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ABSTRACT: Significant progress has been made in both molecular design and fundamental scientific understanding of organic
semiconductors (OSCs) in recent years. Suitable charge-carrier mobilities (1) have been obtained by many high-performance OSCs
(4 > 10 cm® V7' s7'), but drawbacks remain, including low solution processability and poor thermal durability. In addition, since
aggregation of OSCs involves weak intermolecular interactions, the molecules are perpetually in thermal motion, even in the solid
state, which disrupts charge-carrier transport. These issues limit potential applications of OSCs. The present work examines a
molecular design for hole-transporting (p-type) OSCs based on the “bent-shaped” geometry with specific molecular orbital
configurations, which aims to enhance effective intermolecular orbital overlaps, stabilize crystal phases, suppress detrimental
molecular motions in the solid state, and improve solution processability. The results indicated that such OSCs have high ¢ and
suitable solution processability, and are resistant to ambient and thermal conditions, making them suitable for practical applications.

B INTRODUCTION intermolecular 7-orbital overlaps necessary for charge transport
Organic semiconductors (OSCs) are of intense scientific and in the solid state (Figure 1).""" These 7-cores aggregate
technological interest due to their potential incorporation in through multiple intermolecular C—H--z, S-S, and S--7
printable and flexible electronics, such as organic field-effect interactions and form two-dimensional (2D) herringbone
transistors (OFETs),'~* organic light-emitting diodes (HB)-type packing structures that favor 2D charge carrier
(OLEDs),”® organic photovoltaics (OPVs),”™"" and organic transport.” Various studies have also focused on side-chain
thermoelectrics (OTE)."””"° In contrast to their inorganic engineering with bulky a.lkylsilyl,%’47 linear alkyl,48_52 and
semiconductor counterparts,16 the functions of OSCs are unsymmetrical substituents™ >’ in order to improve the
governed by intermolecular charge transport between adjacent

m-conjugated molecules, molecular geometry, and electronic Linear-shape

characteristics.'”~*® Thus, rational, versatile molecular design OOOOO R

could lead to the development of high-performance, printable R 1

OSCs that are suitable for large-scale industrial production. Pentacene derivatives | Jransiation

The general requirements for printable, flexible electronic

devices include (1) high chemical stability under ambient Quast-linear-shape

S R?
conditions without the need for special precautions, (2) high O S O
charge-carrier mobility (u) that exceeds the performance of R s u
conventional amorphous silicon (e.g.,, 0.5—1.0 cm? V7 s BTBT derivatives cls) <ls
. s . . . (Symmetrical and Asymmetrical) )
and is competitive with that of metal-oxide semiconductors, < R Rotation
(3) sufficient solubility in common organic solvents that allows OO K OO
. . . . . . Molecular Vibration:
low-cost solution processing for device fabrication, (4) high R s Unlocked
thermal durability (highly stable crystal phase above 150 °C to DNTT derivatives
. . . 28 . .
withstand fabrication Processes)’ and ($) facile synthetic Figure 1. Molecular structures of representative organic semi-

routes for large-scale production. conductors.

To date, various molecular designs based on 7-conjugated
materials have been reported, with the aim of achieving the
high gerformance required for the aforementioned applica-
tions.”~*’ Representative molecular designs in the literature
have utilized linear or quasi-linear z-electron cores (7-cores)
such as pentacene,*' [1]benzothieno[3,2-b][1]benzothiophene
(BTBT),*” and dinaphtho[2,3-b:2',3'-f Jthieno[3,2-b]-
thiophene (DNTT)* as a means of obtaining effective
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solubility and tune the aggregated structures of these 7-cores
(Figure 1). As a result, high-performance and solution-
processable OSCs with these substituted 7z-cores havin

excellent y (>10 cm® V™' s7!) have been reported.”®™°

However, both linear and quasi-linear alkyl-substituted 7-cores
have exhibited phase transitions from crystalline to liquid
crystalline or other crystal phases at temperatures around 90—
130 °C,**%'~% leading to degradation of transistor perform-
ance at elevated temperatures during device fabrication. It has
also been recently reported that unsymmetrical substituted
BTBT analogues aggregate to form a highly crystalline liquid
crystal phase.” These challenges associated with various
representative OSCs illustrate that it is still difficult to
simultaneously achieve sufficient solubility, thermal durability,
and high p with conventional molecular design strategies based
on OSC 7r-cores.

Recently, several fascinating studies have been reported
concerning the detrimental effects of large-amplitude molec-
ular motions on the performance of high-mobility OSCs such
as pentacene and BTBT derivatives.”*~® Sirringhaus and co-
workers also suggested that the dynamic disorder of OSCs in
the solid state might be the garameter having the most harmful
effect on charge transport.”” Hence, it is apparent that future
rational molecular design not only should be guided by
intramolecular characteristics or intermolecular orbital over-
laps, but also must aim to reduce unfavorable molecular
motions via unique z-core structures and effective side-chain
engineering.

