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ABSTRACT: Molecular design and precise control of thin-film
morphology and crystallinity of solution-processed small molecules
are important for enhancing charge transport mobility of organic
field-effect transistors and gaining more insight into the structure−
property relationship. Here, two donor−acceptor−donor (D−A−D)
architecture small molecules TRA-IID-TRA and TRA-TIID-TRA
comprising an electron-donating triarylamine (TRA) and two
different electron-withdrawing cores, isoindigo (IID) and thienoi-
soindigo (TIID), respectively, were synthesized and characterized.
Replacing the phenylene rings of central IID A with thiophene gives
a TIID core, which reduces the optical band gap and upshifts the
energy levels of frontier molecular orbitals. The single-crystal
structures and grazing-incidence wide-angle X-ray scattering
(GIWAXS) analysis revealed that TRA-TIID-TRA exhibits the relatively tighter π-π stacking packing with preferential edge-on
orientation, larger coherence length, and higher crystallinity due to the noncovalent S···O/S···π intermolecular interactions. The
distinctly oriented and connected ribbon-like TRA-TIID-TRA crystalline film by the solution-shearing process achieved a superior
hole mobility of 0.89 cm2 V−1 s−1 in the organic field-effect transistor (OFET) device, which is at least five times higher than that
(0.17 cm2 V−1 s−1) of TRA-IID-TRA with clear cracks. Eventually, rational modulation of fused core in the π-conjugated D−A−D
small molecule provides a new understanding of structural design for enhancing the performance of solution-processed organic
semiconductors.
KEYWORDS: isoindigo, thienoisoindigo, organic transistor, donor−acceptor-donor, triarylamine

■ INTRODUCTION
Over the past few decades, the synthesis of π-conjugated
semiconductors has received significant attention compared to
their inorganic counterparts because of the increasing demand
for solution-processed and flexible organic electronics.1−4

Many efforts have been directed toward the rational molecular
design of π-conjugated electroactive and side-chain solubilizing
units together with the development of novel processing
strategies and device architecture/interface, which demonstrate
the significant increase in charge mobility of organic field-effect
transistors (OFETs) beyond that of amorphous silicon (0.5−1
cm2 V−1 s−1).5−7 An interesting challenge facing solution-
processed organic semiconductors is the complex relationship
between the chemical structures, thin-film morphologies, and
the resulting electronic properties.8−15 Therefore, exploring
how chromophore structures and processing techniques
impact the formation of the organic semiconductor film for

order solid-state packing and specific charge transport behavior
need to be further investigated.

Organic π-conjugated materials ranging from small mole-
cules to oligomers and polymers used for organic semi-
conductors usually comprise electron-rich donors (D) and
electron-withdrawing acceptors (A) in chromophore-variable
chemical architectures and compositions.16−19 Organic semi-
conductors using such building blocks can be designed for
tunable electronic properties, which potentially contributes to
high-performance metrics for several electronic and optoelec-
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tronic applications.20−24 Considering the inherent merits of
high purity, batch-to-batch reproducibility, and well-defined
molecular structures of small molecules, the D/A unit-derived
small molecules were made for the active semiconducting
channel of solution-processed OFETs by developing judicious

material design strategies,25,26 especially, the incorporation of
electron-withdrawing units as enabling cores is required for
semiconducting small molecules.27−32 Isoindigo (IID) electron
A with symmetrical lactam architecture is successful for
constructing D−A conjugated aromatics and utilizing in

Figure 1. Chemical structures of the reported IID-based D−A−D small-molecule semiconductors: A,44 B−C,45 D,46 E−H,43 I−J,47 and K−L.47 It
should be noted that all of the mobilities of semiconductor films reported here are obtained from the spin-coating process.
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OFET applications due to several combined characteristics of
high molecular planarity, extended π-conjugated backbones,

strong electron deficiency, and good solubility after alkylation
of the amide nitrogen atoms.33−41 Therefore, molecular

Figure 2. Chemical structures of the reported TIID-based small-molecule semiconductors: M-P,52Q-R,53,54 and S-T.55 The symbols (ν) and (s)
denote semiconductor films obtained from the vacuum deposition and spin-coating process, respectively.

