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ABSTRACT: The fine tuning of the dominant polarity in polymer
semiconductors is a key issue for high-performance organic complementary
circuits. In this paper, we demonstrate a new methodology for addressing this
issue in terms of molecular design. In an alternating conjugated donor−
acceptor copolymer system, we systematically engineered the chemical
linkages that connect the aromatic units in donor moieties. Three donor
moieties, thiophene−vinylene−thiophene (TVT), thiophene−acetylene−
thiophene (TAT), and thiophene−cyanovinylene−thiophene (TCNT), were
combined with an acceptor moiety, thienoisoindigo (TIID), and finally, three
novel TIID-based copolymers were synthesized: PTIID−TVT, PTIID−TAT, and PTIID−TCNT. We found that the vinylene,
acetylene, and cyanovinylene linkages decisively affect the energy structure, molecular orbital delocalization, microstructure, and,
most importantly, the dominant polarity of the polymers. The vinylene-linked PTIID−TVT field-effect transistors (FETs)
exhibited intrinsic hole and electron mobilities of 0.12 and 1.5 × 10−3 cm2 V−1 s−1, respectively. By contrast, the acetylene-linked
PTIID−TAT FETs exhibited significantly improved intrinsic hole and electron mobilities of 0.38 and 0.03 cm2 V−1 s−1,
respectively. Interestingly, cyanovinylene-linked PTIID−TCNT FETs exhibited reverse polarity, with hole and electron
mobilities of 0.07 and 0.19 cm2 V−1 s−1. As a result, the polarity balance, which is quantified as the electron/hole mobility ratio,
was dramatically tuned from 0.01 to 2.7. Our finding demonstrates a new methodology for the molecular design of high-
performance organic complementary circuits.

KEYWORDS: thienoisoindigo, chemical linkage, polarity, organic transistor, ambipolarity

■ INTRODUCTION

Organic field-effect transistors (OFETs) have received
significant attention because of their high potential in low-
cost, large-area, and flexible electronic devices via solution
processes.1−4 A number of studies have sought to improve
device performance.5−9 Among these efforts, recently intro-
duced low-band-gap copolymers based on alternating con-
jugated donor−acceptor (D−A) dyads have been found to
remarkably improve field-effect mobilities.10−12 The intra-
molecular charge transfer within such D−A systems, namely,
the push−pull effect, can be readily manipulated with endless
permutations to yield high-charge-carrier mobilities.13,14

These D−A copolymers are typically categorized according
to their acceptor building blocks. Acceptor moieties such as
diketopyrrolopyrrole (DPP),15−17 naphthalene diimide
(NDI),18−20 isoindigo (IID),21,22 and thienoisoindigo
(TIID)23−25 have received significant attention owing to the
superior electrical performance of copolymers derived from
them. With a fixed acceptor conjugated moiety, many molecular
structures have been reported to improve the intra- or
interchain charge transport of the resultant polymers. The

novelty of these structures is typically attributed to the addition,
branching, length control, or new chemical moieties in the side
chain or to the number control or new architecture of cyclic
aromatic units in the donor part.26−30 Recently, the groups of
Liu and Kim reported new DPP-based polymers whose novelty
was not attributed to the aforementioned categories.31−33 They
replaced the single bond that connects thiophenes in the donor
part with a vinylene linkage. This strategy improved the rigidity
of the conjugated backbone, enabling extended π conjugation
and a record carrier mobility. This type of an approach, i.e.,
engineering chemical linkages by connecting donor units, has a
sufficient potential for controlling the electrical properties of
synthesized polymer-based devices. First, since the modified
chemical linkages are located in the conjugated backbone, their
electron-donating or electron-withdrawing nature can notice-
ably affect the band structures and intrinsic intrachain charge
transport. Second, these linkages determine the rigidity of the
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entire polymer chain, which results in a change in the solubility
and solid-state microstructure of the synthesized polymers.
In this paper, we first systematically engineered the chemical

linkages in the donor moieties and then synthesized novel
TIID-based polymers for investigating the relationship between
the chemical linkages and the properties of conjugated organic
semiconductors. The chemical linkages were vinylene,
acetylene, and cyanovinylene, resulting in thiophene−vinyl-
ene−thiophene (TVT), thiophene−acetylene−thiophene
(TAT), and thiophene−cyanovinylene−thiophene (TCNT)
donor moieties, respectively (Figure 1a). The sp-hybridized