To meet all the aforementioned requirements for promising
next-generation OSCs, our group has 6pro osed a series of
conceptually new bent-shaped 7-cores.”*™" The traditional
linear and quasi-linear molecules have small radii of rotation
and translation, which lead to low thermal durability as a result
of constant molecular motions. In contrast, bent-shaped
molecular geometries possess increased radii of rotation and
translation, which suppress detrimental molecular motions in
the solid state and simultaneously confer high ¢ and thermal
durability (Figure 2).”* Another feature of the bent-shaped
geometry compared to conventional linear and quasi-linear
geometries is an enhanced internal dipole moment resulting
from reduced molecular symmetry. On this basis, we
attempted to develop highly soluble s-cores that can be
solution-processed to fabricate OFETs and that permit fine-
tuning of molecular packing structures with further side-chain
engineering. Our group has thus far synthesized a series of
bent-shaped molecules, including first- and second-generation
OSCs, as well as extended analogues. Sulfur atoms were
incorporated into these compounds to allow tuning of the
electronic structures (specifically, the highest occupied
molecular orbital (HOMO) energy level) to achieve efficient
hole injections during OFET operations under ambient
conditions. In addition, the large HOMO coeflicient of the
sulfur atom produces favorable intermolecular short-range
interactions with adjacent n-cores. These lead to large
intermolecular orbital overlaps (increased transfer integral (t)
values) and also suppress molecular motions in the solid state.

Herein, we summarize our recent work regarding the
molecular design of bent-shaped OSCs by providing a detailed
analysis of the synthesis, aggregated structures (complemented
by theoretical calculations), ionization potentials, thermal
stabilities, and solubilities of these compounds. The OFET
performances of these bent-shaped OSCs are also presented to
demonstrate the effectiveness of the molecular designs. We
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Figure 2. Molecular designs of first- and second-generation bent-
shaped OSCs.

hope that this work will assist future molecular design of OSCs
toward the development of high-performance next-generation
electronics materials.

B MOLECULAR DESIGN

First-Generation OSCs Based on V- and N-Shaped z-
Cores. DNT-V. The V-shaped dinaphtho[2,3-b:2,3'-d]-
thiophene (DNT-V) 7n-core was developed for p-channel
OFET applications.”® DNT-V features a thiophene in the
center position that is fused by two naphthalene units on each
side. The V-shaped molecular geometry and reduced molecular
symmetry of this molecule produce an internal dipole moment
that is not present in linear molecules, along with a stabilized
crystalline phase (which suppresses molecular motions) and
high solubility’”> in common organic solvents. Density
functional theory (DFT) calculations revealed a delocalized
distribution of HOMO coefficients across the backbone and a
large HOMO coefficient of the sulfur atom (Figure 3a). The
HOMO level of DNT-V was calculated to be —5.62 eV, which
is higher than that of BTBT (—5.79 eV)* at the B3LYP/6-
311G(d) level. In terms of reorganization energies for hole
transport (1), our calculations estimate a A;, of 138 meV for
DNT-V, which is significantly smaller than that for BTBT (226
meV) and almost equal to that of DNTT (130 meV).” The
large HOMO coefhicient for the sulfur atom suggests that the
central sulfur-based heterocycle is different from thio;)hene.
From the nucleus-independent chemical shift (NICS),”"”* we
hope to gain fundamental understanding on the molecular
properties of such fused heterocyclic systems, as well as predict
their molecular assemblies and charge transports. Indeed,
NICS calculations showed that the central ring is more similar
to the less aromatic compound 2,3,4,5-tetramethylene-
tetrahydrothiophene (thiophenoradialene)” (NICS(0) =
—2.6 ppm) than to 2,3,4,5-tetramethylthiophene (NICS(0) =
—11.6 ppm). Owing to this molecular feature, the large
HOMO coefficient for sulfur can potentially contribute to
significant intermolecular orbital overlaps that promote hole
transports.

https://dx.doi.org/10.1021/jacs.9b10450
J. Am. Chem. Soc. 2020, 142, 9083—9096
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Figure 3. Molecular structures, NICS values (calculated at the HE/6-
31+G(d)//B3LYP/6-31G(d) level), HOMO coefficients and energy
levels, and dipole moments (calculated at the B3LYP/6-311G(d)//
B3LYP/6-31G(d) level) of the (a) DNT-V, (b) DAT-V, (c)
DNBDT-N, and (d) TBBT-V OSCs.

DAT-V. The recent molecular design of dianthra[2,3-
b:2/,3'Jthiophene (DAT-V)”' (Figure 3b) involves the
expansion of 7-conjugation from the dinaphthalene moiety of
DNT-V to a dianthracene group while preserving the overall
V-shaped geometry. DFT calculations demonstrate a highly
delocalized distribution of HOMO coeflicients across the
backbone and a sizable HOMO coeflicient for the sulfur atom
that is similar to that of DNT-V. Extending the 7-conjugation
increases the calculated HOMO energy level of DAT-V to
—5.32 eV, compared to —5.62 eV for DNT-V, which is
expected to lower the injection barrier and threshold voltage in
OFET operation. NICS calculations showed that the central
sulfur-based heterocycle exhibits a much lower degree of
aromaticity (NICS(0) = —2.1 ppm). Another attractive feature
of the DAT-V 7z-core is the reduced 4, value (99 meV), which
is significantly smaller than those for DNT-V (138 meV) and
DNTT (130 meV).”®