Scheme 1. Synthetic Procedure of TRA-TIID-TRA and TRA-IID-TRA Target Organic Semiconductors
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engineering of the IID core to extend the conjugated
framework with other aromatic motifs in the design of
functional small molecules has been attempted.42−47 In 2010,
Reynolds and co-workers first proposed the donor−acceptor−
donor (D−A−D) oligomer with IID and oligothiophenes as
the core and end-capping units, respectively, as a light-
harvesting D for molecular bulk heterojunction solar cells.42

These D−A−D type molecules exhibited a high degree of
symmetry architecture for better π−π stacking intermolecular
interactions and reduced reorganization energy, resulting in
improved carrier mobility.48 Subsequently, Lee and co-workers
reported a series of IID-based D−A−D small molecules with
oligothiophenes of variable lengths (compounds E−H in
Figure 1),43 in which the enhanced mobility of 1.37 × 10−2

cm2 V−1 s−1 was observed for compound G processed with
solvent additive. The chemical structures of reported IID-
based D−A−D small-molecule semiconductors and their
corresponding mobilities are shown in Figure 1. More
specifically, core functionalization by replacing the phenylene
ring of IID with thiophene gives thienoisoindigo (TIID) that
can improve the molecular planarity due to the oxygen−sulfur
(S···O) noncovalent interaction and minimal steric effects of a
five-membered heterocyclic ring.49−51 This thiophene-fused
IID (TIID) possesses a stronger electron-donating ability, thus
readily tunable energy levels. The OFET performance of TIID-
based D−A−D small molecules is also summarized in Figure
2.52−55 A series of electron Ds were designed as terminal
groups for coupling with TIID to give new conjugated
oligomers with the hole mobilities achieved in the order of
10−5−10−2 cm2 V−1 s−1. However, the effects of these two
isoindigo-based cores (IID and TIID) on the influence of
intermolecular packing structures and charge transport proper-
ties of D−A−D small molecules are rarely reported.

Herein, we report the synthesis of two D−A−D p-type
semiconducting molecules, TRA-IID-TRA and TRA-TIID-
TRA, as shown in Schemes 1 and S1 (SI), employing
heteroisoindigo (IID and TIID) as the central A and
triarylamine (TRA) as the capping D together with branched
alkyl side chains on the nitrogen of lactam ring to guarantee
good solubility. The effects of structural modification on the
thermal, optical, electrochemical, and interchain packing and
resulting electrical properties were investigated by a com-
parative study of these two small-molecule semiconductors.
TRA-TIID-TRA showed a red shift in the absorption and
high-lying frontier molecular orbitals, mainly resulting from
coplanar geometries and less electron-withdrawing of the TIID
core. These two compounds displayed preferential edge-on
packing structures with varied crystallinity, as confirmed by
grazing-incidence wide-angle X-ray scattering (GIWAXS).
These different behaviors of heteroisoindigo-based D−A−D
small molecules were closely correlated to the electrical
characteristics in OFETs. The distinctly oriented and
connected ribbon-like TRA-TIID-TRA crystalline film
achieved by the solution-shearing process exhibits a superior
hole mobility of 0.89 cm2 V−1 s−1, which is at least five times
higher than that (0.17 cm2 V−1 s−1) of TRA-IID-TRA with
clear cracks. This result indicates the significant role of the core
structure in governing the intermolecular interactions and thus
the solid-state electric property.

■ EXPERIMENTAL SECTION
Synthesis. The synthetic pathways of TRA-IID-TRA and TRA-

TIID-TRA are depicted in Scheme 1. The central core, IID-2Br44

and TIID-2Br,56 reacted with [4-[bis-(4-methylphenyl)amino]-
phenyl]boronic acid to give two target organic semiconductors,
TRA-IID-TRA and TRA-TIID-TRA, respectively. The detailed
synthetic procedure can be found in the Supporting Information (SI).
Thin-Film Preparation. Both TRA-IID-TRA and TRA-TIID-

