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Thienoisoindigo (TII)-Based Quinoidal Small Molecules for
High-Performance n-Type Organic Field Effect Transistors

Arulmozhi Velusamy, Chih-Hsin Yu, Shakil N. Afraj, Chia-Chi Lin, Wei-Yu Lo,
Chia-Jung Yeh, Ya-Wen Wu, Hsin-Chun Hsieh, Jianhua Chen, Gene-Hsiang Lee,
Shih-Huang Tung, Cheng-Liang Liu,* Ming-Chou Chen,* and Antonio Facchetti*

A novel quinoidal thienoisoindigo (TII)-containing small molecule family with
dicyanomethylene end-capping units and various alkyl chains is synthesized
as n-type organic small molecules for solution-processable organic field effect
transistors (OFETs). The molecular structure of the 2-hexyldecyl substituted
derivative, TIIQ-b16, is determined via single-crystal X-ray diffraction and
shows that the TIIQ core is planar and exhibits molecular layers stacked in a
“face-to-face” arrangement with short core intermolecular distances of 3.28 Å.
The very planar core structure, shortest intermolecular N···H distance (2.52
Å), existence of an intramolecular non-bonded contact between sulfur and
oxygen atom (S···O) of 2.80 Å, and a very low-lying LUMO energy level of
−4.16 eV suggest that TIIQ molecules should be electron transporting
semiconductors. The physical, thermal, and electrochemical properties as well
as OFET performance and thin film morphologies of these new TIIQs are
systematically studied. Thus, air-processed TIIQ-b16 OFETs exhibit an
electron mobility up to 2.54 cm2 V−1 s−1 with a current ON/OFF ratio of
105–106, which is the first demonstration of TII-based small molecules
exhibiting unipolar electron transport characteristics and enhanced ambient
stability. These results indicate that construction of quinoidal molecule from
TII moiety is a successful approach to enhance n-type charge transport
characteristics.
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1. Introduction

The realization of organic semiconductors
(OSCs) for various optoelectronic devices
is one of the most active research fields
and OSC small molecules have attracted
much attention for application in memory
devices, smart cards, radio frequency identi-
fication tags, transparent circuits, electronic
papers, flexible displays, and sensors.[1–15]

OSC unique properties include facile large-
area processing, mechanical flexibility, eco-
nomically viable production, safer envi-
ronmental standards, and availability from
abundant elements compared to classical
and high-performance inorganic materials.
A key performance parameter of an OSC
is the charge carrier mobility, which is
typically quantified in an organic field ef-
fect transistor (OFET) architecture.[16] The
field-effect mobility, hereafter defined by
𝜇, depends on both intrinsic and extrin-
sic factors of an OSC, including fron-
tier molecular orbital energetic, molecu-
lar structure, and molecular packing char-
acteristics, and OSC film morphological
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Figure 1. Chemical structures and OFET performances of the reported quinoidal semiconductors incorporating dicyanomethylene end groups. Note,
OFETs solution-processed and measured in ambient condition are denoted as (S/Air) and those solution-processed and measured under nitrogen are
denoted as (S/N2).𝜇eindicated the maximum electron mobility for the semiconductor in the form of a film, ribbon, or wire.

and topological properties.[17–21] From a molecular design
standpoint, the development of donor–acceptor (D–A)-type
OSCs with conjugated backbone has greatly advanced the
OFET technology[22] resulting in several high-performing p-
type (hole-transporting) and n-type (electron-transporting) OSC
families[7,23–25]

Despite considerable progress, the performance of n-type
semiconductors continue to lag behind p-type because of the
critical requirements for LUMO energy levels and environmen-
tal trapping of electrons.[26–32] Hence, the development of high-
performance and ambient stable n-type OSCs for OFETs are
highly desirable.[33–37] It is necessary to design planar conju-
gated cores/backbones functionalized with suitable side chains,
in addition to proper energy levels, to enable high-performance
solution processable n-type OFETs.[38–43] The inter and in-
tra molecular interactions, molecular packing, processability,
and device performances can be significantly affected by the
side chain structure such as, for alkyl groups, chain length,
branching position, density on the core, and chirality.[44–50] Aro-
matic frameworks with conjugated cores functionalized with
electron-withdrawing substituents are suitable building blocks

for electron-transport.[51–53] Among different OSC structural vari-
ations, dicyanomethylene (DCN)-substituted quinoidal oligoth-
iophenes are excellent n-type semiconductors because of their
high electron affinity originating from the quinoidal structure
terminated by two strongly electron withdrawing groups, afford-
ing low-lying LUMO energy levels.[54–55] The presence of a 𝜋-
conjugated quinoidal core is known to strongly modulate the elec-
tronic structure.[23,56]

Fused planar aromatic structures are also known to enhance
𝜋–𝜋 stacking and hence induce higher molecular ordering, which
may lead to improved device performance with simultaneous in-
crease in charge-transport properties.[57] Thus, several groups
have addressed combining (benzo)fusion with the presence
of thiophene/S-moieties in a dicynanomethylene-substituted
quinoidal structure affording organic n-channel semiconduc-
tors with electron mobilities >0.45 cm2 V−1 s−1 (Figure 1). For
instance, solution-processed films of the molecule 2DQTT-o-
B(a) affords OFETs with the highest electron mobility of 5.2
cm2 V−1 s−1[58] in ambient conditions. In this molecular core,
the influence of the alkyl chain have been reported by varia-
tion in chain lengths on the nitrogen atom affording electron
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Figure 2. Chemical structures and OFET performances of the thienoisoindigo (TII)-based small molecules and polymeric OFETs.𝜇eand𝜇hrefer to the
maximum electron and hole mobilities, respectively.

mobilities up to 4.5 and 3.0 cm2 V−1 s−1 for 2DQTT-1(b)[48]

and 2DQTT-o(d),[55] respectively. Another example of core and
side-chain engineering is the NDI-based quinoidal molecule
NDI3HU-DTYM2(c), which exhibits a maximum electron mobil-
ity of 3.5 cm2 V−1 s−1.[43] Additional remarkable examples are the
n-type semiconductors TFT-CN(e),[59] Tetrathienoquinoid(f),[60]

DHB-QDTB(g),[61] TTDPPCN(h),[62] TDPPQ-3(j),[42] QDTBDT-
2C(k),[41] and DTTQ(l),[54] which the corresponding solution-
processed OFETs achieved electron mobilities of 1.11 (under ni-
trogen), 0.9, 0.88, 0.8, 0.72, 0.57, and 0.45 cm2 V−1 s−1 (in am-
bient), respectively. Finally, a recent pyrrolo[3,2-b]pyrrole-based
quinoidal molecule QFBPBP(i), which exhibits an electron mo-
bility of 0.75 cm2 V−1 s−1 (>6 cm2 V−1 s−1 as ribbon) under

nitrogen,[63] demonstrates the interest of quinoidal pyrrolitic
structures.