DNBDT-N. The N-shaped (dinaphtho[2,3-d:2’,3’-d’ ]benzo-
[1,2-b:4,5-b’]dithiophene (DNBDT-N)"’ 7-core (Figure 3c) is
also considered as an extended V-shaped DNT-V z-core.
DNBDT-N adopts a bent-shaped molecular geometry at two
terminals that further suppresses molecular motions and
stabilizes the crystal phase. The HOMO distribution of
DNBDT-N is spread across the entire z-core, including a
large coeflicient of sulfur atoms. This scenario results in
effective intermolecular orbital overlaps. The HOMO level
calculated for DNBDT-N is —5.51 eV. This value is
significantly higher than that for DNT-V and is attributed to
the extended z-electron system of DNBDT-N. NICS
calculations showed that the two heterocycle rings exhibit
aromatic characteristics intermediate between those of

thiophene and thiophenoradialene (NICS(0) = —4.9 ppm).

9085

In addition, the increased molecular weight of DNBDT-N
compared to the smaller DNT-V molecule would also impart
improved thermal durability to thin-film devices.

TBBT-V. The V-shaped thieno[3,2-f:4,5-f']bis[1]benzo-
thiophene (TBBT-V) molecule (Figure 3d) has electronic
and geometric characteristics similar to those of DNT-V,
although the outer aromatic units are changed from benzene to
thiophene rings. One of the obvious advantages associated with
this modification is the ease of functionalizing the more
reactive thiophene units, whereas the terminal benzene groups
of the DNT-V 7-core cannot be selectively functionalized. The
HOMO level of the TBBT-V z-core was determined to be
—5.64 eV, which is the same as that of DNT-V. However, the
terminal thiophene units of the parent TBBT-V can be readily
functionalized. As an example, the HOMO level of methyl-
substituted TBBT-V (Me-TBBT-V) is increased to —5.50 eV,
and further fine-tuning of the HOMO levels can be achieved
depending on the choice of substitution. NICS calculations for
TBBT-V revealed that the central heterocycle ring exhibits
higher aromaticity than the other V- and N-shaped z-cores
(NICS(0) = —S.7 ppm). With the incorporation of thiophene
in TBBT-V, a high internal dipole moment of 2.14 D is
obtained, indicating the potential for device fabrication based
on solution processing.

Second-Generation OSCs Based on W- and Zigzag-
Shaped n-Cores. DNT-W. The molecular design of W-shaped
dinaphtho[1,2-b:2’,1’-d]thiophene (DNT-W) (Figure 4) was

-73 9.
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Figure 4. Molecular structures, NICS(0) values (calculated at the
HF/6-31+G(d)//B3LYP/6-31G(d) level), HOMO and NHOMO
coefficients and their energy levels, and dipole moments (calculated at
the B3LYP/6-311G(d)//B3LYP/6-31G(d) level) of V-, W-, and
zigzag-shaped 7-cores.

inspired by the well-known picene backbone. Picene has been
reported as a hole-transporting p-type OSC, although the
performance of picene-based OFETs has been shown to be
unstable under ambient conditions.*”~*> Moreover, the crystal
structure of this compound suggests a relatively large
displacement along the long axis, indicating the potential for
significant variations in intermolecular orbital overlaps. Thus,
we envisioned that a DNT-W 7-core incorporating sulfur
would provide effective and consistent intermolecular orbital
overlaps as well as suppressed molecular motions. In fact, the
HOMO and next HOMO (NHOMO) coefficients determined
for DNT-W (Eyomo = —5-83 eV, Exgomo = —5.86 eV) were
determined to be almost degenerate. The calculation results
show delocalized distributions of the HOMO and NHOMO
and also a unique continuous NHOMO having a single phase
over the entire 7m-core. Furthermore, NICS calculations for

https://dx.doi.org/10.1021/jacs.9b10450
J. Am. Chem. Soc. 2020, 142, 9083—9096
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DNT-W determined that the central heterocycle ring has an
almost aromatic character (NICS(0) = —7.3 ppm). These
unique characteristics of DNT-W suggest that it will provide
the required degree of orbital overlap and also give a well-
anchored molecular assembly, leading to high u.

ChDT. Our most recent zigzag-shaped 7-core, chryseno[2,1-
b:8,7-b’]dithiophene (ChDT), can be considered to be an
extended version of DNT-W (Figure 4). In the case of ChDT,
HOMO coefficients indicating the same phase (Eyomo =
—5.68 €V) extend across the entire z-core, including the
terminal thiophene sulfur atoms, which is the same as the
NHOMO in DNT-W. NICS calculations for ChDT showed
that the terminal heterocycle ring and other aromatic rings
have the same aromatic character as benzene (NICS(0) = —9.2
ppm). The incorporation of two terminal thiophene units
lowered the HOMO energy levels of ChDT derivatives, which
is expected to promote hole injection and provide lower
threshold voltages. These terminal thiophene groups also allow
facile derivatizations due to the highly reactive a-positions.