TRA solutions were prepared by dissolving the materials in anhydrous
1,2,4-trichlorobenzene (TCB) and chlorobenzene (CB), respectively,
warmed to 55 °C. All substrates were cleaned in a sonication bath in
acetone and isopropanol, dried under a gentle flow of nitrogen, and
cleaned via plasma treatment for 5 min. Solutions were kept at 55 °C
before deposition by solution-shearing on the (2-phenylethyl)-
trichlorosilane (PETS)-treated SiO2/Si and Si substrate for OFETs
and GIWAXS characterization, respectively, as previously re-
ported.57−59 Film thickness was controlled by varying concentrations
between 4 and 5 mg mL−1, deposition temperature between 90 and
120 °C, a blade speed of 5−45 μm s−1, and a constant gap at 150 μm.
The film was prepared under ambient conditions, with post-thermal
treatment performed at 150 °C for 15 min inside a nitrogen-filled
glovebox. The thickness of TRA-IID-TRA and TRA-TIID-TRA was
determined to be 400 and 100 nm, respectively. The spin-coated films
were applied at 2000 rpm for 30 s in a glovebox, followed by the same
postannealing condition. The obtained thickness of the spin-coated
films is around 60 nm.
Device Fabrication and Characterization. Bottom-gate top-

contact device geometries were employed to fabricate the OFETs. A
heavily doped Si substrate served as the gate electrode, with a SiO2
layer (300 nm thick) used as the dielectric. The top source/drain
electrodes were deposited onto the solution-sheared organic semi-
conductors films by thermal evaporation of the Au layer (deposition
rate of ∼0.5 Å s−1) to give a channel length (L) of 25 nm and a width
(W) of 1500 nm. Electrical measurements were performed inside the
nitrogen-filled glovebox in the dark using a Keithley 4200-SCS
semiconductor characterization system. The field-effect mobility (μ)
and threshold voltage (Vth) were extracted from the slope and
intercept of square root of drain voltage (Id) versus gate voltage (Vg)
curve at the saturation region, according to the following eq 1

I
W

L
C V V( )

2
( )id

1/2
g th= (1)

where Ci is the capacitance per unit area of the dielectric layer.

■ RESULTS AND DISCUSSION
Synthesis and Thermal Properties. Both D−A−D

organic semiconductors were prepared via the Suzuki−
Miyaura coupling between the two central cores (IID-2Br
and TIID-2Br) and TRA end group, as shown in Scheme 1.
The methyl groups were introduced onto the terminal
positions of the D moiety to block the electroactive site to
prevent potential electropolymerization. The chemical struc-
tures were fully characterized by mass spectrometry and
1H/13C NMR spectrometry. Both compounds displayed good
solubility in common organic solvents, such as toluene,
tetrahydrofuran, chloroform, and CB. Figure S1 shows TRA-
IID-TRA and TRA-TIID-TRA well-dissolved in TCB and CB,
respectively. Thermal analyses of TRA-IID-TRA and TRA-
TIID-TRA were performed using thermogravimetric analysis
(TGA; Figure S2) and differential scanning calorimetry (DSC;
Figure S3) under nitrogen conditions. The TGA curves
indicated that both compounds exhibit relatively high thermal
stability with the high decomposition temperatures (Td)
(corresponding to 5% weight loss) of 343 and 373 °C for
TRA-IID-TRA and TRA-TIID-TRA, respectively. As revealed
by the DSC scans, both compounds possess exothermic peaks
with sharp exotherms above 220 °C, suggesting strong
crystalline behavior.
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Optical and Electrochemical Properties. Figure 3
presents the normalized UV−Vis absorption spectra in

solutions and solution-sheared thin films of the two
compounds. Both samples in diluted solutions exhibit two
main absorption regions: the short- and long-wavelength
region (in the range of 300−450 and 450−850 nm) from the
π−π* transition of TRA and IID/TIID moieties, respectively.
Besides, the long-wavelength absorption bands are also
associated with the end D-central A intramolecular charge
transfer characteristic in addition to the increased conjugation
from the flat molecules. Moreover, the corresponding thin-film
absorptions are red-shifted and become broader compared
with those in the solutions, reflecting considerably increased
intermolecular aggregations. The emergence of the vibrational
fine structures with these bands in the long-wavelength
absorption suggests the presence of some crystallinity in the
films. When compared with TRA-IID-TRA, the broader region
in the main absorption (from 550 to 900 nm) and vibronic
features with more red-shifted low-energy absorption max-
imum and onset in TRA-TIID-TRA, which is possibly due to
the enhanced degree of planarity from the TIID core, results in
the extended π-system with powerful molecular interaction.60