carbons in the acetylene linkage have more electron-with-
drawing nature than the sp2-hybridized carbons in the vinylene
linkage.34,35 Although cyanovinylene and vinylene have similar
backbone structures, the cyano group can strongly attract
electrons to the neighboring vinylene linkage. The LUMO and
HOMO levels of the donor moieties were also consistent with
our expectation. Density functional theory (DFT) calculations

showed that the LUMO and HOMO levels of TAT and TCNT
were deeper than those of TVT (Figure 1b). The energy
structures of the synthesized polymers PTIID−TVT, PTIID−
TAT, and PTIID−TCNT followed the same tendency as those
of the donor moieties. Most importantly, the polarity balance
was dramatically tuned in FET devices; the electron/hole
mobility ratio varied from 0.01 to 2.7. In particular, PTIID−
TCNT FETs exhibited n-channel dominant characteristics. Our
findings demonstrate a new methodology for the molecular
design of high-performance organic complementary circuits.

■ SYNTHESIS AND CHARACTERIZATION

The syntheses of the monomers and polymers are shown in
Scheme 1. TIID with C29 alkyl groups and a C6 linear space
was synthesized by N-arylation, acylation, dimerization, and
bromination. Polymerization was conducted by Stille coupling
with distannylated TVT, TAT, and TCNT. After sequential
Soxhlet purification with methanol, acetone, hexane, toluene,
and chloroform, the polymers were obtained from precipitation
in methanol. These polymers were found to be highly soluble in
common organic solvents such as chloroform, chlorobenzene,
and dichlorobenzene. The weight-average molecular weights
(Mw) of PTIID−TVT, PTIID−TAT, and PTIID−TCNT were
42.3, 55.1, and 87.1 kDa, respectively; their corresponding
polydispersities were 1.84, 1.67, and 1.87. The thermal
properties of the polymers were examined by differential
scanning calorimetry (DSC) and thermogravimetric analysis
(TGA). The polymers did not display any transition up to 250
°C in their DSC curves (see Supporting Information), while
they exhibited good thermal stability with 5% decomposition at
temperatures higher than 367 °C in their TGA curves (see
Supporting Information).

Figure 1. (a) Molecular structure of the donor moieties of vinylene-
linked TVT, acetylene-linked TAT, and cyanovinylene-linked TCNT
and the acceptor moiety of TIID. (b) DFT-calculated energy level
diagrams of the donor and acceptor moieties.

Scheme 1. Synthetic Procedures of PTIID−TVT, PTIID−TAT, and PTIID−TCNT
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■ ELECTROCHEMICAL AND OPTICAL PROPERTIES
Cyclic voltammetry (CV) measurements were conducted to
investigate the band structure of each polymer (Figure 2a). The

energy levels were estimated using a previously reported
empirical equation. The LUMO and HOMO levels of the
synthesized polymers are summarized in Figure 2b and Table 1.

The energy levels for the synthesized polymers had a similar
tendency to those for the donor moieties. The HOMO and
LUMO levels were significantly deeper in PTIID−TAT and
PTIID−TCNT than in PTIID−TVT, possibly due to the
relatively strong electron-accepting nature of the acetylene- and
cyanovinylene-linked donor moieties. In particular, PTIID−
TCNT exhibited the lowest LUMO level near −4.0 eV,
indicating the potential of facile electron injection from
electrodes and n-channel formation in FET devices.
The UV−vis absorption spectra of the polymers also

followed the same tendency as the CV curves (Figure 2c).
The polymers commonly exhibited dual-band absorption; their
absorption maxima (λmax) are summarized in Table 1. From
solution to film, all materials exhibited a red shift of absorption
maxima, which has been typically observed in polymer
semiconductors. However, it is quite weak (Δλmax = 7−21
nm). It is presumably because the conjugated backbone was
sufficiently rigid by the vinylene or acetylene linkages, so it
preserves the coplanar form even in the solution phase.36−38

The strong blue shifts from PTIID−TVT to PTIID−TAT and
PTIID−TCNT were attributed to the aforementioned
deepened HOMO levels. The optical band gaps were narrower