B SYNTHESIS

The synthetic route to DNT-V and its derivatives is illustrated
in Scheme 1. Previously, the synthesis of a similar sulfur-

Scheme 1. Synthesis of DNT-V Derivatives”

R OMe R OH
oy U0 9@
a 2, 90
MeO R HO R

1 2 3
Sy N,
R o
OO OO _d,. R OQ QO R
0 R s
Me;N/&S DNT-V (R = H)
Cs-DNT-VW (R = CgHys)
4 C10-DNT-VW (R = C1oHa1)

a-d

NeeniNitedse)

C10-DNT-VV (R = CyoHy)

“Reagents and conditions: (a) n-BuLi, Fe(acac);, 0 °C to rt, 73% (R =
CioH,1); (b) BBr;, 0 °C to rt, 94% (R = H), 97% (R = C;,H,,); (c)
dimethylcarbamyl chloride, Et;N, pyridine, THF, 65 °C, 78% (R =
H), 75% (R = C;oH,;); (d) 300—320 °C, 81% (R = H), 77% (R =
CioHy).

bridged 7-core was reported via a 10-step process, but gave
only a 12% total yield."” In the present work, we developed a
facile four-step synthesis to obtain the target compounds using
the readily available compound 1 as a starting material. The
first step features a selective ortho-lithiation with n-BuLi
followed by a Fe(acac);-catalyzed oxidative homocoupling to
afford the dimerized 2 in good yield. After a demethylation
reaction using BBr;, the sulfur atom is installed on the
naphthalene dimer using thiocarbamoyl, followed by a
solventless annulation via Newman—Kwart rearrangement®*
at 320 °C, to generate the target compound DNT-V in 42%
total yield over four steps. Various alkyl-substituted DNT-V
derivatives can be obtained by means of the same synthetic
route using alkylated versions of 1 as starting materials.
Recently, our group developed a simple alternative synthetic
route that provides the DNT-V core in only three steps
(Scheme 2). This process employs a modification of a
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Scheme 2. Modified DNT-V Synthesis”

ng2 = QD L
~— Qo

DNT-V

“Reagents and conditions: (a) (1) dithiooxamide, DMF, 55 °C, (2)
Et;N, rt, 89%; (b) m-CPBA, CH,Cl,, 30 °C, 88%; (c) HI, AcOH,
reflux, 97%.

previously reported strategy using compound $ as the starting
material to afford the key precursor 6 in excellent yield.”> A
subsequent reduction of the tetraone compound 7 with
aqueous hydroiodic acid in acetic acid affords DNT-V in
97% yield, with a total yield of 77% over three steps. Thus, this
represents an improvement compared to our previous route.
Our current synthetic scheme also avoids the high-temperature
Newman—Kwart rearrangement featured in the previous
strategy. In addition, expensive transition metal catalysts such
as palladium are not required, and the synthesis is well-suited
to large-scale production.
Although a synthesis of DAT-V was previously reported,

we synthesized DAT-V via a process similar to that used to
obtain DNT-V (Scheme 3). We employed the anthracene-

Scheme 3. Synthesis of DAT-V*

~"~

1"

“Reagents and conditions: (a) n-BuLi, Fe(acac);, 0 °C to rt, 52%; (b)
BBr;, 0 °C to rt, 96%; (c) dimethylcarbamyl chloride, Et;N, pyridine,
THF, 65 °C, 61%; (d) 300 °C, 68%.

based precursor 8 as the starting material and conducted a
Fe(acac);-catalyzed homocoupling to afford the dimer,
followed by a demethylation with BBr; to give compound 10
in excellent yield. From 11, we carried out a Newman—Kwart
rearrangement to generate DAT-V in satisfactory yield.

DNBDT-N and decyl-substituted DNBDT-NW (C,,-
DNBDT-NW) were synthesized in a manner similar to that
used for DNT-V and its derivatives (Scheme 4). From 1,
selective lithiation with n-BuLi followed by transmetalation
afforded the arylzinc intermediate, which was further reacted
with 1,4-dibromo-2,5-dimethoxybenzene via Negishi cross-
coupling to provide 12 in good yield. Subsequently,
demethylation with BBr; generated the tetra-hydroxyl
intermediate 13 with subsequent installation of thiocarbamate
groups. The target DNBDT-N derivatives were realized by the
Newman—Kwart rearrangement under solventless conditions
in 64—67% vyield.

https://dx.doi.org/10.1021/jacs.9b10450
J. Am. Chem. Soc. 2020, 142, 9083—9096
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Scheme 4. Synthesis of DNBDT-N Derivatives®

DNBDT-N (R = H)
" C1-DNBDT-NW (R = CyoHy;)
“Reagents and conditions: (a) (1) n-BuLi, ZnCl,, 0 °C to rt, (2) 1,4-
dibromo-2,5-dimethoxybenzene, PdCL,(dppp), S0 °C, 87% (R = H),
85% (R = CyoH,,); (b) BBry, 0 °C to rt, 81% (R = H), 92% (R =
CyoH,,); (c) dimethylcarbamyl chloride, Et;N, pyridine, THF, 65 °C,
53% (R = H), 72% (R = C;,H,;); (d) 310—320 °C, 67% (R = H),
64% (R = C,oH,,).

The TBBT-V 7-core was synthesized according to a
procedure previously reported in the literature.®” This parent
m-core was then used to produce three derivatives: C;-TBBT-
V, @-C,y-Th-TBBT-V, and §-C,,-Th-TBBT-V (Scheme 5).