The optical energy band gaps (Eg) were 1.75 and 1.40 eV for
TRA-IID-TRA and TRA-TIID-TRA, respectively, as esti-
mated from thin-film absorption edges (summarized in Table
1). The replacement of phenylene of IID with thiophene into
TIID in the central A moieties gives a smaller band gap. The
evidence of molecular orientation of organic semiconductors
within the films can be determined by angular-dependent
polarized optical spectra, as shown in Figure S4. Both organic
semiconductor films show higher optical absorbance when an
incident polarized light wave oscillates parallel to the shearing
direction (A∥) and lower in the perpendicular (A⊥). The
dichroic ratio (DR) described by A∥/A⊥ is 1.6 and 3.8 for

TRA-IID-TRA and TRA-TIID-TRA, respectively. The higher
DR of TRA-TIID-TRA indicates that the solution-shearing
process helps the orientation of the main chain backbone, and
the charge transport properties and anisotropy can be
potentially enhanced.61

The electrochemical properties of TRA-IID-TRA and TRA-
TIID-TRA were evaluated by cyclic voltammetry, referring to
the Fe/Fe+ redox couple (Figure 4a and Table 1). Reversible
oxidation/reduction waves were observed for both compounds
presenting good electrochemical stability in cationic/anionic
species. The highest occupied molecular orbital/lowest
unoccupied molecular orbital (HOMO/LUMO) energy levels
were calculated from the oxidation/reduction onset, respec-
tively, and the corresponding energy level diagram is shown in
Figure 4b. Compared with TRA-IID-TRA, the TRA-TIID-
TRA presented an up-shifted HOMO and a down-shifted
LUMO, which can be ascribed to the more quinoidal and
coplanar characteristics of the TIID core unit and stronger D−
A charge transfer effect.
Molecular Orbital Calculation. The optimization of

molecular geometries and the analysis of frontier molecular
orbitals (FMOs) at the minima were conducted using density
functional theory (DFT) at the B3LYP/6-31G(d) level by the
Gaussian 09 program. Figure 5 shows the optimized molecular
geometries and the calculated FMOs of these two compounds.
The ground-state geometries of these two compounds are both
predicted to contain a dihedral angle between the central A
and the TRA terminal D with the alkyl branched side chain
extending out of the molecular plane. However, the
replacement of phenylene in IID by thiophene in TIID
enhances the coplanarity between the D and A units (Figure
5a, dihedral angle from 32.8° for TRA-IID-TRA to 22.8° for
TRA-TIID-TRA). The calculated HOMO/LUMO levels are
−4.75/−2.63 and −4.33/−2.40 eV for TRA-IID-TRA and
TRA-TIID-TRA, respectively (Figure 5b). These theoretically
HOMO/LUMO energy levels vary with the electron A effect
in the central core, which are in qualitative agreement with CV
data and show that TRA-TIID-TRA presents up-shifted
HOMO and down-shifted LUMO than TRA-IID-TRA,
resulting in a smaller HOMO−LUMO energy gap in the
isolated state. The effective π-orbital conjugation from less
twisted TRA-TIID-TRA can explain the reduction in the
HOMO−LUMO gap. The molecular orbitals in both
compounds show that the HOMO is distributed over the
entire π-conjugated framework, as opposed to the LUMO
mainly localized on the central A core. It was observed that the
electron density in the LUMO wave function of TRA-TIID-
TRA is slightly delocalized on the side group in the TRA D
backbones, indicating the lower experimental LUMO energy
level of TRA-TIID-TRA.
Single-Crystal Structural Analysis. To analyze the effect

of the central IID/TIID core on the single molecular

Figure 3. Normalized UV−Vis absorption spectra of TRA-IID-TRA
in TCB and TRA-TIID-TRA CB and their solution-sheared thin
films.