(0.4−0.6 eV) than the electrochemically determined gaps,
possibly due to the exciton binding energy of the conjugated
polymers (estimated to range between 0.4 and 1.0 eV).39,40

■ THEORETICAL CALCULATIONS
To gain insight into the structural and electronic features of
PTIID-based polymers, molecular orbital distributions under
various chain conformations were estimated by a DFT
calculation method at the B3LYP/6-31G level.41 For further
estimation, it is vital to compare the molecular orbitals around
the engineered chemical linkages;42 hence, we constructed
model molecules having TIID−donor−TIID as the skeletal
structure. Since the alkyl side chains do not significantly
contribute to the variations in molecular orbitals, they were
removed from the model molecules. First, the optimized
structure according to energy minimization was obtained, as
shown in Figure 3a. Coplanarity was favored in all polymers;
dihedral angles between the donor moieties and TIID were
below 0.1°. These coplanar forms are estimated to facilitate
intermolecular π−π interaction and crystalline domain
formation. The LUMO and HOMO levels were essentially
consistent with the aforementioned trends, which are based on
the optical and electrochemical properties of the polymers.
Furthermore, both LUMO and HOMO orbitals were well
delocalized over the entire conjugated backbone.
In addition, we calculated the molecular orbital distributions

of the model molecules under chain twist; this is essential
because the conjugated polymer thin films produced by a
typical spin-coating process inevitably have amorphous phases
and tie molecules with many degrees of conformational
freedom, resulting in complex microstructures in the solid
state. These regions play a vital role in determining the charge
transport in the entire film.43−45 Even though the coplanar state
is energetically favored in all synthesized polymers, tie
molecules cannot maintain a coplanar state for connecting
crystalline domains and thermal energy is sufficient to induce
small twists of monomer units.35 The molecular structures and
orbitals of the twisted chains are shown in Figure 3b. Because
the engineered chemical linkages are key positions in this study,
T−V, T−A, and T−CN bonds were twisted. The HOMO
orbitals of all polymers maintained delocalization along the
conjugated backbones under chain twist. Interestingly, the
LUMO distribution of PTIID−TVT was sensitive to chain
twist, whereas those of PTIID−TAT and PTIID−TCNT were
highly insensitive. The well-distributed LUMO isosurface of
PTIID−TVT in the coplanar state became localized under
chain twist; the charge density of the left side from the T−V
bond was visibly decreased. In contrast, the LUMO isosurfaces
of PTIID−TAT and PTIID−TCNT in the coplanar state
maintained their delocalization even under chain twist. This
result indicates that intrachain electron transport is prone to
interruption by twisting of the T−V bond; however, it is highly
insensitive to twisting of the T−A and T−CN bonds.
Therefore, ambipolar charge transport was expected in
PTIID−TAT and PTIID−TCNT FETs, and unipolar or low
electron mobility was expected in PTIID−TVT FETs.
Actually, high twist angles such as 45−90° are not

energetically possible (Figure S13, Supporting Information).
Under the low twist angles of the T−V, T−A, or T−CN bonds,
the HOMO and LUMO isosurfaces can maintain their
delocalization in a monomer unit but the delocalization of
the LUMO must be more weakened than that of the HOMO.
This difference will be noticeably increased as the number of

Figure 2. (a) Cyclic voltammograms, (b) electrochemical energy
diagrams, and (c) UV−vis absorption spectra of the polymers.

Table 1. Band Structures, i.e., LUMO, HOMO, and Band
Gap, Obtained from Cyclic Voltammograms and UV−Vis
Absorption Peaks of the Synthesized Polymers

polymer
LUMO
(eV)

HOMO
(eV)

band gap
(eV)

λmax
soln

(nm)
λmax

film

(nm)

PTIID-TVT −3.76 −5.38 1.62 890 903
PTIID-TAT −3.78 −5.65 1.87 802 809
PTIID-
TCNT

−3.82 −5.62 1.80 861 882
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Figure 3. DFT-calculated molecular orbital distributions of the model structures corresponding to PTIID−TVT, PTIID−TAT, and PTIID−TCNT
under the various degrees of chain conformation (B3LYP/6-31G, isovalue = 0.028). (a) DFT-optimized coplanar chains. (b) Twisted chains from
the optimized state in which the thiophene−vinylene bond for PTIID−TVT, thiophene−acetylene bond for PTIID−TAT, and thiophene−
cyanovinylene bond for PTIID−TCNT were twisted to 45°. Vinylene, acetylene, and cyanovinylene linkages are located at the center of model
structures, as highlighted by red arrows.