Scheme S. Synthesis of TBBT-V Derivatives”
R~ N-R
s
7« C1-TBBT-V (R = CygHy)
R s R
s _— Vandd N
O 0-
c
\ 0-C4g=Th-TBBT-V (R = CyoHy)
s £
R\~ N—N\""R
s

B-C1o-Th-TBBT-V (R = CyoHy)

Br-TBBT-V

“Reagents and conditions: (a) C,oH,,ZnCl,, PdCL,(dppf)-CH,CL,
toluene, 70 °C, 64%; (b) (S-decylthiophen-2-yl)trimethylstannane,
Pd(PPh,),, LiCl, DMF, 100 °C, 86%; (c) (4-decylthiophen-2-
yl)trimethylstannane, Pd(PPh;),, LiCl, DMF, 100 °C, 92%.

TBBT-V was brominated by sequential treatment with lithium
2,2,6,6-tetramethylpiperidide (to deprotonate the a-positions
of the thiophene) and 1,2-dibromo-1,1,2,2-tetrachloroethane,
to afford Br-TBBT-V. C-TBBT-V was synthesized in 64%
yield, whereas @-C,y-Th-TBBT-V and p-C,,-Th-TBBT-V
were furnished in 86% and 92% yields, respectively. The facile
reactions at the a-positions demonstrate the ease of
functionalization of TBBT-V and the ready tuning of its
molecular properties.

DNT-W was furnished in a one-pot reaction according to a
previously reported procedure.*® The synthesis of ChDT
(Scheme 6) started from compound 15, which was readily
synthesized according to a literature procedure.”” From 15, a
halogen—Ilithium exchange and a transmetalation with zinc
chloride were performed, followed by a Negishi cross-coupling
to install the thiophene moieties, giving an overall yield of 79%.
Facile removal of the trimethylsilyl protecting groups was
carried out under basic conditions to give compound 17 in
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Scheme 6. Synthesis of ChDT Derivatives”

=

Y CioHz1

C4-Th-ChDT

“Reagents and conditions: (a) (1) n-BuLi, THF, —78 °C, (2) ZnCl,,
THEF, 0 °C, (3) 3-bromothiophene, Pd,(dba),-CHCl;, THF, 50 °C,
79%; (b) K,CO,, MeOH, CH,Cl,, tt, 99%; (c) PtCl,, DMF, 80 °C,
58%; (d) (1) LiTMP, THF, =78 °C to —50 °C, (2) 1,2-dibromo-
1,1,2,2-tetrachloroethane, —78 °C to rt, 88%; (e) C;oH,;ZnC],
PdCl,(dppf)-CH,Cl,, THF, 70 °C, 80%; (f) (4-decylthiophen-2-
yl)trimethylstannane, Pd(PPh;),, LiCl, DMF, 100 °C, 81%.

excellent yield. Subsequently, we used PtCl, to catalyze the 6-
exo-dig double cyclizations in DMF to furnish the ChDT z-
core in satisfactory yield.”” The a-positions of the thiophene
were readily brominated by sequential treatments with lithium
tetramethylpiperidide and 1,1,2,2-tetrachloro-1,2-dibromo-
ethane to afford the key precursor Br-ChDT in 88% yield.
Two ChDT derivatives, C;,-ChDT and C,,-Th-ChDT, were
prepared using Negishi and Stille cross-coupling reactions,
respectively, in excellent yields.

B AGGREGATED STRUCTURES, THEORETICAL
CALCULATIONS, THERMAL STABILITIES,
IONIZATION POTENTIALS, AND SOLUBILITIES

Aggregated Structures and Theoretical Calculations.
To understand the aggregated structures and charge-carrier
transports of the current bent-shaped OSCs, we examined
single crystals of the bent-shaped parent 7-cores and their
derivatives, grown by either physical vapor transport
(PVT)”" or solution techniques, using X-ray diffraction
(XRD). A common feature observed in single crystals of V-
shaped OSCs was their slightly bent geometries (Figure S and

Front view
Y~ ) N
Side view
s ™ - R
13.9° 97
C,.~-DNT-vW C,,~DNBDT-NW

Figure S. Representative slightly bent geometries of C;,-DNT-VW
and C;;-DNBDT-NW (front and side views) in single crystals.
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Table 1), which differ from the planar conformations suggested
by DFT studies. The bent angles increased when substituents

Table 1. Packing Modes and Twist Angles for V-, N-, and
W-Shaped Derivatives

Bent angle (° )

heoweod

Bent angle (° )
R~ X ~R
LD
S

DNT-Vs TBBT-Vs

DNT-V (R' =R =H)
C,;-DNT-VW (R! = C,¢H,,, R2 = H)
C,p;-DNT-VV (R! = H, R? = C H,,)

TBBT-V (R = H)
C,~-TBBT-V (R = C;oH,,)

2 Bentangle (° )

OO Oy

DNBDT-Ns

DNBDT-N (R' = R2 = H)
C,;~-DNBDT-NW (R' = C,H,,, R2 = H)

compound packing mode bent angle (deg)
DNT-V HB 13.9
C,e DNT-VW HB 133
C,,-DNT-VV HB 18.0
DAT-V HB 17.2
TBBT-V HB 10.0
C,- TBBT-V HB 113
DNBDT-N n—x stacking (7—7), slipped HB 0.0
C, DNBDT-NW  HB 9.7
DNT-W HB 9.1

were added to the 7-cores, as a result of increased attractive
intermolecular interactions. N-shaped and second-generation
zigzag-shaped OSCs were also observed. The bent geometry in
these derivatives potentially allowed for C—H-zx and S--7
interactions between the prominent central sulfur atom and the
adjacent backbone. As a result, higher degrees of intermo-
lecular HOMO overlaps and greater suppression of molecular
motions were realized, both of which improve charge-carrier
transport and thermal durability.