[6,6′-bithieno[3,2-b]pyrrolylidene]-5,5′(4H,4′H)-dione or
thienoisoindigo (TII)-based structures (Figure 2) have been first
investigated by Ashraf et al.,[64] and later by Yoo et al.,[65] as novel
building blocks for both p-type small molecule[66] and polymeric
OFETs.[67–71] The TII core and the corresponding structures are
planar due to thiophene–thiophene links along the backbone,
thus maximizing 𝜋-conjugation and further enhancing close
intermolecular contacts. The strong donor–acceptor character
creates a highly hybridized frontier molecular orbital system
leading to low-lying LUMO and high-lying HOMO orbitals.
In an interesting investigation, Chueh et al. implemented TII
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Scheme 1. Synthetic route to quinoidal moleculesTIIQ(1–4).

into a quinoidal structure (TIIQ-b8) affording a maximum
electron mobility of 0.085 cm2 V−1 s−1 in ambient conditions.[72]

Inspired by this seminal work and previous studies showing the
importance of alkyl-chain substitution and film processing to
optimize charge transport,[54,73–74] here we report several new
TII-based dicyanomethylene 𝜋-expanded quinoids (TIIQs (1–4);
see Scheme 1 for molecular structure) for solution-processable
n-channel OFETs. Further, the optical, electrochemical, and
thermal characterizations of all new TIIQs were performed
and the results were compared. OSC films were fabricated by
solution shearing, considering that it is a reliable technique for
enhancing thin film crystallinity and promoting alignment, thus
enhancing charge mobility versus isotropic/fast spin-coating
process.[54,74–75] Bottom-gate top-contact (BGTC) FET device
architecture based on solution-sheared films were fabricated for
evaluating the charge transport characteristics. Remarkably, our
results revealed that TIIQ-b16-based OFETs exhibited excellent
n-channel electrical performance, with an electron 𝜇 as high as
2.54 cm2 V−1 s−1 and a current ON/OFF ratio (ION/IOFF) > 105–
106. The crystal structure of one of these molecules, TIIQ-b16,
reveal a planar TII core, highly ordered molecular packing,
strong 𝜋–𝜋 interactions, intramolecular charge transfer between
S and O, and intermolecular interaction between N and H, thus
enabling large film texturing. The TIIQs film morphologies and
microstructures were characterized by optical microscopy (OM),
polarized optical microscopy (POM), atomic force microscopy
(AFM), and grazing incidence X-ray diffraction (GIXRD) to
correlate them with the device performances.

2. Results and Discussion

2.1. Synthesis

The synthetic route to quinoid structures (1–4) is shown in
Scheme 1. The reported synthetic route to thienoisoindigo
(TII)[64] (Scheme S1, Supporting Information) have been mod-
ified to afford good yield with cheaper starting materials as in
Scheme 1. 3-Thiophenecarboxylic acid is treated with t-butanol
as a solvent and Curtius rearrangement is carried out with
diphenyl phosphoryl chloride and NaN3 to obtain Boc-protected
aminothiene 6. Ring fusing of the latter with oxalyl chloride
was carried out in basic condition to give compound (carboxy-
lated thienopyrrole) 7. Dimerization of 7 with Lawesson’s reagent
afforded Boc-protected thienoisoindigo 8, which was subjected
to treatment with trifluoroacetic acid to achieve thienoisoindigo
core (TII; 9) in 78% yield. Alkylation of 9 in presence of potas-
sium carbonate gave compound 10, which was treated with n-
bromosuccinimide to give the corresponding brominated 11. Via
Takahashi coupling of 11 with malononitrile in the presence of
tetrakis(triphenylphosphine)palladium, followed by oxidation us-
ing a saturated solution of bromine in water, quinoids TIIQ (1–4)
were achieved.

Quinoidal molecules (1–4) vary only in side chain type on iden-
tical molecular core. Thus, linear and branched alkyl chain of
C10H21 (a), bC8H17 (b), bC16H33 (c), and bC17H35 (d) are used
in TIIQ-10 (1), TIIQ-b8 (2), TIIQ-b16 (3), and TIIQ-b17 (4) re-
spectively. Due to the substitution of various alkyl chains, the
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Table 1. Thermal, optical, and electrochemical properties of TIIQs.

Compound
Td

[°C]
a)

Tm
[°C]

b)
𝜆abs (soln)

[nm]
c)

𝜆abs (film)
[nm]

d)
△Eg (opt)

[eV]e) Eox [V]
f)

HOMO
[eV]

g),h)
Ered [V]

f)
LUMO
[eV]

g),h)
△Eg (DPV)

[eV]
i)

TIIQ-10 348 267 587 652 1.77 1.59 −5.79 −0.036 −4.16 1.63

TIIQ-b8 337 327 587 673 1.72 1.60 −5.80 −0.036 −4.16 1.64

TIIQ-b16 367 288 587 666 1.75 1.60 −5.80 −0.036 −4.16 1.64

TIIQ-b17 365 218 587 634 1.80 1.59 −5.79 −0.032 −4.16 1.63

a)
Decomposition temperatures were determined from TGA;

b)
Melting temperatures were determined from DSC;

c)
Absorption spectra were measured in o-C6H4Cl2;

d)
Thin

films were solution-sheared onto a quartz glass;
e)

The thin film optical energy gap was calculated using 1240/𝜆abs (onset);
f)

By DPV in o-C6H4Cl2 at 25 °C. All potentials
are reported with reference to an Fc+/Fc internal standard (at +0.6 V);

g)
Using HOMO/LUMO = −(4.2 + Eox/Ered);

h)
Instead of using HOMO/LUMO, IP/EA may be more

appropriate according to ref. [82];
i)

The energy gap was calculated from the difference between HOMO and LUMO measured by DPV.

Figure 3. UV–vis absorption spectra of all TIIQ compounds in a) solutions and as b) thin films.

solubility of the compounds is relatively high in common organic
solvents and suitable for thin film solution-processing.[76–79] All
compound chemical structures were characterized by 1H NMR,
13C NMR, and mass spectrometry. Furthermore, a single crystal
X-ray analysis of TIIQ–b16 (3) was obtained. Synthetic procedure
details and characterization data are provided in the Supporting
Information.

2.2. Physical Characterization

Thermal analyses of the new OSCs were performed using differ-
ential scanning calorimetry (DSC; Figure S1a, Supporting Infor-
mation) and thermogravimetric analysis (TGA; Figure S2, Sup-
porting Information), and the corresponding thermal data and
phase transition temperatures are summarized in Table 1 and
Figure S1b, Supporting Information. From the TGA measure-
ments, it can be seen that all four TIIQ molecules exhibit high
thermal stability with ≈5% weight loss starting at a temperature
in the range of 337–367 °C. As revealed in the DSC scans, all
the compounds show clear phase melting transitions. For com-
pound TIIQ-b8 functionalized with a short branched alkyl chain,
the main melting point is observed at 327 °C and the crystalliza-
tion peak is seen at 281 °C. Because the side chain on TIIQ-b8 is
the shortest among the TIIQs, the melting is dominated by the
rigid backbone, which explains the high melting temperature.

Upon increasing the lengths of the branch chains in TIIQ-b16
and TIIQ-b17, the melting temperature decreases since chain
motion at higher temperatures reduces core–core intermolecular
interactions. Thus, TIIQ-b16 shows a sharp melting at 288 °C and
a sharp crystallization peak at 254 °C, indicative of the highly or-
dered crystalline structures. As the branching point of side chains
move away from the backbone in TIIQ-b17, the melting point
decreases to 218 °C and the peak becomes broader, while the
crystallization occurs at 205 °C. Finally, two well-defined thermal
transitions are observed for the analogous linear TIIQ-10, with
melting temperatures of 267 and 129 °C and likewise, two crys-
tallization peaks at 233 and 122 °C. This is the result of the pres-
ence of linear, and more rigid, alkyl chains on TIIQ-10 enabling
clear melting of both chain and core, as seen in other molecular
systems.[80–81] All TIIQ phase transition temperatures are given
in Figure S1b, Supporting Information.

The UV–vis absorption spectra both in o-dichlorobenzene and
for solution-sheared films are shown in Figure 3. As seen in
Figure 3a, all the solution state absorption spectra are iden-
tical and exhibit maximum absorption wavelengths (𝜆max) at
≈587 nm, suggesting that variations in side chain substituents do
not have strong influences on the 𝜋-conjugated thienoisoindigo
(TII) backbone. The absorption maximum wavelengths and op-
tical bandgaps determined from the film absorption are summa-
rized in Table 1. The absorption peak shapes of the four materials
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Figure 4. Oxidation potential curves of allTIIQs ino-dichlorobenzene. All
potentials reported are referenced to an Fc/Fc+internal standard (at +
0.6 V).

are almost identical. Clearer vibronic absorption features proved
a proof for an increased aggregation for TIIQ-b8 and TIIQ-b16
branched small molecules than TIIQ-b17 and TIIQ-10. In addi-
tion, the optical bandgaps of these compounds were determined
from the onset of the absorption spectrum of the films, and found
to be 1.77, 1.72, 1.75, and 1.80 eV for TIIQ-10, TIIQ-b8, TIIQ-
b16, and TIIQ-b17, respectively. The red-shift absorption with a
lower optical bandgap in TIIQ-b8 and TIIQ-b16 might be due to a
combination of different extent of aggregation and different elec-
tronic coupling and packing modes.