Table 1. Summary of Thermal, Optical, and Electrochemical Properties

compound Td
a (°C) Tm

b (°C) λmax (sol)c (nm) λmax (film)d (nm) Eg
e (eV) Eox

f (V) Ered
g (V) HOMO (eV) LUMO (eV)

TRA-IID-TRA 343 228 580 602 1.75 0.38 −1.37 −5.18 −3.43
TRA-TIID-TRA 347 264 705 645 1.40 0.12 −1.26 −4.93 −3.54

aDecomposition temperature corresponding to 5% weight loss obtained from TGA analysis. bMelting temperatures determined from DSC.
cObtained in the diluted solution. dFrom the solution-sheared film. eOptical band gap estimated from absorption onset of a thin film. fMeasured in
dichloromethane with 0.1 M tetrabutylammonium perchlorate (TBAPF6) as a supporting electrolyte. gMeasured in THF with 0.1 M
tetrabutylammonium perchlorate (TPAP) as a supporting electrolyte.
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conformation and intermolecular packing, single-crystal X-ray
diffraction (XRD) was performed as shown in Figure 6. Both
crystals were obtained from the bilayer solvent (dichloro-
methane/methanol) diffusion method. TRA-IID-TRA mole-
cules adopt a slipped π-stacking pattern, whereas TRA-TIID-
TRA employs a cofacial and slipped stacking arrangement.
Analysis of the single crystal demonstrates that central IID and
TIID units show high core planarity, and the dihedral angles

between one part of the A central core and one D terminal are
32.9 and 8.3° for TRA-IID-TRA and TRA-TIID-TRA,
respectively. The relative planar conformation in TRA-TIID-
TRA may be due to the five-membered thiophene flanked IID
and the corresponding S···π/S···O interaction. Moreover, the
TRA-TIID-TRA single crystal (Figure 6b) has a tighter
molecular packing than TRA-IID-TRA (Figure 6a), with the
closest interlayer stacking of 3.96 and 3.61 Å for the former

Figure 4. (a) Cyclic voltammograms of TRA-IID-TRA and TRA-TIID-TRA and (b) their corresponding energy level diagram.

Figure 5. (a) Optimized molecular geometries and measured torsion angle and (b) DFT-derived HOMO and LUMO of TRA-IID-TRA and TRA-
TIID-TRA derivatives.
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and latter molecules, respectively, demonstrating a high degree
of intermolecular π−π interaction in TRA-TIID-TRA. This
suggests a better charge transport pathway within TRA-TIID-
TRA crystals.
Surface Morphological Properties. The POM images

and AFM topographical images of TRA-IID-TRA and TRA-
TIID-TRA thin films are compared in Figure 7. During the

shearing process, the upper blade drags the top layer of the
solution, while the bottom layer adheres to the substrate,
which leads to a velocity gradient that causes stress in the
solution. The solution becomes saturated upon solvent
evaporation, which, along with the stress that orients the
molecules, facilitates the nucleation and crystal growth at the
meniscus.62,63 The POM images in Figure 7a display the
crystalline structures with a high birefringent and optically

anisotropic feature, implying a long-range orientation of TRA-
IID-TRA and TRA-TIID-TRA crystals. Black lines that are
roughly perpendicular to the shearing direction can be seen in
the TRA-IID-TRA film, which are the crack defects generated
during the casting process, indicating that TRA-IID-TRA is
unable to form continuous crystalline domains along the
shearing direction. These cracks in TRA-IID-TRA may be
originated from the more twisted geometry between the
propeller shape of end-capped triarylamine and the central IID
core as well as processing conditions (higher deposition
temperature and lower shearing speed). By contrast, the TRA-
TIID-TRA film shows a significant enhancement in the
continuity of oriented connected crystalline domains along the
shearing direction, spanning a range in the millimeter scale.
Similar surface morphologies were confirmed by AFM analysis
(scan area of 20 × 20 μm2) (Figure 7b). The TRA-IID-TRA
film shows distinct slits perpendicular to the shear direction,
along with small cracks in the shear direction. For the TRA-
TIID-TRA film, the AFM image reveals continuous domains
with only a few wrinkles and tiny cracks. The smoother surface
of the TRA-TIID-TRA film is reflected by its smaller root-
mean-square (RMS) roughness value, 7.8 nm, in comparison
to 14.4 nm for TRA-IID-TRA. The morphological inves-
tigation suggests that the topographically smooth surface of
tightly connected and aligned TRA-TIID-TRA domains is
advantageous to the efficient charge transport across the
organic semiconductor films.
Electrical Properties of OFETs. We evaluated the charge