The parent DNT-V, DAT-V, and TBBT-V 7z-cores were
found to adopt 2D HB packing structures, whereas the
DNBDT-N demonstrated a less attractive one-dimensional
(1D) m—x stacking motif that does not favor charge transport
(Table 1). Following the incorporation of various substituents,
the packing structures of the V-shaped OSCs were effectively
modified to give high degrees of intermolecular orbital overlap,
as indicated by the increased absolute  values (Table 2). As for
the sign of ¢, the negative and positive intermolecular orbital
overlaps result in positive and negative transfer integrals,
respectively (Figure 6).

Both C;;-DNT-VW and C4-DNT-VW had larger absolute ¢
values than the DNT-V 7z-core, whereas C,;,-DNT-VV
exhibited lower t values (Figure 7). Since C,- and C4-DNT-
VW exhibit almost the same HOMO and NHOMO energy
levels, the t values between these levels are estimated, and are
listed in Table 2. The packing structures of the DNT-V series
suggest that more effective intermolecular orbital overlaps were
achieved by installing the alkyl chains in the VW fashion. As a
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Table 2. Summary of Transfer Integrals for V-Shaped
Derivatives

transfer inte§ra1, t

(meV)
packing mode and HB

compound angle (deg)” tur ltggl el

DNT-V HB, 45.8° +37 46 13
C,-DNT-VW HB, 45.3° +18° 145 3¢
+451 617 377

CDNT-VW HB, 46.4° +44¢ 635 36°
+199 107 177

C,,-DNT-VV HB, 36.0° +35 4215
DAT-V HB, 38.9° +41 20 6.4

C,o-TBBT-V HB, 43.6° +52 67 10

“Herringbone (HB) an%les between two mean planes of the 7-cores
were 56.4° (at 293 K),” 52.5° (at 293 K),* and 51.1° (at 200 K)**
for C¢-BTBT, DNTT, and C,;-DNTT as references. bTransfer
integrals were calculated at the PBEPBE/6-31G(d) level. “Transfer
integrals between HOMOs. “Transfer integrals between NHOMOs.

opposite sign between
orbitals =» positive
transfer integral

same sign between
orbitals = negative
transfer integral

Figure 6. Relation between sign of transfer integral and
intermolecular orbital overlap.

b)

Transverse

R e—

Transverse

—

o

© HB‘Engle
tyr = +18 (+45) meV
ltu] = 14 (61) meV
[tre] = 32 (37) meV

Column

tyr = +35 meV
[tyn] = 42 meV
|trr] = 15 meV

Figure 7. Representative packing structures and transfer integrals for
(a) C;-DNT-VW and (b) C,-DNT-VV for their HOMOs (and
NHOMO).

consequence, the charge transport capabilities were signifi-
cantly affected by the alkyl chain positions. Owing to the
intrinsic disorder of the @-C,,-Th-TBBT-V and f-C,,-Th-
TBBT-V, only C,,-TBBT-V single crystals could be obtained
from the TBBT-V series. The HB packing structure of the C,y-
TBBT-V showed a significantly larger t value in the head-to-
tail (tyy) direction than in the head-to-head (tyy) and tail-to-
tail (tr) directions, suggesting anisotropic 2D charge-trans-
port properties.

Different from the 1D n—r stacking structure of DNDBT-N,
C,o-DNBDT-NW formed an HB motif with a layer-by-layer
structure (Figure 8). The 2D cofacial molecular arrangement
through strong 7—n and C—H---7 interactions resulted in equal
t in the column and transverse directions (f. = +52 meV, t, =

https://dx.doi.org/10.1021/jacs.9b10450
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Figure 8. Representative packing structures and transfer integrals for
(a) DNBDT-N and (b) C,,-DNBDT-NW.

+51 meV), demonstrating favorable 2D charge-transport
properties (Table 3).

Table 3. Summary of Transfer Integrals for N-Shaped
Derivatives

transfer mte§ral t

(meV)
packing mode and teolumn [Epans!
compound HB angle (deg)” (t.) (It
DNBDT-N n—n and slipped HB, 126.5° +3.2 7.3
C,;-DNBDT-NW HB, 46.7° +52 51

“Herringbone (HB) angles between two mean planes of the z-cores.
b ransfer integrals were calculated at the PBEPBE/6-31Gd level.

