 (Fig. S3,
ESI†). The oxidation initiation potential (Eox

onset) of PIID-BT,
PIID-BTC12 and PBIBDF-BT polymer thin films was recorded
as 0.79, 0.85 and 0.86 eV, respectively. The corresponding HOMO
levels calculated by the formula (HOMO = �(Eox

onset + 4.75)) were
�5.54, �5.60 and �5.61 eV, respectively. On the other hand, the
reduction onset potential (Ered

onset) values were evaluated to be
�1.09, �1.26 and �0.83 eV, respectively. The LUMO energies
of PIID-BT, PIID-BTC12 and PBIBDF-BT could be calculated by
the formula: LUMO = �(Ered

onset + 4.75), and were estimated to be
�3.66, �3.49 and �3.92 eV, respectively. The corresponding
energy band gaps of these films were 1.88, 2.11 and 1.69 eV,
respectively (Table 1).

Morphologies of polymer thin films

To gain a better understanding of the crystalline structures and
surface morphologies of these polymer thin films, grazing
incidence X-ray diffraction (GIXRD) and atomic force micro-
scopy (AFM) were performed and the results are gathered
in Fig. 2. According to the 2D GIXRD patterns (Fig. 2a), both
PIID-BT and PBIBDF-BT thin films showed distinguishable
4-ordered diffraction peaks of (h00) in the out-of-plane qz

direction, suggesting films with highly ordered lamellar struc-
tures. Only the (100) diffraction peak was observed for PIID-
BTC12 thin films in the out-of-plane qz direction, indicating a
relatively disordered packing structure. For PIID-BT, the (010)
diffraction peak appeared only in the in-plane qxy direction,
confirming polymer chains with mainly edge-on packing. By
contrast, (010) diffraction peaks were observed in both qz and
qxy patterns of PBIBDF-BT, showing mixed face-on and edge-on
packing structures. The corresponding lamellar spaces of PIID-
BT and PBIBDF-BT thin films were estimated to be 23.35 Å and
25.95 Å, and p–p stacking distances were 3.85 Å and 3.52 Å,
respectively. Thus, strong electron-deficient units of BIBDF
might improve the polymer backbone planarity and yield smaller
p–p stacking distances. The closer p–p stacking distances can
be related to higher mobility. For PIID-BTC12, only the (010)
diffraction peak was observed in its 2D GIXRD pattern, suggesting
PIID-BTC12 thin films have poorly crystalline structures.

Long and dense side chains would increase the steric hin-
drance, resulting in the deterioration of polymer backbone
planarity. This, in turn, would affect the molecular packing,
leading to poor crystallinity in the thin film state. The atomic
force microscopy (AFM) topographies (Fig. 2b) also confirmed
PIID-BT with well-organized packing structures, good nano-
fibrillar surface, and interconnected networks. The latter likely
resulted from the strong lamellar stacking. By contrast, no
obvious nanofibrillar structures were observed in PIID-BTC12
and PBIBDF-BT thin films. For PIID-BTC12 thin films, the
interruption of polymer interchain interactions by the long
linear alkyl side chains led to poor crystallinity. Though no
obvious nanofibrillar structure was observed on PBIBDF-BT
thin film surfaces, they showed the most compact morpho-
logies due to the shorter p–p stacking distances and denser
molecular packing.

Mechanical performance of prepared polymer thin films

The mechanical, morphological and electrical properties of
the studied polymer thin films were systematically examined
under strain. The ductility of polymer thin films can be
defined by two specific factors: dichroic ratio and tensile
modulus.4 Elastic moduli can be measured using the buckling
method.40 All films were transferred to a PDMS substrate.
When the polymer/PDMS matrix was stretched at 5% strain,
periodic buckles appeared due to the mismatch of modulus
between the PDMS and polymer thin films. The optical images
of thin films deposited on strained PDMS substrates are
shown in Fig. 3a.

The elastic moduli of the polymer films could be estimated
from their buckling wavelength (l) using the formula:

Ef

1� vf2
¼ 3Es

1� vs2
l

2pd

� �3

, where vf and vs are the Poisson ratios

of the conjugate polymer films and the PDMS substrate,
respectively. Ef and Es are the elastic moduli of the conjugate
polymer films and the PDMS substrate. l and d are the periodic
buckle wavelength and thickness of the thin films. According
to the literature, the elastic moduli of P3HT range between
1000 MPa and 1100 Mpa.41 Therefore, the P3HT film with
similar thickness can be utilized as a standard for data calibra-
tion (Fig. S7, ESI†). The tensile moduli of PIID-BT, PIID-BTC12
and PBIBDF-BT were determined to be 784, 102 and 268 Mpa,
respectively. The PIID-BT film showed the largest tensile
modulus among all three polymer thin films, which might
be attributed to its good planarity and high crystallinity.
Compared to elastic moduli of conjugated polymers (ranging
from 250 Mpa to 800 Mpa),42 the measured elastic modulus
of PIID-BTC12 thin films looked quite small (102 Mpa). This
would indicate that introduction of alkyl side chains on