transport properties of these two D−A−D organic semi-
conductors as a function of central cores, according to the
field-effect transistor device architecture. Bottom-gate top-
contact (BGTC) OFETs were fabricated by shear-depositing
organic layers on PETS-modified Si/SiO2 (300 nm) substrates,
and then Au was thermally evaporated as source/drain
contacts, as shown in Figure S5. As we discussed earlier, the
shear processing during the preparation of the D−A−D small-
molecule thin film leads to the in-plane anisotropy of optical
and morphological properties with the principal axes parallel
and perpendicular to the shearing direction. Therefore, the
shearing-induced molecular chain alignment allows the
preparation of OFETs with charge transport direction
(electrical field) in both directions and to determine the

Figure 6. Single-crystal structures in stick models. Top view, front view, and side view of packing of (a) TRA-IID-TRA and (b) TRA-TIID-TRA.

Figure 7. POM and AFM images of solution-sheared (a) TRA-IID-
TRA and (b) TRA-TIID-TRA films.
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corresponding charge carrier mobilities parallel (μ∥)/perpen-
dicular (μ⊥) to the shearing direction. The representative
transfer and output curves of TRA-IID-TRA and TRA-TIID-
TRA OFETs with channels parallel and perpendicular to the
shearing direction are shown in Figures 8 and S6. The OFET
performance parameters extracted from the transfer character-
istics are summarized in Table 2, which were explored by
analyzing sets of at least 15 device cells for each charge
transport direction to reduce the statistical ambiguities.

Comparison of the electrical properties of OFET samples
was assessed using the saturation region mobility as a figure of
merit. All of the OFETs fabricated under both channel
directions exhibited the unipolar p-type transport behavior,
with mobility in TRA-TIID-TRA higher than that of TRA-
IID-TRA. Only weak hysteresis can be found for the TRA-
TTID-TRA device upon gate voltage dual sweep due to the
good passivation of SiO2 dielectric (Figure S7). The maximum
(average) mobilities of the parallel TRA-IID-TRA and TRA-

Figure 8. (a) Transfer characteristics for both TRA-IID-TRA and TRA-TIID-TRA OFETs and output characteristics for (b) TRA-IID-TRA and
(c) TRA-TIID-TRA OFETs, where the charge transport is parallel to the shearing direction.

Table 2. OFET Performance of TRA-IID-TRA and TRA-TIID-TRA

thin film (∥)a thin film (⊥)a

compound
μmax

b

(cm2 V−1 s−1) μavg
c(cm2 V−1 s−1) ION/IOFF Vth (V)

μmax
b

(cm2 V−1 s−1) μavg
c(cm2 V−1 s−1) ION/IOFF Vth (V)

TRA-IID-TRA 0.17 0.08 ± 0.05 104−105 20.8 ± 11.8 0.078 0.054 ± 0.002 104−105 −14.1 ± 12.1
TRA-TIID-TRA 0.89 0.66 ± 0.16 103−104 −1.7 ± 6.0 0.083 0.043 ± 0.021 103−104 2.6 ± 5.5
aCharge transport direction (source to drain electric field) is symbolized by ∥ (parallel) and ⊥ (perpendicular) to the shearing direction.
bMaximum mobility. cAverage mobility.