Molecular energy levels of four TIIQs examined by differen-
tial pulse voltammetry (DPV) measurements are shown in Fig-
ure 4 and Table 1. The DPV data show that all the quinoidal
molecules possess similar oxidation and reduction potentials,
and thus alkyl substituents of the conjugated backbones have no
significant effect on the electrochemical properties of the TIIQs.
Consequently, the derived lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO)
of 1–4 are located at around −4.16 and −5.80 eV, respectively,
according to the equation: HOMO/LUMO = −(4.2 + Eox/Ered);
assuming an internal standard ferrocene/ferrocenium (Fc/Fc+)
oxidation at −4.8 eV. The low-lying LUMO energy level of these
TIIQs should lead to facile electron injection in OFETs and prove
the potential ambient stability for these n-type dicyanomethylenyl
TII quinoids. The electrochemically derived HOMO-LUMO en-
ergy gaps of the TIIQs are ≈1.64 eV, which is very close to those
determined by UV–vis measurements.

2.3. Theoretical Calculations

The backbone geometries and frontier molecular orbitals of TIIQ
compounds were calculated at the B3LYP/6-31G* level of den-
sity functional theory (DFT) using Gaussian 09 program. As il-
lustrated in Figure S3, Supporting Information, all four com-
pounds have similar FMO surface topologies where the electron
densities are delocalized on the whole conjugated units, which
display good electronic overlapping. From the DFT calculations,
all the HOMO/LUMO energy levels are calculated to be −4.12 to
−4.16 eV/−6.34 to −6.38 eV. These results are consistent with the
DPV measurements.

2.4. Single Crystal Structure

Single crystals of TIIQ-b16 were obtained from a chlorobenzene–
methanol solvent mixture by slow solvent evaporation. The
diffraction-derived single-crystal structure of TIIQ-b16, as the
representative of this family, is shown in Figure 5 and Figure S4,
Supporting Information, and detailed crystal structure data are
summarized in Table S1, Supporting Information. As shown in
Figure 5, TIIQ-b16 recrystallizes in the triclinic space group of P-
1. Shorter S···O distance of 2.80 Å showed the existence of an in-
tramolecular non-bonded interaction between sulfur and oxygen
atoms (Figure 5a). Both TP groups are connected by the C-C bond
with the distance of 1.42 Å, exhibiting the characteristic of a dou-
ble bond (Figure 5a). The TIIQ main core and the two end-capped
CN groups are nearly coplanar, showing small torsional angles
of 1.93–3.15 ° (Figure 5b). The molecular length of TIIQ-b16 is
13.88 Å. (Figure 5c). Shortest intermolecular N···H distance of
2.52 Å between two TIIQ layers increases the order of 𝜋–𝜋 molec-
ular stacking (Figure 5d) and measured intermolecular distance
of TIIQ-b16 between N···H shown in Figure S5, Supporting In-
formation. The TIIQ molecules possess brick-type stack molecu-
lar packing arrangement (Figure 5d). Viewed along the short axis
𝜋-plane direction, TIIQ layer exhibits a slipping angle of 59.81°
(Figure 5e). The short intermolecular stacking distance of closely
packed TII core is 3.28 Å (Figure 5e,f). In summary, the planar
molecular structure, short main-core stacking distance (3.28 Å),
and short intermolecular N···H distance (2.52 Å) of TIIQ-b16
suggest ideal conditions for the extended 𝜋-orbital interaction of
the corresponding molecule, resulting in highest device perfor-
mance (vide infra).

2.5. Charge Transport Properties

To investigate the impact of the side chain on the charge transport
properties of the TIIQ compounds, BGTC OFETs were fabricated
and characterized. The OSC solutions were solution-sheared
onto the PETS-modified Si/SiO2 substrates and the resulting
films thermally annealed at 80 °C under vacuum. The details re-
garding OFET fabrication and characterization are reported in
Experimental Section. The OFET mobilities were first evaluated
in the parallel direction (//) with respect to the semiconductor
shearing direction, which in previous studies was found to corre-
spond to efficient charge transport along the axial direction of the
aligned crystals.[83–86] Representative transfer and output charac-
teristics of TIIQ-based OFETs are shown in Figure 6a and 6b–e,
respectively. Device parameters such as the maximum/average
field effect mobility (𝜇max/𝜇avg), ON/OFF current ratio (ION/IOFF),
and threshold voltage (Vth) are listed in Table 2. All the transfer
curves in Figure 6a were measured by sweeping Vg −40 to 100 V
with a fixed Vd of 100 V. A positive Vg modulates the ON-current,
indicating a typical n-channel OFET response. The output curves
(Figure 6b–e) exhibit a characteristic transition to saturation be-
havior and pitch-off with increasing Vg. The electron mobility was
calculated using the gradient from a plot of the square root of Id
against Vg in the transfer curve. Among all semiconductors, the
electron mobility of TIIQ-b16 was found to be the highest. The
𝜇max and 𝜇avg of TIIQ-b16 can reach 2.54 and 1.14 ± 0.45 cm2 V−1

s−1, respectively, which is ≈3×, 10×, and 100× higher than those
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Figure 5. Single crystal structure ofTIIQ-b16(3) in stick models (a–c) and space filling packing models (d–f). a) Top view ofTIIQ-b16with intramolecular
S···O distance of 2.80 Å and the C-C distance between two TP molecules in TII is 1.42 Å. b) Front view ofTIIQ-b16in a stick model with the torsion angle of
1.93 Å to 3.15 Å. c) Top view ofTIIQ-b16and the molecular length of 13.88 Å. d) Shortest intermolecular N···H distance of 2.52 Å. e,f) Molecular packing
arrangement ofTIIQwith face-to-face layer stacking distance of 3.28 Å and exhibits the slipping angle of 59.81°.

Figure 6. a) Representative transfer characteristics and b–e) output characteristics ofTIIQ-10,TIIQ-b8,TIIQ-b16, andTIIQ-b17, respectively, for charge
transport parallel to the shearing direction.
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Table 2. Summary of OFET parameters based on solution-sheared TIIQs thin films.

Thin film (//)
a)

Thin film (⊥)
a)

Compound
𝜇max

b)

[cm2 V−1 s−1]
𝜇avg

c)

[cm2 V−1 s−1] ION/IOFF [–] Vth
b)

[V]
𝜇max

b)

[cm2 V−1 s−1]
𝜇avg

c)

[cm2 V−1 s−1] ION/IOFF [–] Vth
b)

[V]

TIIQ-10 0.013 0.006 ± 0.003 103–104 −6.61 ± 3.89 0.009 0.005 ± 0.002 103–104 −0.14 ± 6.34

TIIQ-b8 0.792 0.462 ± 0.165 104–105 −1.26 ± 2.99 0.462 0.228 ± 0.107 104–105 −4.39 ± 3.96

TIIQ-b16 2.54 1.14 ± 0.454 105–106 16.2 ± 7.23 0.27 0.15 ± 0.066 105–106 18.2 ± 3.90

TIIQ-b17 0.195 0.113 ± 0.035 103–104 −27.0 ± 6.64 0.18 0.118 ± 0.029 103–104 −33.6 ± 3.26

a)
Charge transport direction is symbolized by // (parallel) and ⊥ (perpendicular) with respect to the solution-shearing direction;

b)
Maximum mobility;

c)
Average mobility.

Figure 7. POM image of solution-sheared a)TIIQ-10, b)TIIQ-b8, c)TIIQ-b16, and d)TIIQ-b17.

of TIIQ-b8, TIIQ-b17, and TIIQ-10, respectively. The TIIQ-b16
OFETs exhibit excellent ION/IOFF of 105–106. Clearly, the semi-
conducting performance can be dramatically enhanced by intro-
ducing a branch side chain with increasing length and a branch
point close to the conjugated backbone.