Table 1 Optical and electrochemical properties of the three polymers

Polymer lsolu
max (nm) lfilm

max (nm) lfilm
onset (nm) HOMO (eV) LOMO (eV) DECV

g (eV) DEop (eV) Mn/Mw (kg mol�1) PDI

PIID-BT 704 709 845 �5.54 �3.66 1.88 1.47 37/120 3.35
PIID-BTC12 588 601 737 �5.60 �3.49 2.11 1.68 35/94 2.67
PBIBDF-BT 824 842 1084 �5.71 �3.92 1.69 1.14 42/79 1.89
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thiophene increased the flexibility of molecular chains.
Surprisingly, the replacement of IID with BIBDF did not
increase the tensile moduli drastically. Although the long
conjugate unit doubled the elastic moduli, the PBIBDF-BT thin
film moduli are still relatively small when compared to the
other conjugated polymers. The dichroic ratio (R) calculated via

polarized UV-vis spectroscopy is correlated with the degree of
polymer chain alignment during stretching (Fig. 3b).43,44 The
R value of PIID-BT thin films gradually increased from 1 to
1.3 as strain changed from 0% to 100%. The R values of PIID-
BTC12 and PBIBDF-BT were almost the same at an applied
strain of 100% (about 1.6). The higher R value indicated better

Fig. 2 GIXRD and AFM topographies of PIID-BT, PIID-BTC12, and PBIBDF-BT thin films.

Fig. 3 Optical images of buckled films (a) and the dichroic ratio (R) of the studied polymers under different strain values (b).

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 2
6 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

by
 P

O
ST

E
C

H
 L

ib
ra

ry
 o

n 
1/

16
/2

02
0 

11
:5

1:
52

 A
M

. 
View Article Online

https://doi.org/10.1039/c9tc03263k


11644 | J. Mater. Chem. C, 2019, 7, 11639--11649 This journal is©The Royal Society of Chemistry 2019

polymer chain alignment by strain, suggesting the high
mechanical tolerance of PIID-BTC12 and PBIBDF-BT thin films
when compared to PIID-BT thin films.

The optical microscopy (OM) images (Fig. 4b) clearly showed the
differences in mechanical properties among all three polymers thin
films. The preparation process of strained polymer thin films is
illustrated in Fig. 4a. Numerous cracks clearly formed on PIID-BT
thin films under 30% strain (Fig. 4b), consistent with the mechanical

properties showing PIID-BT with the largest modulus. No obvious
cracks were generated on PIID-BTC12 and PBIBDF-BT thin film
surfaces below 50% applied strain. However, the crack width in
PBIBDF-BT thin films is much larger than that in PIID-BTC12 thin
films when the applied strain approached 100% (Fig. S5, ESI†).
Although the long conjugate unit BIBDF induced more brittle thin
films of PBIBDF-BT than PIID-BTC12, the long alkyl side chains still
ensured good mechanical properties of PBIBDF-BT thin films.

Fig. 4 Preparation process of semiconducting polymer thin films under strain (a). Optical images of thin films under different strains (b).

Fig. 5 AFM topographies of stretched thin films.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 2
6 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

by
 P

O
ST

E
C

H
 L

ib
ra

ry
 o

n 
1/

16
/2

02
0 

11
:5

1:
52

 A
M

. 
View Article Online

https://doi.org/10.1039/c9tc03263k


This journal is©The Royal Society of Chemistry 2019 J. Mater. Chem. C, 2019, 7, 11639--11649 | 11645

Similar results were also obtained from AFM topography
with higher resolution (Fig. 5). The crack width in PIID-BTC12
thin films was the smallest of all three polymers. The PIID-
BTC12 films displayed smooth and flat surfaces even under
40% strain. At strain above 50%, tiny cracks formed on the
surface, suggesting that the amorphous region of PIID-BTC12
thin films can induce dissipative external stress. Interestingly,
the crack width in PBIBDF-BT thin films was much larger than
that in PIID- BT thin films (Fig. S6, ESI†), which could be
explained by the mixed packing structure of PBIBDF-BT.
The crystallite of the face-on packing plane was parallel to the
applied strain, resulting in a much higher influence on the
packing structure and formation of larger cracks.14