Figure 9. Two-dimensional GIWAXS patterns of (a) TRA-IID-TRA and (b) TRA-TIID-TRA recorded for the incident X-ray oriented parallel and
perpendicular to the shearing direction.
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TIID-TRA OFETs were μmax,∥ = 0.17 and 0.89 cm2 V−1 s−1,
while the perpendicular values were μmax,⊥ = 0.078 and 0.083
cm2 V−1 s−1, respectively, with a moderately high ON/OFF
current ratio (ION/IOFF) of 103−105. The TRA-TIID-TRA-
based OFETs exhibit a μmax enhancement of 5.2× compared to
TRA-IID-TRA. Deep grain boundaries within the channel of
the TRA-IID-TRA film are present, which are detrimental to
charge transport and reduce mobility. Importantly, a higher Id
was observed when the channel direction was aligned parallel
compared to perpendicular at the same Vg. In both organic
semiconductor films, μ∥ with the channel along the shearing
direction was found to be substantially higher than μ⊥. The
mobility anisotropy (μ∥/μ⊥) value of TRA-IID-TRA and
TRA-TIID-TRA was 2.2 and 10.7, respectively. The observed
significant difference in mobility values for TRA-TIID-TRA
films, which correlates with the analysis of polarized absorption
results (higher optical DR; Figure S4) also confirm the uniaxial
alignment of the solution-sheared TRA-TIID-TRA, displaying
a strong charge transport anisotropy. The electrical anisotropy
found here can also be rationalized in terms of thin-film
morphologies since, as observed in the POM images (Figure
7a), when the solution-sheared TRA-TIID-TRA thin film
exhibits oriented and closely packed crystalline ribbon-like
domains. It should be noted that the processing conditions
(even post-treatment) significantly influence the crystalline
structures.64 The POM images of solution-sheared TRA-IID-
TRA and TRA-TIID-TRA obtained from various solution-
shearing parameters, such as shearing speed and deposition
temperature, are shown in Figures S8 and S9, and the
corresponding OFET results are summarized in Tables S3 and
S4, respectively. The growth of oriented large-sized crystals can
be found by optimized solution-shearing parameters to achieve
the best device performance reported above. However, the
postannealing of the solution-sheared films at elevated
temperatures (e.g., 220 °C) does not further improve the
OFET performance (summarized in Table S5). Therefore, the
solution-sheared films were placed at a specific temperature
(150 °C) to remove any residual solvent since the oriented
crystals formed under shearing need to be retained for better
performance.65 The understanding of crystallographic direc-
tions present in the films correlated to the charge transport
properties will be discussed later.
Molecular Packing Analysis. Considering that the

microstructures of the semiconducting layer can significantly
affect the OFET performance, the molecular stacking,
orientation, and crystallinity were further explored by
GIWAXS. Figure 9 shows the 2D GIWAXS patterns of the
solution-sheared films with the incident beam parallel/
perpendicular to the shearing direction. Both films exhibit
clear and sharp reflection spots, indicative of a highly
crystalline nature and well orientational order in the films.
The lamellar packing (00l) peaks were stronger in the qz
direction, while the π−π stacking signals were observed in the
qxy direction for these two molecules. This implies that the D−
A−D small molecules were predominantly deposited with an
edge-on orientation onto the substrate, which may favor the
formation of π−π intermolecular interaction and promote the
efficient charge transport in OFETs. The proposed molecular
edge-on packing of TRA-TIID-TRA crystals is shown in
Figure S10. The distinct lamellar peaks are located at 0.50 and
0.39 Å−1, corresponding to the spacings of 12.6 and 16.2 Å for
TRA-IID-TRA and TRA-TIID-TRA, respectively, which are
the periodical distance between molecular backbones separated