TIIQ-based OFETs were also characterized for charge trans-
port perpendicular (⊥) to the shearing direction to extract the
corresponding perpendicular mobility. According to the output
and transfer curves of TIIQ OFETs in the perpendicular direc-
tion, no significant changes in ON-current and mobility values
were recorded for the TIIQ-b17 and TIIQ-10 devices, while those
of the TIIQ-b8 FETs decrease by ≈ 2× between these two direc-
tions. On the other hand, a 𝜇max of 0.27 cm2 V−1 s−1 was attained
along the perpendicular direction in TIIQ-b16 OFETs, which is
almost 10× lower than those measured in the parallel direction.
As summarized in Table 2, for this device, the perpendicular 𝜇avg
is 0.15 ± 0.07 cm2 V−1 s−1 with and ION/IOFF of 105–106. The ob-
served charge transport anisotropy (the ratio between parallel and
perpendicular mobility) is thus determined to be ≈8. The trend of
highly efficient and anisotropic transport in the TIIQ-b16 film is
consistent with the results of morphological and microstructural
studies, which will be discussed in the following section.

Finally, note that the I–V characteristics clearly show that the
overall performance trends reflect the mobility trend. Obviously,
the devices based on our solution-sheared films have consider-
able contact resistance, clearly shown in the output plots of Fig-
ure 6, which prevent comparison of the sub-threshold behavior.
However, the carrier mobility in saturation is less affected and
tracks current variations in all devices. Furthermore, we have
also analyzed the mobility evolution of a representative device of
TIIQ-b16, as shown in the Figure S6, Supporting Information.

The mobility-Vg plot is also very common and approaches the sat-
uration mobility number after turn-on, typical of a close-to-ideal
FET.[87]

2.6. Thin Film Morphology and Structural Analysis

POM images of the four TIIQ films fabricated through the
solution-shearing method are shown in Figure 7. In the case
of TIIQ-10 with linear alkyl side chains, instead of mid/large
crystalline domains, a very thin film with discontinuous fibrotic
features form along the shearing direction (Figure 7a), a mor-
phology unsuitable for a conducting channel. The TIIQ-b8 film
exhibits a ribbon-like morphology without preferential macro-
scopic crystal growth direction (Figure 7b). The lower solubility
caused by the shorter side chain in TIIQ-b8 leads to early seed-
ing during the shearing process resulting in a randomly oriented
and irregular film morphology, which could trap charges. In con-
trast, a continuous film with textured features along the shear di-
rection can be observed for TIIQ-b16, revealing a highly oriented
and elongated crystalline structure (Figure 7c) that facilitates the
transportation of charge carriers. TIIQ-b17 shows formation of
large crystalline sheets roughly oriented along the shearing di-
rection, on which small cracks form in the perpendicular direc-
tion that could greatly interrupt the movement of charge car-
rier (Figure 7d). Since we prepared films with similar concen-
trations/solvent, it is certain that upon shear deposition, TIIQ-b8
and TIIQ-10 crystallize much faster than those of the other two
molecules, resulting in reduced texturing.

A closer inspection of the TIIQ films was probed by AFM
as shown in the height images of Figure 8. The strong 𝜋–𝜋
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Figure 8. AFM image of solution-sheared a)TIIQ-10, b)TIIQ-b8, c)TIIQ-b16, and d)TIIQ-b17.

Figure 9. 2D GIXRD diffraction patterns of solution-shearedTIIQs thin films. The incident beam was controlled to be a) parallel and b) perpendicular to
the shearing direction.

interactions between the neighboring TIIQ cores and van der
Walls interaction between the alky chains enable TIIQ-b8 and
TIIQ-b16 molecules to self-organize into large and intercon-
nected sheets with a smooth surface. Interestingly, the cracks ob-
served on the TIIQ-b17 sheets and the discontinuous fibrils in
TIIQ-10 film can be more clearly seen in the AFM images, indi-
cating a lack of the continuity of the crystalline domains, which
fully agrees with the corresponding low electron mobilities.

Finally, note that TIIQ-b16 devices were also fabricated by spin-
coating the semiconductor and the transfer/output curves are
shown in Figure S7,Supporting Information. These devices ex-
hibit a mobility which is ≈25-fold lower than those measured by
the shearing process. This is the result of formation of far smaller
crystallines as shown in in Figure S8, Supporting Information.
Thus, we believed that enhanced charge transport by shearing in
this family, as seen previously for other semiconductor classes, is
mainly due to enhanced size and alignment of continuous crystal
domains, as we will see in mode details later.

GIXRD measurements were carried out to investigate how the
side chain substituents affect the crystallinity and molecular ori-
entation of the TIIQ films. Figure 9 shows the 2D GIXRD pat-
terns probed with the incident beam parallel and perpendicular
to the shearing direction. The (00l) lamellar diffractions in the

out-of-plane (qz) direction are clearly detected for all the films,
especially for TIIQ-b16 and TIIQ-b17, that show distinct (003)
peaks, implying a dominated edge-on molecular orientation. The
side chains are aligned normal to the substrate and the TIIQ con-
jugated backbones are aligned parallel to the substrate, which is
caused by the strong TIIQ intermolecular interaction and is ben-
eficial for lateral charge transport in the OFET channel. TIIQ-
b8 only shows the (001) diffraction peak without higher order
ones, indicating a less ordered layered structure and a lower crys-
tallinity, while TIIQ-10 exhibits moderate crystal orientation with
a (001) diffraction pattern located both in the out-of-plane and
in-plane directions. The lamellar spacing of TIIQ-10, TIIQ-b8,
TIIQ-b16, and TIIQ-b17, and calculated from the primary peak
are 14.7, 13.5, 18.5, and 22.3 Å, respectively, which are consistent
with the lengths of the side chains.

More structural information can be obtained from the 1D pro-
files along the out-of-plane direction extracted from the GIXRD
patterns (Figure S10, Supporting Information). TIIQ-b16 and
TIIQ-b17 exhibit sharper diffraction peaks of the lamellar stack-
ing, which generally reflects a larger crystal grain size. The crys-
tal coherence length (Lc), an indication of the grain size, can be
determined by the full width at half maximum (FWHM) of the
diffraction peaks through Scherrer equation as 2𝜋/FWHM.[88]
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The microstructural Lc can be used for comparison of crystal-
lite domain size present in the samples. The FWHM values are
0.042, 0.035, 0.022, and 0.016 Å−1 for TIIQ-10, TIIQ-b8, TIIQ-
b16, and TIIQ-b17 films, respectively, yielding Lc of 134.0, 161.5,
252.2, and 349.5 Å. A larger grain size indicates less grain bound-
ary that hinders the charge transport. Therefore, the larger Lc of
TIIQ-b16, along with the strong diffraction that reveals a high
crystallinity and a highly ordered crystal structure, explains the
high electron mobility of TIIQ-b16 in OFET. Although the Lc of
TIIQ-b17 is the largest, the lower mobility is in part due to the
lower crystallinity and, more likely, cracks forming in the crystals
as clearly imaged by both AFM and POM.

To further understand the packing orientation in the TIIQ
films, the (001) diffraction intensity as a function of azimuthal
angle, that is, the pole figure, is examined, as shown in Figure
S11, Supporting Information. The integrated area with azimuthal
angle from –45° to 45° is accounted the portion of the edge-on
orientation while the rest corresponds to the face-on orientation.
The fractions of the edge-on orientation calculated from the pole
figures are in the following order: TIIQ-b16 (94.47%) > TIIQ-b17
(87.40%) > TIIQ-b8 (75.16%) > TIIQ-10 (69.73%). The edge-on
orientation is normally suitable for the charge transport in OFETs
due to the lateral charge delivery in the 𝜋-stacking channel be-
tween the source and drain contact. Therefore, the high fraction
of edge-on orientation in TIIQ-b16 films also further contributes
to the measured high electron mobility.