Figure 4. Crystalline nature and molecular orientation of the synthesized polymer films before and after thermal annealing at 175 °C (before TA000;
after TA175). (a) Two-dimensional grazing incidence X-ray diffraction (2D-GIXD) patterns. (b) The definition of crystalline planes and edge-on
structure relative to the substrate. (b) Out-of-plane (qxy = 0) and (c) in-plane (qz = 0) X-ray diffraction patterns (orange, TA000; blue, TA175).
(Inset scheme in b) Definition of crystalline planes and edge-on structure relative to the substrate.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b00073
ACS Appl. Mater. Interfaces 2015, 7, 5898−5906

5901

http://dx.doi.org/10.1021/acsami.5b00073


the twisted monomer unit increases. Because a large twist of a
polymeric chain in tie−molecular regions can arise as the sum
of the small twists of the monomer units, the LUMO
isosurfaces in tie−molecular regions lose their delocalization,
whereas the HOMO isosurfaces can still maintain their
delocalization. It can result in unfavorable electron transport
between the crystalline domains and low electron mobility for
PTIID−TVT FETs.

■ MICROSTRUCTURE ANALYSIS
We performed two-dimensional grazing incident X-ray
diffraction (2D-GIXD) analysis to investigate the crystalline
nature and molecular orientation of the synthesized poly-
mers.46−48 As-spun and annealed thin films spin coated on
Cytop-modified SiO2/Si substrates were prepared. 2D-GIXD
patterns and the corresponding one-dimensional profiles are
shown in Figure 4, and the extracted crystallographic
parameters are summarized in Table 2. All PTIID-based

polymer thin films exhibited edge-on orientation of the
substrate regardless of post-treatment; (h00) and (010)
diffraction peaks were predominantly observed along the out-
of-plane (qz) and in-plane (qxy) directions, respectively. By
thermal annealing, these peaks were noticeably intensified,
implying the increased crystallinity in the films. Furthermore,
the q values of them became higher, indicating the close
intermolecular stacking.
Concerning the (010) peaks related to π−π stacking

distance, PTIID−TVT and PTIID−TCNT exhibited closer
π−π stacking as compared with PTIID−TAT. The vinylene
linkage exhibited a closer intermolecular π−π stacking as
compared with the acetylene linkage in the polymer backbone,
which is consistently observed in DPP-based polymers.35,49

This subtle but reproducible interplay in the molecular packing
was attributed to the difference of backbone geometries. The
acetylene linkages might have contributed to the formation of
relatively linear TAT units, which were found to be
energetically more favorable to the chain twist than in TVT
and TCNT units.35 This relatively favorable chain twist plays an
unfavorable role in the intermolecular π−π stacking, resulting
in more distant (010) stacking of PTIID−TAT compared with
that of PTIID−TVT and PTIID−TCNT. On the other hand,
PTIID−TAT thin films exhibited an additional strong
diffraction peak at qxy = 0.31 Å−1 along the in-plane direction
that was not observed for the other polymer thin films. This
peak corresponds to a d spacing of 20.33 Å, which matches well
to the end-to-end distance of the coplanar PTIID−TAT
monomer backbone (20.78 Å). This strong (001) peak implies
that the PTIID−TAT thin film contains well-stretched

polymeric chains separated by a longer distance in comparison
with PTIID−TVT and PTIID−TCNT thin films. This result
indicates that the acetylene linkage exerts a positive effect on
intramolecular charge transport. Interestingly, the PTIID−
TCNT and PTIID−TVT thin films exhibited similar diffraction
patterns and intermolecular packing distances even though the
backbone structure of cyanovinylene is rather asymmetric as
compared with that of vinylene. It indicates that the lack of
symmetry by the incorporation of the cyanovinylene linkages
negligibly affects intermolecular packing.