Charge transport characteristics under strain

To evaluate the charge transport behaviors of PIID-BT, PIID-
BTC12 and PBIBDF-BT thin films under strain, various OFETs
were fabricated and their charge transport properties both
parallel and perpendicular to the stretching direction were
characterized (Fig. 6a).45 Unexpectedly, PIID-BTC12 thin films
showed no field effect performance in an unannealed state
during electrical performance testing. Hence, the mobility value
was not calculated here. By comparison, since PBIBDF-BT
possessed bipolarity, its P-type and N-type field effect mobilities
were calculated separately. In Fig. 6b, both p-type and n-type
transfer curves of PBIBDF-BT illustrated very stable transfer
characteristics during the stretching process from 0% to 50%

Fig. 6 (a) Fabrication process of a FET device based on the studied semiconducting polymer thin films under strain. (b) Transfer curve of the studied
polymer thin films under strain with back and forward sweep. (c) Mobility of the studied polymer thin films under strain.
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strain parallel and perpendicular to the stretching direction.
Under 100% strain, on-state current decreased slightly and the
hysteresis of the curves became large because of the damage of
the polymer thin films. For PIID-BT thin films, the on-state
current decreased continuously from 0% to 100% strain and the
hysteresis increased gradually in both parallel and perpendicular
directions. In Fig. 6c, we calculated the mobility of PIID-BT and
PBIBDF-BT thin films. PBIBDF-BT exhibited very stable mobility
during the stretching process from 0% to 60% strain parallel to
the stretching direction. P-type mobility was estimated to be
around 0.3 cm2 V�1 s�1 and n-type mobility was estimated to
be about 0.5 cm2 V�1 s�1. An order of magnitude decrease in
electrical performance was noticed during stretching from 60%
to 150% but still above the order of 10�2. For PIID-BT,
the mobility was estimated to be one order of magnitude
smaller than that of PBIBDF-BT (about 0.05 cm2 V�1 s�1 upon
stretching). The mobility declined by an order of magnitude
during stretching from 0% to 30%. The downward trend reduced
when the film was stretched from 30% to 60%. During stretching
from 60% to 150%, the mobility decreased to the order of 10�3.
Hence, mobility declined by nearly two orders of magnitude
during the whole stretching process. The decrease in mobility
correlated well with the formation of cracks.

The decreasing tendency of mobility for both PIID-BT and
PBIBDF-BT thin films in the direction perpendicular to that of
stretching looked relatively slow when compared to those in the
parallel direction. The mobility of PBIBDF-BT did not decline
significantly in the strain range of 0% to 60%, while the mobility
of PIID-BT slowly decreased at strain exceeding 30%. The
changes in on-state current and off-state current on PBIBDF-BT
and PIID-BT thin films are provided in Fig. 7. The off-state

current substantially maintained a steady state, while the on-state
current showed a gradual declining trend, mainly due to a reduced
effective charge transfer path caused by mechanical failure. There-
fore, the on/off ratio gradually decreased as strain rose.

Table 2 summarizes the maximum mobility and average
threshold voltage parallel and perpendicular to the stretching
direction from 0% to 150% strain. The maximum mobility of
PBIBDF-BT thin films was maintained at the same order of
magnitude even when stretched to 100% in both parallel and
perpendicular directions to the strain. From 0% to 60% strain,
the parallel maximum mobility increased but started declining
beyond 80% strain. For PIID-BT thin films, the maximum
mobility parallel to the strain direction dropped one order of
magnitude at 100% strain. However, the maximum mobility
perpendicular to the strain direction maintained the same order
of magnitude at 100% strain. The threshold voltages of both
polymer thin films were maintained in a relatively stable range.
The above morphological and electrical characterization suggested
that continuity of strained thin films could be enhanced by incor-
porating long linear side chains in polymers to lower their tensile
moduli in thin film state. Different charge transport properties were
also observed as a function of strain. The mobility of PIID-BT thin
films declined obviously upon application of the strain. Though
PIID-BTC12 and PBIBDF-BT thin films showed similar crack-on-set
strains due to their poor packing structures and crystallinities, PIID-
BTC12 did not exhibit any field effect properties. By comparison,
PBIBDF-BT thin films possessed not only good mechanical
properties but also excellent electrical characteristics with
relatively low tensile moduli and enhanced packing structures.