by branched alkyls. This lamellar spacing is close to the
molecular length along the side chain direction from the
theoretical calculation (Figure 5a). Meanwhile, TRA-IID-TRA
and TRA-TIID-TRA display pronounced π-π diffraction at
1.66 and 1.74 Å−1 when the incident beam was perpendicular
to the shearing direction, corresponding to the π-π stacking
spacings of 3.79 and 3.60 Å, respectively, which is in line with
the results obtained from the single-crystal XRD. It is
noteworthy that for TRA-TIID-TRA particularly, the (01l)
peak resulting from the packing along the backbone long axis
and the (10l) peak from the lateral packing (π−π stacking) are
found for the incident beam parallel and perpendicular to the
shearing direction, respectively, manifesting a highly aniso-
tropic alignment caused by the shearing force. This explains
the significant difference between μ∥ and μ⊥ for TRA-TIID-
TRA. In addition, the crystal coherence length (Lc) that
presents the crystallite sizes in the films was determined from
the Scherrer equation using the line-cut profiles of the lamellar
(001) plane along the qz direction shown in Figure S11. The
Lcs are 314.2 and 448.8 Å for TRA-IID-TRA and TRA-TIID-
TRA, respectively. The larger Lc value of TRA-TIID-TRA
indicates that this molecule forms larger crystal grains, which is
another factor that contributes to the higher charge carrier
mobility. These GIWAXS results further demonstrate that the
central core in D−A−D molecules could greatly influence the
molecular stacking behaviors. Moreover, the effect of the
solution-sheared TRA-IID-TRA and TRA-TIID-TRA under
post-thermal annealing treatment at 220 °C is also investigated
to monitor the crystallinity, as shown in Figure S12. There is
no difference in GIWAXS diffraction patterns for the annealing
at regular (150 °C) and higher (220 °C) temperatures. This
result agrees with the unchanged data from the postannealing
effect with UV−Vis spectra (Figure S13), AFM (Figure S14),
POM (Figure S14), and their corresponding charge transport
characteristics of semiconducting layers (Table S5).

Finally, the OFET characteristics of the spin-coated films
were compared to those processed by the solution-shearing
method, as shown in Figure S15. The mobilities obtained from
the spin-coated films are 0.0004 and 0.002 cm2 V−1 s−1 for
TRA-IID-TRA and TRA-TIID-TRA, respectively (data
summarized in Table S6), which are at least two orders of
magnitude lower than those of the solution-sheared films. Spin-
coated films on the same substrates demonstrate the small
crystal (see the POM and AFM images in Figure S16). A few
diffuse diffraction patterns in the GIWAXS analysis (Figure
S17) suggest a microstructure with a lower degree of structural
order kinetically quenched during the spin-coating process.
Organic semiconductor films fabricated by solution-shearing
enhance the film crystallinity and mobility compared to the
isotropic spin-coating process since the aligned crystals provide
nucleate sites for the remainder of the compounds in solution
and propagate along the shearing direction.65 The structural
design in the central core of D−A−D molecules under the
meniscus-assisted shearing process leads to the formation of
the ordered structure favorable for a high OFET mobility.

■ CONCLUSIONS
In summary, solution-processed D−A−D typed small mole-
cules based on IID and TIID fused central units and an
identical electron-donating TRA as terminals have been
designed, synthesized, and used for the fabrication of
OFETs. The effects of the π-conjugated skeleton core on
optical and electrochemical properties, thin-film morphology,
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molecular crystal packing, and OFET performance were
systematically studied. From TRA-IID-TRA to TRA-TIID-
TRA thin films, the absorption spectra red-shifted and frontier
molecular orbitals up-shifted. After optimizing the processing
condition, the TRA-TIID-TRA OFETs delivered a superior
hole mobility of 0.89 cm2 V−1 s−1, which is significantly higher
than that for TRA-IID-TRA (0.17 cm2 V−1 s−1). The DFT
calculation suggested that TRA-TIID-TRA shows a more
coplanar geometry than TRA-IID-TRA due to the presence of
the noncovalent interaction. TRA-TIID-TRA crystalline thin
films showed a more favorable morphology with more compact
π−π stacking, larger coherence length, and a higher degree of
crystallinity, which can explain their higher mobility. Our work
demonstrates that modulating the hetereocycles in the central
fused core by conjugated skeleton strategies provides an
effective way to modify the molecular properties of D−A−D
small molecules. It is anticipated that various hetereoisoindigo
units will be explored to construct such architecture semi-
conductors to further boost the OFETs’ performance.
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