■ ORGANIC TRANSISTOR PERFORMANCE
To investigate the relationship between the structures and the
electrical properties, top-contact bottom-gate FETs were
fabricated. Cytop-treated SiO2 with a capacitance of 8.1 nF
cm−2 was used as a gate dielectric, and 50 nm thick patterned
Au layers were used as source and drain electrodes. It is well
known that Cytop thin films form defect-free surfaces; hence,
Cytop-based FETs are expected to exhibit near-intrinsic
electrical properties of the synthesized polymers.50−53 Warm
solutions of the synthesized polymers in chloroform (5 mg
mL−1 at 55 °C) were dropped onto the substrate and then spin
coated in a nitrogen-purged glovebox. The details of device
fabrication are provided in the experimental section. The typical
transfer curves of PTIID-based polymer FETs are shown in
Figure 5a, and their quantitative electrical properties are
summarized in Table 3. Both p-mode (VG, VD < 0) and n-
mode (VG, VD > 0) sweeps were performed in the saturation
regime to examine the dominant polarity of the devices. All
PTIID-based polymer FETs exhibited the enhancement of
carrier mobilities by thermal annealing, which was attributed to
the increased crystallinity and the closer intermolecular stacking
observed in the 2D-GIXD analysis. Furthermore, they exhibited
ambipolar charge transport. However, PTIID−TAT and
PTIID−TCNT FETs produced more V-shaped transfer curves
than PTIID−TVT FETs, and in particular, PTIID−TCNT
FETs produced almost symmetric V-shaped transfer curves.
The polarity balance between electron and hole mobilities (μe
and μh), which is quantified as the μe/μh ratio, varied
remarkably: 0.01 for PTIID−TVT FETs, 0.08 for PTIID−
TAT FETs, and 2.7 for PTIID−TCNT FETs (Figure 5d). As
shown in Figure 5b, the output curves of the PTIID−TAT and
PTIID−TCNT FETs indicate relatively ambipolar charge
transport in contrast to that of PTIID−TVT FETs. This
remarkable change in the polarity balance predominantly
originated from the variation of electron mobilities, as shown
in Figure 5c. PTIID−TVT exhibited the lowest electron
mobility of 1.5 × 10−3 cm2 V−1 s−1 among the synthesized
polymers, and PTIID−TAT exhibited 20 times higher electron
mobility of 0.03 cm2 V−1 s−1. PTIID−TCNT exhibited the
highest electron mobility of 0.19 cm2 V−1 s−1. The higher
polarity balances and remarkably higher electrical mobilities of
PTIID−TAT and PTIID−TCNT compared to PTIID−TVT
presumably resulted from the former polymers having well-
delocalized LUMO orbitals, which are insensitive to the chain
twist around the acetylene and cyanovinylene linkages as
predicted by DFT calculations. This result implies that PTIID−
TAT and PTIID−TCNT, as compared with PTIID−TVT,
allow more facile electron transport along their twisted
intrachains, which are formed in the amorphous and tie−
molecular regions. The turn-on voltages lying on the border
between the hole and the electron accumulations in the transfer
curves followed a consistent trend with the carrier mobilities.

Table 2. Crystallographic Parameters of the Synthesized
Polymersa

d spacing [Å]

polymer annealing temp [°C] (100) (010) (001)

PTIID−TVT N/A 33.30 3.59
175 31.02 3.54

PTIID−TAT N/A 29.80 3.62
175 28.72 3.62 20.33

PTIID−TCNT N/A 30.36 3.55
175 30.22 3.55

a(100) peaks were assigned from out-of-plane diffraction patterns, and
the other peaks were assigned from in-plane diffraction patterns.
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PTIID−TCNT FETs exhibited negatively shifted turn-on
voltages as compared with PTIID−TVT and PTIID−TAT,
indicating the favorable formation of electron-accumulated
channels. Interestingly, in contrast with PTIID−TVT and
PTIID−TAT, PTIID−TCNT exhibited reverse polarity,
presumably as a result of the strong electron-withdrawing
nature of the cyanovinylene linkage inserted in the donor part.
Furthermore, it is indicative of the importance of chemical
linkages for polarity tuning. The μe/μh ratio of 2.7 for PTIID−
TCNT is comparable to actual Si-based CMOS devices with a
μe/μh ratio of ∼2.
The PTIID−TAT FETs exhibited the highest hole mobility,

with average and maximum values of 0.38 and 0.43 cm2 V−1 s−1,

respectively. This performance was attributed to the unique
(001) diffraction peak of the PTIID−TAT thin film, which was
not observed in PTIID−TVT and PTIID−TCNT thin films.
The strong (001) diffraction peak is indicative of the well-
stretched polymer backbone, consequently permitting facile
intrachain charge transport.
Transfer measurements were conducted under various

temperatures to understand the charge transport mechanism
of PTIID-based polymer FETs. The temperature was varied
from 305 to 115 K in UHV (∼10−6 Torr). The measured
mobility−temperature relationship is shown in Figure 6 and
Table 3. Both hole and electron mobilities of all devices were
saturated at high temperature and continuously decreased with