The second-generation zigzag-shaped OSCs all exhibited HB
packing structures in the crystalline state (Table 4). DNT-W
showed reasonable positive t values in the head-to-tail (fyr)
and tail-to-tail (t;r) directions, but larger absolute t values in
the transverse head-to-head (tyy) direction (Figure 9). The
ChDT derivatives showed strong intermolecular C—H---z and
S--m interactions in the HB motif. The parent ChDT
demonstrated large absolute f values in both the column (%)
and transverse (t,) directions, but adding C,y-alkyl chains on
both sides dramatically lowered the absolute ¢ value in the
transverse direction. Consequently, the C,,-ChDT shows 1D
charge transport. Although the f, and ¢, values for C,y-Th-
ChDT are well-balanced, these values are relatively small
compared to other ChDT derivatives. Thus, the primary
reason for the smaller absolute t values for C,o-Th-ChDT is
the much longer 7—7 stacking distance (6.90 A) compared to
ChDT (5.97 A), due to the steric hindrance of the decylthienyl
groups.

N
. N
NN

t.=+31 meV
|t] =24 meV

¥ I\‘g

tyr = +4I meV
[tuu| = 62 meV
[trr] = 40 meV

e 4

t.=—66 meV
|t =22 meV

Figure 9. Representative packing structures and transfer integrals for
(a) DNT-W, (b) C,,-ChDT, and (c) C,,-Th-ChDT.

Experimental studies have revealed that OSCs having high u
show band transport characteristics,””’%’*”**> with delocal-
ized wave-like carriers over multiple molecules. Based on the
band theory, the mobility y of carrier with charge q is inversely
proportional to the effective mass (m*) according to the
following equation:

T
H=49—
m

where 7 is the relaxation time. HOMO band structures, E(k),
are obtained by the tight-binding approximation using t values.
Effective masses of holes are calculated as the following
equation along the respective directions:

m* ndk
In the case of the HB-type packing structure studied herein,
the top of the HOMO band is located on the I (k = 0) point,
and the column direction exhibits the highest mobility, except
for C;y-ChDT. Therefore, we investigate 1/m* at the I" point
along the column direction, given by the following equation:

1

_* + lttransl )
m

1
= ?dz(ztcolumn
Here, teoumn (tc OF tyr) and tyans (& or tyy, trr) (see Figures
7—9) refer to the transfer integrals in the column (H-to-T) and
transverse (H-to-H and T-to-T) directions of HB packing
motif, respectively, and d refers to the lattice constant in the
column direction. That is, the reciprocal of the effective mass is
proportional to the transfer integral and the square of the

Table 4. Summary of (Top) Transfer Integrals of DNT-W and (Bottom) Transfer Integrals, Lattice Constants in the Column
Direction, and Effective Masses for C,,-ChDT, C,,-Th-ChDT, and C,,-DNBDT-NW

compound packing mode and HB angle (deg)”
DNT-W HB, 41.6°
transfer inte: §ra1 t
(meV)

packing mode and teolumn [Epans!

compound HB angle (deg)” (t.)° (It
Cyo-ChDT HB, 89.2° —66 2
Cyo-Th-ChDT HB, 39.2° +31 24
C,o-DNBDT-NW HB, 46.7° +52 S1

transfer integral, £ (meV)®

trer Ity Ity
+41 62 40

lattice constant in the column effective mass,” m*/ mo,d
e

direction, d. (A) m,*/my
4.861 2.55,17.2
6.899 1.86, 5.85
6.127 1.31, 2.52

“Herringbone (HB) angles between two mean planes of the 7-core. b values were calculated at the PBEPBE/6-31G(d) level. “my is the electron
rest mass. “m* in the column direction. *m* in the transverse direction.
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lattice constant. In particular, ¢, is twice as effective as t, and its
sign (whether they are either positive or negative) is also
important, as described in Figure 6.

Notably, the effective mass in the column and transverse
directions (m* and m,*) for C;,-Th-ChDT (1.86 m, and
5.85 my) was found to be much smaller and more isotropic
than for C,o-ChDT (my* = 2.55 mgy and 17.2 m,) and nearly
comparable to that of C;(-DNBDT-NW (m* = 1.31 m, and
2.52 my) (see Figure 10). These data indicate that increasing

a b
) 0.3 k, ) 03 lJc, 1
yI" s J s
02 k. .
—~ i z < —
3o 3
5 1/ 8
S 0.0- 2
w w
0.1
0.2l
z r Y s Zz Y r z S Y
my*img=1.31 my*imy=2.55
m, *Imy= 2.5 m,*Imy=17.2

Figure 10. HOMO band structures and effective masses of (a) C,,-
DNBDT-NW and (b) C,,-ChDT. The origin of energy axis is set to
HOMO level of the molecule. Insets show the first Brillouin zone with
symmetry points of I'(0,0,0), Y(0,7/b,0), Z(0,0,7/c), and S(0,7/b,x/
c), where b and c are the lattice constants shown in Figures 8b and 9b.
The column directions correspond to '=Z (C,,-DNBDT-NW) and
['-Y (C,,-ChDT) directions in the reciprocal lattice.

the lattice constant of C,;-Th-ChDT in the column direction
compensates for the reduction of the transfer integral, resulting
in a small effective mass.