The comparison of the 2D GIXRD patterns with the incident
X-ray beam parallel and perpendicular to the shearing direction
in Figure 9 reveals a pronounced difference for the TIIQ-b16 film
in these two directions while quite similar diffraction patterns are
seen for the other TIIQ films. The TIIQ-b16 film shows the (01l),
(02l), and (03l) diffractions, that is, the periodic structure along
the conjugated backbone in the b-axis, for the parallel direction,
whereas these diffractions are absent for the perpendicular direc-
tion and, instead, the (10l), (11l), (20l) diffraction peaks which cor-
respond to the side stacking of the conjugated backbones appear
only in the perpendicular direction. These results demonstrate
that the TIIQ-b16 film is highly anisotropic after shearing, with
the 𝜋-stacking direction approximately oriented parallel to shear-
ing direction, while other films are rather isotropic even under
shearing. The aligned 𝜋-stacking provides a low-barrier pathway
for charge carriers to transport. This explains why the TIIQ-b16
film shows an electron mobility along the shearing direction one
order of magnitude higher than that perpendicular to the shear-
ing direction. Although there is only one carbon atom variation
between the side chains in TIIQ-b16 and TIIQ-b17, the film mor-
phology, crystallinity, and orientation are significantly different,
manifesting the impact of the side chains on film morphology
and charge transport.

In conclusion, since our deposition methodology align the
crystal in the 𝜋-stacking direction, it is conceivable to conclude
that enhanced transport and anisotropy are the result of align-
ment. Also, it is known that if no cracks form in a thin-film
of an OSC, then enhanced crystallinity/crystal dimension im-
proves overall charge transport. Thus, the overall transport obser-
vation correlates quite well and is consistent with our microstruc-
tural and morphological analysis. Further theoretical calculation
can be considered such as transfer integral, electronic coupling,
and effective mass among the adjacent molecules from single

Figure 10. Ambient stability ofTIIQs OFETs stored at relative humidity of
30–40% and room temperature.

crystal state of OSCs to support the anisotropic charge transport
properties.[89–91]

2.7. OFET Stability

Realistic OFET applications require stable charge transport,
which is evidenced by stable I–V response upon operational and
environmental stresses. In order to characterize the reliability of
the TIIQ OFETs, the electrical sweeps in the transfer curves for
Vg from −40 to 100 V were repeatedly scanned (Figure S12, Sup-
porting Information). With increasing the operating cycles, the
Vth slightly shifts to the positive voltage direction with negligi-
ble ON-current change. Therefore, charge trapping at the inter-
face between the OSCs and passivated gate dielectric as well as
dipole polarization can be excluded in these OFETs.[92–94] Tailor-
ing the chemical structures of an OSC is an effective strategy to
improve the intrinsic environmental stability. It has been theoret-
ically proven and empirically demonstrated that a LUMO energy
level of –4.0 eV or lower is necessary to realize stable electron
transport in n-type OSCs for FETs.[95–96] Thanks to the strong
electron-withdrawing TII core and cyano end-substituents, the
LUMO energy of these compounds is about −4.16 eV. When the
TIIQ OFETs are exposed to the ambient air (relative humidity
of 30–40%; at room temperature), the devices maintain decent
semiconducting performance for 35 days (Figure 10). Although
TIIQ-10 exhibits more stable field-effect mobility than the other
three semiconductors, it is also important to stress that this semi-
conductor also affords the lowest FET mobility, far lower than
those of the other devices. Thus, less current is injected into the
channel, which can reduce possibility of device (particularly con-
tact) degradation.[92–94] Furthermore, this semiconductor has a
very different film morphology than the others. Regarding the
other three, statistically, the FET mobility variations are prac-
tically identical. Thus, combining strong electron-withdrawing
building blocks and suitable side chain substituents can achieve
semiconducting molecules with good solution processability and
efficient electron-transport in OFETs. Simple film passivation can
improve stability even further.
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3. Conclusions

In conclusion, we demonstrated new quinoidal semiconduct-
ing molecules, TIIQs (1–4), some of them combining proper
electronic structures, solubility parameters, and well-connected
crystal domains for high-performance n-type OFET applications.
Charge transport in these molecules was rationalized by combin-
ing morphological and microstructural data. Particularly, TIIQ-
b16 based OFETs exhibited excellent n-channel electrical perfor-
mance, with a 𝜇 as high as 2.54 cm2 V−1 s−1 and an ION/IOFF
> 105–106 as well as quite stable transport characteristics. This is
due to the formation of large and well-connected crystallites along
the shear direction, which also explains the measured charge
transport anisotropy. The crystal structure of TIIQ-b16 also cor-
roborates the favorable electron transport due to the presence of a
planar TII core, highly ordered and close 𝜋–𝜋 packing, and close
contact between the heteroatom favoring planarization and close
molecular proximity. Overall, this study demonstrates that these
quinoidal motifs, despite the extremely small 𝜋-conjugated core,
can offer a path to achieve solution-processable n-type OSC-based
devices.

4. Experimental Section
Materials: All the chemical reagents were purchased from Aldrich,

Alfa, and TCI Chemical Co. and used as received unless otherwise noted.
Solvents for reactions (toluene and THF) were distilled under nitrogen
from sodium/benzophenone ketyl, and halogenated solvents were dis-
tilled from CaH2. Silane agent for the self-assembled monolayer (SAM)
treatment (2-phenylethyl)trichlorosilane (PETS) or octadecyltrimethoxysi-
lane (ODTS) was obtained from Gelest, Inc. Details of the preparation of
intermediates from 6 to 11 are shown in Supporting Information.

General Procedures for Final Target Compounds (1–4): Malononitrile
(1.15 mmol) was added into a solution of sodium hydride (2.29 mmol)
in dry THF (20 mL) at 0 °C, and the mixture was warmed to
room temperature and stirred for 30 min. (E)-2,2′-dibromo-4,4′-dialkyl-
[6,6′-bithieno[3,2-b]pyrrolylidene]-5,5′(4H,4′H)-dione (9) (0.28 mmol) and
tetrakis(triphenylsphosphine)palladium (0.06 mmol) were then added.
The mixture was refluxed for 12 h, and then saturated bromine wa-
ter was added at 0 °C and stirred for 20 min. The mixture was ex-
tracted with CH2Cl2, washed with brine, dried over Na2SO4, and evap-
orated. The residue was purified by column chromatography using
dichloromethane/hexane followed by recrystallization from n-hexane.

Synthesis of TIIQ-10 (1): The title compound was obtained as a dark
red solid (yield = 65%). Mp: 267 °C. 1H NMR (500 MHz, CDCl3): 𝛿 6.53
(s, 2 H), 3.72 (t, J = 7.5 Hz, 4 H), 1.67 (m, 4 H), 1.4–1.2 (m, 28 H), 0.87
(t, J = 7 Hz, 6 H). 13C NMR: This compound was insufficiently soluble to
obtain a useful 13C NMR spectrum. HRMS (MALDI, [M+H]+) calcd. for
C38H45N6O2S2: 681.3040. Found: 681.3040.

Synthesis of TIIQ-b8 (2): The title compound was obtained as a dark
red solid (yield = 64%). Mp: 327 °C. 1H NMR (500 MHz, CDCl3): 𝛿 6.48
(s, 2 H), 3.61 (d, J = 7.5 Hz, 4 H), 1.77 (s, 2 H), 1.32 (m, 16 H), 0.93
(t, J = 7.5 Hz, 12 H). 13C NMR (125 MHz, CDCl3): 𝛿174.77, 170.59,
159.05, 143.65, 114.19, 112.24, 112.07, 104.01, 75.12, 46.37, 38.34, 30.29,
28.35, 23.74, 22.99, 14.00, and 10.39. HRMS (FAB, [M+H]+) calcd. for
C34H37N6O2S2: 625.2414. Found: 625.2410.

Synthesis of TIIQ-b16 (3): The title compound was obtained as a dark
red solid (yield = 52%). Mp: 288 °C. 1H NMR (500 MHz, CDCl3): 𝛿 6.47
(s, 2 H), 3.60 (d, J = 7.5 Hz, 4 H), 1.82 (s, 2 H), 1.26 (m, 48 H), 0.87 (t,
J = 3.5 Hz, 12 H). 13C NMR (125 MHz, CDCl3): 𝛿 174.72, 170.59, 159.06,
143.65, 114.17, 112.22, 112.06, 104.00, 75.15, 46.72, 37.11, 31.86, 31.73,
31.23, 29.93, 29.59, 29.48, 29.26, 26.19, 26.11, 22.66, 22.61, and 14.11.
HRMS (MALDI, [M+H]+) calcd. for C50H69N6O2S2: 849.4918. Found:
849.4918.