The above experimental data revealed that PIID-BT containing
branched alkyl side chains with edge-on packing structures

Fig. 7 On and off current of PIID-BT and PBIBDF-BT-based FET devices.
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formed relatively good crystallinity and a high degree of order
structure. The DSC data also indicated its rigid backbone
structure. A large crystalline region was observed in the AFM
topography shown in Fig. 8a. Upon application of strain on
PIID-BT thin films, insufficient disordered regions formed and
insufficient chain movement occurred to consume the strain
inside the thin films. Thus, most applied strain would be
consumed by the formation of cracks. This made PIID-BT thin
films more brittle among the three polymer thin films. PIID-
BTC12 films with C12 alkyl side chains depicted only (100)
diffraction peaks in the out-of-plane qz direction, indicating a
significant decrease in crystallization. The latter was also con-
firmed by AFM, where PIID-BTC12 thin films became chaotic
and disordered (Fig. 8b). In this case, strain could be consumed
through the disordered region instead of cracks. Overall, the
above proposed method significantly improved the ductility
of D–A conjugated polymer thin films but inevitably led to a
significant drop in field-effect mobility. The addition of a
strong electron-deficient long conjugated unit like BIBDF to
its acceptor unit yielded a series of distinct diffraction peaks in
2D GIXRD imaging, proposing that addition of BIBDF units
significantly improved the molecular packing and crystallinity.
The (010) peak in the out-of-plane direction indicated film
changes from a simple edge-on packing structure to a new
state, with a coexisting edge-on and face-on packing structure.
AFM displayed PBIBDF-BT thin films with a small area of
crystallization when compared to PIID-BT thin films (Fig. 8c).
The DSC data also showed that alkyl side chains significantly

improved the chain movement mobility. PBIBDF-BT thin films
can maintain similar mechanical resistance as PIID-BTC12
thin films. Moreover, by introducing BIBDF monomers with
enhanced local aggregation into the conjugated main chains,
the strong intermolecular p–p interaction makes the polymer
main chains stack tighter. The smaller p–p stacking distance
promoting the charge transfer between molecules and effec-
tively improving the charge transfer ability led to superior
mobility over PIID-BT thin films.

4. Conclusion

A series of isoindigo and its derivative based polymers was
prepared and characterized to demonstrate how thin film
chemical structures influence their mechanical properties.
The polymer structures were designed by varying the side
chains and backbones to systematically study the intrinsic
ductility and mechanical behaviors. The introduction of long
linear alkyl side chains lowered the elastic moduli and enlarged
the crack-on-set strain, attributed to the formation of a soft
amorphous region. But the introduction of long linear alkyl
side chains significantly reduced the mobility of thin films
because of the decrease of crystallinity. Among both polymers
with long linear side chains, BIBDF monomers with enhanced
local aggregation in the main chains showed mixed packing
structures and small area crystallization. The small p–p stacking
distance promoted the charge transfer. The long alkyl side

Table 2 Maximum mobility and threshold voltage of PIID-BT and PBIBDF-BT-based FET devices

Strain (%) Direction

PBIBDF-BT(P) PBIBDF-BT(N) PIID-BT

mmax (cm2 V�1 s�1) Vth (V) mmax (cm2 V�1 s�1) Vth (V) mmax (cm2 V�1 s�1) Vth (V)

0 0.27 �31 0.49 26 0.05 �12
30 Parallel 0.22 �33 0.45 26 0.02 �13
30 Perpendicular 0.21 �26 0.46 29 0.02 �7
40 Parallel 0.30 �31 0.55 25 0.02 �9
40 Perpendicular 0.30 �31 0.46 30 0.03 �8
50 Parallel 0.34 �29 0.48 26 0.02 �12
50 Perpendicular 0.19 �28 0.32 29 0.03 �10
60 Parallel 0.26 �32 0.54 24 0.02 �7
60 Perpendicular 0.18 �30 0.28 24 0.02 �12
80 Parallel 0.12 �30 0.24 24 0.01 �5
80 Perpendicular 0.13 �33 0.30 29 0.02 �12
100 Parallel 0.13 �35 0.17 24 0.01 �5
100 Perpendicular 0.07 �30 0.13 28 0.01 �9
150 Parallel 0.03 �28 0.03 29 0.001 �5
150 Perpendicular 0.03 �33 0.04 26 0.005 �10

Fig. 8 A schematic representation of the crystallinity of PIID-BT, PIID-BTC12, and PBIBDF-BT.
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chains lowered Tg and increased the chain movement ability
leading to good mechanical behaviors. The BIBDF polymer thin
films exhibited delayed crack propagation at 50% strain with
mobility maintained above 0.1 cm2 V�1 s�1 at 100% applied
strain. Overall, polymers with good electrical and mechanical
properties could be obtained by properly adjusting the main
and side chains.
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