Figure 5. Electrical properties of the synthesized polymer-based FETs with thermal annealing post-treatment. (a) Transfer characteristic curves: p-
channel accumulation mode (blue circle) with VD = −100 V, and n-channel accumulation mode (red square) with VD = 100 V. (b) Output
characteristic curves. (c) Average hole and electron mobilities. (d) Polarity balance, quantified as electron/hole mobility ratio (μe/μh).

Table 3. Summary of Field-Effect Mobilities and Activation Energies of the Synthesized Polymer FETs

p channel n channel

polymer annealing temp. [°C] μh,ave [cm
2 V−1 s−1] EA [meV] μe,ave [cm

2 V−1 s−1] EA [meV] μe/μh

PTIID−TVT N/A 0.06 (±0.02) 1.1(±0.3) × 10−4 1.8 × 10−2

175 0.12 (±0.02) 10.35 1.5(±0.1) × 10−3 1.3 × 10−2

PTIID−TAT N/A 0.10 (±0.02) 5.8(±0.3) × 10−3 0.06
175 0.38 (±0.03) 8.24 0.03 (±0.01) 11.02 0.08

PTIID−TCNT N/A 0.03 (±0.01) 0.07 (±0.02) 2.4
175 0.07 (±0.04) 12.16 0.19 (±0.03) 10.32 2.7
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temperature at low temperature. As shown in Figure 6, the
carrier mobilities exhibited an Arrhenius dependency at low
temperature, consistent with the charge transport mechanism of
the multiple-trapping-and-release model; μ(T) = μ0 exp(−EA/
kT), where EA is the activation energy for releasing the trapped
charge.54,55 Quite shallow traps in the range of 8.2−12.2 meV
were formed in the devices. In this range, the carriers can easily
overcome these traps at high temperature by utilizing their
thermal energy; hence, intrinsic band-like transport represent-
ing the saturated mobilities was observed at high temperature.
We argue that the intrinsic charge transport properties of the
synthesized polymer thin films were observed in our
devices.55−57 Furthermore, the tendency of the activation
energies was observed to consistently follow that of carrier
mobilities; PTIID−TAT exhibited the lowest activation energy
for holes (8.2 meV), and PTIID−TCNT exhibited the highest
activation energy for holes (12.2 meV) but the lowest activation
energy for electrons (10.3 meV). This presumably indicates
that the depth of shallow traps in these devices affects carrier
transport even in the band-like transport regime by subtly
affecting the scattering time of mobile carriers.

■ CONCLUSION
Fine polarity tuning of organic semiconductors is a key issue for
organic complementary circuits. Here we demonstrated that
modification of the chemical linkages in the conjugated
backbone of polymer semiconductors was a noteworthy
approach. The synthesized polymers PTIID−TVT, PTIID−
TAT, and PTIID−TCNT exhibited energy structures that were
dependent on the electron-withdrawing strength of the
chemical linkages. The acetylene linkages in PTIID−TAT
straightened the conjugated backbones, which contributed to
facile intrachain charge transport and the highest hole mobility
among the synthesized polymers. More importantly, the
acetylene and cyanovinylene linkages enabled twist-insensitive
charge transport, thereby making electron transport between
crystalline domains significantly more favorable in PTIID−
TAT and PTIID−TCNT FETs. As a result, the polarity
balance, which is quantified as the μe/μh ratio, remarkably
varied from 0.01 for PTIID−TVT FETs, to 0.08 for PTIID−
TAT FETs, and to 2.7 for PTIID−TCNT FETs. Our approach

can also be applied to DPP-, IID-, NDI-, and new acceptor-
based polymer systems for high-performance organic electronic
devices, particularly for tuning the dominant polarity.
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