Synthesis of TIIQ-b17 (4): The title compound was obtained as a dark
red solid (yield = 52%). Mp: 218 °C. 1H NMR (500 MHz, CDCl3): 𝛿 6.50
(s, 2 H), 3.72 (t, J = 7.5 Hz, 4 H), 1.60 (m, 6 H), 1.26 (m, 48 H), 0.87
(m, 12 H). 13C NMR (125 MHz, CDCl3): 𝛿 174.72, 170.21, 158.51, 143.64,
114.24, 112.22, 112.03, 103.78, 75.18, 40.61, 35.38, 33.28, 32.18, 31.88,
31.85, 29.96, 29.61, 29.32, 26.56, 26.50, 22.67 and 14.10. HRMS (MALDI,
[M+H]+) calcd. for C52H73N6O2S2: 877.5231. Found: 877.5183.

Characterization: All the target compounds were analyzed by 1H NMR
and 13C NMR spectroscopy recorded on Bruker 500 or 300 instrument us-
ing CDCl3 as the solvent. Elemental analyses were performed on a Heraeus
CHN-O-Rapid elemental analyzer. Mass spectrometric data were obtained
with a JMS-700 and ATS-00670 HRMS instrument. DSC was carried out
under a nitrogen atmosphere on a Mettler DSC 822 instrument (scanning
rate of 10 °C min−1). TGA was carried out using a Perkin Elmer TGA-7
thermal analysis system using dry nitrogen as a carrier gas at a flow rate
of 10 mL min−1 (heating rate of 10 °C min−1), and the reported decompo-
sition temperatures represent the temperature observed at 5% mass loss.
DPV experiments were performed with a conventional three-electrode con-
figuration (a platinum disk working electrode, an auxiliary platinum wire
electrode, and a non-aqueous Ag reference electrode), with a supporting
electrolyte of 0.1 m tetrabutylammonium hexafluorophosphate (TBAPF6)
in the specified dry solvent using a CHI621C Electrochemical Analyzer
(CH Instruments). All electrochemical potentials were referenced to an
Fc/Fc+ internal standard (at 0.6 V). The UV–vis spectrum was character-
ized with a JASCO V-670 UV–vis spectrophotometer. Polarized optical im-
ages were measured with a Leica 2700M. The tapping mode AFM images
were recorded using Seiko SPA-400 and acquired using a Si cantilever
with resonance frequency of 260 kHz and spring constant of 30 N m−1.
Synchrotron-based GIXRD was performed at the B13A, 17A1, and 23A1
beamlines at National Synchrotron Radiation Research Center (NSRRC,
Taiwan) to investigate the crystallinity and molecular orientation.

Device Fabrication and Measurement: Highly n-doped Si wafers with
300-nm-thick thermally grown SiO2 were sonicated for 5 min each time by
acetone and isopropanol, dried with nitrogen, and treated with UV ozone
plasma for 5 min. They were used as substrate/gate electrode/gate dielec-
tric and immersed into PETS solution in toluene (1 µL mL−1) at 55 °C
for 1 h to form the SAM. A programmable custom-built shearing appara-
tus was used for the deposition of the OSC crystalline film. The substrate
was fixed at the bottom plate by vacuum whereas the top blade could be
moved relative to the substrate by servomotor. The OSC films could be de-
posited on the heated platform (90–120 °C) at a controlled shearing speed
(15–170 µm s−1). The samples were then thermally annealed at 80 °C for
1 h under vacuum. After laminating the shadow mask, silver source and
drain electrode were deposited at 0.5 Å s−1 under a pressure of below 4 ×
10−6 torr in a thermal evaporation chamber. The electrodes were designed
with patterns oriented along both the parallel and perpendicular directions
versus the shearing direction. The channels were 25 µm in length and
1500 µm in width. The electrical characteristics of the OFETs were mea-
sured by Keithley 4200-SCS combined probe station at room temperature
inside a N2-purged glove box in the dark or in ambient.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
A.V. and C.-H.Y. contributed equally to this work. The authors acknowledge
the financial support received from the Ministry of Science and Technology
(MOST) in Taiwan. C.-L.L. acknowledges financial support from the Young
Scholar Fellowship Program (Columbus Program) by MOST in Taiwan,
under grant MOST 109-2636-E-002-029. The authors also thank Beam-
line B13A1/B17A1/B23A1 at the National Synchrotron Radiation Research
Center (NSRRC) of Taiwan for providing beamtime. M.-C. C. thanks the
funding provided by MOST (MOST 109-3111-8-008-001) and NCU-DSM
Research Center. A.F. thanks the AFOSR (grant # FA9550-18-1-0320).

Adv. Sci. 2021, 8, 2002930 © 2020 The Authors. Published by Wiley-VCH GmbH2002930 (11 of 13)



www.advancedsciencenews.com www.advancedscience.com

Conflict of Interest
The authors declare no conflict of interest.

Keywords
organic field effect transistors, organic semiconductors, quinoid, solution-
shearing, thienoisoindigo

Received: August 1, 2020
Revised: September 15, 2020

Published online: November 20, 2020

[1] G. Gelinck, P. Heremans, K. Nomoto, T. D. Anthopoulos, Adv. Mater.
2010, 22, 3778.

[2] C. Yao, X. Chen, Y. He, Y. Guo, I. Murtaza, H. Meng, RSC Adv. 2017,
7, 5514.

[3] N. Wang, A. Yang, Y. Fu, Y. Li, F. Yan, Acc. Chem. Res. 2019, 52, 277.
[4] X. Zhang, H. Dong, W. Hu, Adv. Mater. 2018, 30, 1801048.
[5] X. Wu, S. Mao, J. Chen, J. Huang, Adv. Mater. 2018, 30, 1705642.
[6] B. Kang, W. H. Lee, K. Cho, ACS Appl. Mater. Interfaces 2013, 5, 2302.
[7] J. Yang, Z. Zhao, S. Wang, Y. Guo, Y. Liu, Chem 2018, 4, 2748.
[8] A. Marrocchi, A. Facchetti, D. Lanari, C. Petrucci, L. Vaccaro, Energy

Environ. Sci. 2016, 9, 763.
[9] T. Erdmann, S. Fabiano, B. Milian-Medina, D. Hanifi, Z. Chen, M.

Berggren, J. Gierschner, A. Salleo, A. Kiriy, B. Voit, A. Facchetti, Adv.
Mater. 2016, 28, 9169.

[10] X. Guo, J. Quinn, Z. Chen, H. Usta, Y. Zheng, Y. Xia, J. W. Hennek, R.
P. Ortiz, T. J. Marks, A. Facchetti, J. Am. Chem. Soc. 2013, 135, 1986.

[11] M. Natali, S. D. Quiroga, L. Passoni, L. Criante, E. Benvenuti, G.
Bolognini, L. Favaretto, M. Melucci, M. Muccini, F. Scotognella, F.
Di Fonzo, S. Toffanin, Adv. Funct. Mater. 2017, 27, 1605164.

[12] J. Mun, J. Kang, Y. Zheng, S. Luo, H.-C. Wu, N. Matsuhisa, J. Xu, G.-J.
N. Wang, Y. Yun, G. Xue, J. B.-H. Tok, Z. Bao, Adv. Mater. 2019, 31,
1903912.

[13] J. Mun, G.-J. N. Wang, J. Y. Oh, T. Katsumata, F. L. Lee, J. Kang, H.-
C. Wu, F. Lissel, S. Rondeau-Gagné, J. B.-H. Tok, Z. Bao, Adv. Funct.
Mater. 2018, 28, 1804222.

[14] S. R. Forrest, Nature 2004, 428, 911.
[15] E. K. Lee, M. Y. Lee, C. H. Park, H. R. Lee, J. H. Oh, Adv. Mater. 2017,

29, 1703638.
[16] S. Fratini, M. Nikolka, A. Salleo, G. Schweicher, H. Sirringhaus, Nat.

Mater. 2020, 19, 491.
[17] A. F. Paterson, T. D. Anthopoulos, Nat. Commun. 2018, 9, 5264.
[18] D. Bharath, S. Chithiravel, M. Sasikumar, N. R. Chereddy, B. Shani-

garam, K. Bhanuprakash, K. Krishnamoorthy, V. J. Rao, RSC Adv. 2015,
5, 94859.

[19] H. Usta, D. Kim, R. Ozdemir, Y. Zorlu, S. Kim, M. C. Ruiz Delgado, A.
Harbuzaru, S. Kim, G. Demirel, J. Hong, Y.-G. Ha, K. Cho, A. Facchetti,
M.-G. Kim, Chem. Mater. 2019, 31, 5254.

[20] Y. Wang, H. Guo, A. Harbuzaru, M. A. Uddin, I. Arrechea-Marcos, S.
Ling, J. Yu, Y. Tang, H. Sun, J. T. López Navarrete, R. P. Ortiz, H. Y.
Woo, X. Guo, J. Am. Chem. Soc. 2018, 140, 6095.

[21] J. Wu, Q. Li, G. Xue, H. Chen, H. Li, Adv. Mater. 2017, 29, 1606101.
[22] M. Kim, S. U. Ryu, S. A. Park, K. Choi, T. Kim, D. Chung, T. Park, Adv.

Funct. Mater. 2020, 30, 1904545.
[23] Y. Sun, Y. Guo, Y. Liu, Mater. Sci. Eng. R: Rep. 2019, 136, 13.
[24] Y. Wang, L. Sun, C. Wang, F. Yang, X. Ren, X. Zhang, H. Dong, W. Hu,

Chem. Soc. Rev. 2019, 48, 1492.
[25] A. F. Paterson, S. Singh, K. J. Fallon, T. Hodsden, Y. Han, B. C.

Schroeder, H. Bronstein, M. Heeney, I. McCulloch, T. D. Anthopou-
los, Adv. Mater. 2018, 30, 1801079.

[26] C. Wang, H. Dong, W. Hu, Y. Liu, D. Zhu, Chem. Rev. 2012, 112, 2208.
[27] J. Mei, Y. Diao, A. L. Appleton, L. Fang, Z. Bao, J. Am. Chem. Soc. 2013,

135, 6724.
[28] H. N. Tsao, D. M. Cho, I. Park, M. R. Hansen, A. Mavrinskiy, D. Y.

Yoon, R. Graf, W. Pisula, H. W. Spiess, K. Mullen, J. Am. Chem. Soc.
2011, 133, 2605.

[29] X. Zhao, X. Zhan, Chem. Soc. Rev. 2011, 40, 3728.
[30] H. Li, F. S. Kim, G. Ren, S. A. Jenekhe, J. Am. Chem. Soc. 2013, 135,

14920.
[31] H. Li, T. Earmme, G. Ren, A. Saeki, S. Yoshikawa, N. M. Murari, S.

Subramaniyan, M. J. Crane, S. Seki, S. A. Jenekhe, J. Am. Chem. Soc.
2014, 136, 14589.

[32] B. J. Jung, N. J. Tremblay, M.-L. Yeh, H. E. Katz, Chem. Mater. 2011,
23, 568.

[33] X. Gao, Y. Hu, J. Mater. Chem. C 2014, 2, 3099.
[34] A. N. Lakshminarayana, A. Ong, C. Chi, J. Mater. Chem. C 2018, 6,

3551.
[35] J. T. E. Quinn, J. Zhu, X. Li, J. Wang, Y. Li, J. Mater. Chem. C 2017, 5,

8654.
[36] H. Sun, J. Gerasimov, M. Berggren, S. Fabiano, J. Mater. Chem. C

2018, 6, 11778.
[37] Y. Zhao, Y. Guo, Y. Liu, Adv. Mater. 2013, 25, 5372.
[38] T. Lei, J. H. Dou, J. Pei, Adv. Mater. 2012, 24, 6457.
[39] J.-H. Dou, Y.-Q. Zheng, T. Lei, S.-D. Zhang, Z. Wang, W.-B. Zhang, J.-Y.

Wang, J. Pei, Adv. Funct. Mater. 2014, 24, 6270.
[40] B. Fu, J. Baltazar, A. R. Sankar, P.-H. Chu, S. Zhang, D. M. Collard, E.

Reichmanis, Adv. Funct. Mater. 2014, 24, 3734.
[41] J. Li, X. Qiao, Y. Xiong, H. Li, D. Zhu, Chem. Mater. 2014, 26, 5782.
[42] C. Wang, Y. Qin, Y. Sun, Y. S. Guan, W. Xu, D. Zhu, ACS Appl. Mater.

Interfaces 2015, 7, 15978.
[43] F. Zhang, Y. Hu, T. Schuettfort, C. A. Di, X. Gao, C. R. McNeill, L.

Thomsen, S. C. Mannsfeld, W. Yuan, H. Sirringhaus, D. Zhu, J. Am.
Chem. Soc. 2013, 135, 2338.

[44] I. McCulloch, M. Heeney, C. Bailey, K. Genevicius, I. Macdonald,
M. Shkunov, D. Sparrowe, S. Tierney, R. Wagner, W. Zhang, M. L.
Chabinyc, R. J. Kline, M. D. McGehee, M. F. Toney, Nat. Mater. 2006,
5, 328.

[45] I. Osaka, R. Zhang, G. Sauvé, D.-M. Smilgies, T. Kowalewski, R. D.
McCullough, J. Am. Chem. Soc. 2009, 131, 2521.

[46] R. J. Kline, D. M. DeLongchamp, D. A. Fischer, E. K. Lin, L. J.
Richter, M. L. Chabinyc, M. F. Toney, M. Heeney, I. McCulloch, Macro-
molecules 2007, 40, 7960.

[47] L. Torsi, G. M. Farinola, F. Marinelli, M. C. Tanese, O. H. Omar, L.
Valli, F. Babudri, F. Palmisano, P. G. Zambonin, F. Naso, Nat. Mater.
2008, 7, 412.

[48] C. Zhang, D. Yuan, H. Wu, E. Gann, L. Thomsen, C. R. McNeill, C.-a.
Di, X. Zhu, D. Zhu, J. Mater. Chem. C 2017, 5, 1935.

[49] J. Zhang, J. Jin, H. Xu, Q. Zhang, W. Huang, J. Mater. Chem. C 2018,
6, 3485.

[50] B. Kang, F. Ge, L. Qiu, K. Cho, Adv. Electron. Mater. 2017, 3, 1600240.
[51] L. Ren, D. Yuan, X. Zhu, Chem. – Asian J. 2019, 14, 1717.
[52] Y. Teshima, M. Saito, T. Fukuhara, T. Mikie, K. Komeyama, H. Yoshida,

H. Ohkita, I. Osaka, ACS Appl. Mater. Interfaces 2019, 11, 23410.
[53] Y. Wang, H. Guo, S. Ling, I. Arrechea-Marcos, Y. Wang, J. T. López

Navarrete, R. P. Ortiz, X. Guo, Angew. Chem., Int. Ed. 2017, 56, 9924.
[54] S. Vegiraju, G.-Y. He, C. Kim, P. Priyanka, Y.-J. Chiu, C.-W. Liu, C.-Y.

Huang, J.-S. Ni, Y.-W. Wu, Z. Chen, G.-H. Lee, S.-H. Tung, C.-L. Liu,
M.-C. Chen, A. Facchetti, Adv. Funct. Mater. 2017, 27, 1606761.

[55] C. Zhang, Y. Zang, E. Gann, C. R. McNeill, X. Zhu, C. A. Di, D. Zhu,
J. Am. Chem. Soc. 2014, 136, 16176.

[56] C. Zhang, X. Zhu, Acc. Chem. Res. 2017, 50, 1342.
[57] J. Liu, R. Zhang, I. Osaka, S. Mishra, A. E. Javier, D.-M. Smil-

gies, T. Kowalewski, R. D. McCullough, Adv. Funct. Mater. 2009, 19,
3427.

Adv. Sci. 2021, 8, 2002930 © 2020 The Authors. Published by Wiley-VCH GmbH2002930 (12 of 13)



www.advancedsciencenews.com www.advancedscience.com

[58] C. Zhang, Y. Zang, F. Zhang, Y. Diao, C. R. McNeill, C.-a. Di, X. Zhu,
D. Zhu, Adv. Mater. 2016, 28, 8456.

[59] Y. Xiong, J. Tao, R. Wang, X. Qiao, X. Yang, D. Wang, H. Wu, H. Li,
Adv. Mater. 2016, 28, 5949.

[60] Q. Wu, R. Li, W. Hong, H. Li, X. Gao, D. Zhu, Chem. Mater. 2011, 23,
3138.

[61] S. Wang, M. Wang, X. Zhang, X. Yang, Q. Huang, X. Qiao, H.
Zhang, Q. Wu, Y. Xiong, J. Gao, H. Li, Chem. Commun. 2014, 50,
985.

[62] G. Lin, Y. Qin, J. Zhang, Y.-S. Guan, H. Xu, W. Xu, D. Zhu, J. Mater.
Chem. C 2016, 4, 4470.

[63] H. Wu, Y. Wang, X. Qiao, D. Wang, X. Yang, H. Li, Chem. Mater. 2018,
30, 6992.

[64] R. S. Ashraf, A. J. Kronemeijer, D. I. James, H. Sirringhaus, I. McCul-
loch, Chem. Commun. 2012, 48, 3939.

[65] D. Yoo, T. Hasegawa, M. Ashizawa, T. Kawamoto, H. Masunaga,
T. Hikima, H. Matsumoto, T. Mori, J. Mater. Chem. C 2017, 5,
2509.

[66] B. Nketia-Yawson, H. Kang, E.-Y. Shin, Y. Xu, C. Yang, Y.-Y. Noh, Org.
Electron. 2015, 26, 151.

[67] I. Meager, M. Nikolka, B. C. Schroeder, C. B. Nielsen, M. Planells,
H. Bronstein, J. W. Rumer, D. I. James, R. S. Ashraf, A. Sadhanala, P.
Hayoz, J.-C. Flores, H. Sirringhaus, I. McCulloch, Adv. Funct. Mater.
2014, 24, 7109.

[68] C.-M. Chen, S. Sharma, Y.-L. Li, J.-J. Lee, S.-A. Chen, J. Mater. Chem.
C 2015, 3, 33.

[69] G. Kim, H. Kim, M. Jang, Y. K. Jung, J. H. Oh, C. Yang, J. Mater. Chem.
C 2016, 4, 9554.

[70] H. J. Cho, S.-J. Kang, S. M. Lee, M. Jeong, G. Kim, Y.-Y. Noh, C. Yang,
ACS Appl. Mater. Interfaces 2017, 9, 30755.

[71] M. R. Raj, Y. Kim, C. E. Park, T. K. An, T. Park, Org. Electron. 2019, 65,
251.

[72] C. C. Chueh, C. Z. Li, F. Ding, Z. Li, N. Cernetic, X. Li, A. K. Jen, ACS
Appl. Mater. Interfaces 2017, 9, 1136.

[73] A. P. Dhondge, Y.-X. Huang, T. Lin, Y.-H. Hsu, S.-L. Tseng, Y.-C. Chang,
H. J. H. Chen, M.-Y. Kuo, J. Org. Chem. 2019, 84, 14061.

[74] S. Vegiraju, A. A. A. Torimtubun, P.-S. Lin, H.-C. Tsai, W.-C. Lien, C.-S.
Chen, G.-Y. He, C.-Y. Lin, D. Zheng, Y.-F. Huang, Y.-C. Wu, S.-L. Yau,
G.-H. Lee, S.-H. Tung, C.-L. Wang, C.-L. Liu, M.-C. Chen, A. Facchetti,
ACS Appl. Mater. Interfaces 2020, 12, 25081.

[75] S. Vegiraju, X.-L. Luo, L.-H. Li, S. N. Afraj, C. Lee, D. Zheng, H.-C.
Hsieh, C.-C. Lin, S.-H. Hong, H.-C. Tsai, G.-H. Lee, S.-H. Tung, C.-L.
Liu, M.-C. Chen, A. Facchetti, Chem. Mater. 2020, 32, 1422.

[76] Z. Liu, G. Zhang, D. Zhang, Acc. Chem. Res. 2018, 51, 1422.
[77] T. Marszalek, M. Li, W. Pisula, Chem. Commun. 2016, 52, 10938.
[78] J. Mei, Z. Bao, Chem. Mater. 2014, 26, 604.
[79] Y. Yang, Z. Liu, G. Zhang, X. Zhang, D. Zhang, Adv. Mater. 2019, 31,

1903104.
[80] H. Ebata, T. Izawa, E. Miyazaki, K. Takimiya, M. Ikeda, H. Kuwabara,

T. Yui, J. Am. Chem. Soc. 2007, 129, 15732.
[81] H. Iino, T. Usui, J.-i. Hanna, Nat. Commun. 2015, 6, 6828.
[82] J.-L. Bredas, Mater. Horiz. 2014, 1, 17.
[83] G. Giri, E. Verploegen, S. C. B. Mannsfeld, S. Atahan-Evrenk, D. H.

Kim, S. Y. Lee, H. A. Becerril, A. Aspuru-Guzik, M. F. Toney, Z. Bao,
Nature 2011, 480, 504.

[84] Y. Diao, B. C. K. Tee, G. Giri, J. Xu, D. H. Kim, H. A. Becerril, R. M.
Stoltenberg, T. H. Lee, G. Xue, S. C. B. Mannsfeld, Z. Bao, Nat. Mater.
2013, 12, 665.

[85] G. Giri, S. Park, M. Vosgueritchian, M. M. Shulaker, Z. Bao, Adv.
Mater. 2014, 26, 487.

[86] M. Gsänger, E. Kirchner, M. Stolte, C. Burschka, V. Stepanenko, J.
Pflaum, F. Würthner, J. Am. Chem. Soc. 2014, 136, 2351.

[87] H. H. Choi, K. Cho, C. D. Frisbie, H. Sirringhaus, V. Podzorov, Nat.
Mater. 2018, 17, 2.

[88] D. M. Smilgies, J. Appl. Crystallogr. 2009, 42, 1030.
[89] L. Wang, G. Nan, X. Yang, Q. Peng, Q. Li, Z. Shuai, Chem. Soc. Rev.

2010, 39, 423.
[90] S. Fratini, S. Ciuchi, D. Mayou, G. T. de Laissardière, A. Troisi, Nat.

Mater. 2017, 16, 998.
[91] Q. Wang, E. J. Juarez-Perez, S. Jiang, M. Xiao, J. Qian, E.-S. Shin, Y.-Y.

Noh, Y. Qi, Y. Shi, Y. Li, Phys. Rev. Mater. 2020, 4, 044604.
[92] Y. Wang, X. Huang, T. Li, L. Li, X. Guo, P. Jiang, Chem. Mater. 2019,

31, 2212.
[93] M. Fahlman, S. Fabiano, V. Gueskine, D. Simon, M. Berggren, X.

Crispin, Nat. Rev. Mater. 2019, 4, 627.
[94] R. P. Ortiz, A. Facchetti, T. J. Marks, Chem. Rev. 2010, 110, 205.
[95] H. Yan, Z. Chen, Y. Zheng, C. Newman, J. R. Quinn, F. Dotz, M.

Kastler, A. Facchetti, Nature 2009, 457, 679.
[96] D. M. de Leeuw, M. M. J. Simenon, A. R. Brown, R. E. F. Einerhand,

Synth. Met. 1997, 87, 53.

Adv. Sci. 2021, 8, 2002930 © 2020 The Authors. Published by Wiley-VCH GmbH2002930 (13 of 13)