Motivated by the intriguing HOMO configuration of ChDT,
we investigated the variance in t (At) values. It should be
noted that the out-of-plane motion was the most prominent
direction of molecular vibrations in the HB packing (Figure
11).°” A smaller At of 5 meV was determined for ChDT,
compared to those for DNTT (13 meV) and pentacene (29
meV) over the range of 0.13—0.18 A. The small At for ChDT
is a good indication of consistent intermolecular orbital
overlaps in the solid state.

Out-of-plane

Out-of-plane
§ 5 meV

gofEe—

i i 29 meV Hi—

Transfer integral (meV)

N l:‘ | I
-04 -02 0 02 04
Displacement (A)

Pentacene

Figure 11. Values of t and At for ChDT, DNTT, and pentacene.
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Thermal Stability. One crucial benefit of the bent-shaped
molecular design is the prevention of phase transitions at low
temperatures by the suppression of molecular motions.
Analysis of the DNT-V derivatives by thermogravimetry
(TG) did not show any thermal decomposition before 500
°C. Differential scanning calorimetry (DSC) studies also
demonstrated high phase transition temperatures of 202 and
151 °C for C¢- and C;-DNT-VW, respectively, but a value of
only 90 °C in the case of C,,-DNT-VV. This lower
temperature is attributed to the large displacements between
adjacent molecules in the crystal packing structure of this
compound, which result in reduced structural stability. The
C,10-DNBDT-NW showed higher phase transition and
decomposition temperatures than the V-shaped C,-DNT-
VW, resulting from the multiple intermolecular interactions
and higher molecular weight of the former. C,;-DNBDT-NW
in a thin film device demonstrated no phase transition up to
200 °C. More importantly, C;-DNBDT-NW is a double V-
shaped molecule, and thus should exhibit more effective
suppression of molecular motions and stabilization of the
crystalline phase compared to the DNT-V series. Both C,-
TBBT-V and f-C,-Th-TBBT-V showed multiple phase
transition peaks during differential thermal analyses, potentially
due to their lower structural rigidity and intrinsic disordering.
In contrast, @-C,-Th-TBBT-V showed a phase transition peak
above 200 °C. The zigzag-shaped C,y-ChDT and C,,-Th-
ChDT exhibited no phase transitions until above 250 °C. The
excellent thermal stability of the current bent-shaped OSCs
confirm their physical and chemical robustness, which would
permit common purification techniques such as sublimation
and PVT. These materials would also be expected to be
thermally durable in the solid state.

lonization Potentials. The electronic properties of these
OSCs were further examined using photoelectron yield
spectroscopy (PYS) to evaluate the ionization potential (IP)
values. The resulting IP values were generally in good
agreement with the HOMO energy levels calculated based
on DFT. The DNT-V z-core was found to have a somewhat
high IP of 5.72 eV, while extending the z-conjugation gave a
considerably smaller IP of 5.21 eV for DAT-V. TBBT-V
demonstrated an IP of 5.61 eV, similar to that for DNT-V.
However, C,,-TBBT-V, a-C,,-Th-TBBT-V, and f-C,,-Th-
TBBT-V demonstrated effective tuning of the IP due to the
synthetic versatility of the TBBT-V z-core, with values of 5.26,
5.10, and 5.01 eV, respectively. The IP value for the extended
N-shaped C,-DNBDT-NW was 5.24 eV, which also indicates
an improvement relative to the DNT-V series. The zigzag-
shaped DNT-W showed a large IP of 5.87 eV as a result of its
relatively short 7-conjugation, while the extended analogues
C,0-ChDT and C,,-Th-ChDT had values of 5.56 and 5.53 eV,
respectively. Overall, these data confirm fine-tuning of the IP
values of the current bent-shaped OSCs by modifying the z-
conjugation length and varying the functional groups. Such
modifications achieved air-stable p-type performance, and also
would be expected to reduce the injection barrier and
threshold voltage associated with OFET operations.

Solubility. In contrast to the poor solubility of unsub-
stituted linear and quasi-linear 7-cores (e.g., <0.001 wt% in
toluene for DNTT), DNT-V demonstrated superior solubility
of up to 0.30 wt% in common organic solvents such as
chloroform and toluene at room temperature. Alkyl-substituted
DNT-V derivatives showed improved solubility, ranging from
0.38 to 1.53 wt% in the case of the DNT-VW series. In
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addition, extremely high solubilities in the range of 9.23—15.6
wt% were achieved with the DNT-VV derivative. The
unsubstituted TBBT-V showed high solubility on the order
of 0.1 wt% due to its large internal dipole moment, while C,-
TBBT-V possessed the highest solubility of up to 1.1 wt%.
Owing to the increased z-conjugation and molecular weight of
DNBDT-N, the parent z-core exhibited limited solubility.
However, the incorporation of Cjj-alkyl chains resulted in
adequate solubility for C;;-DNBDT-NW of up to 0.043 wt%
in common organic solvents at a slightly elevated temperature.
Having an equally extended 7-conjugated system, C;-ChDT
and C;p-Th-ChDT showed higher solubilities of 0.068 and
0.13 wt% in toluene, respectively, than C;,-DNBDT-NW. The
high solubility and thermally stable crystal phases of the bent-
shaped OSCs suggest that they show promises with regard to
applications in thin-ilm OFET fabrication via solution-
processing methods.

Summary of Properties. The bent-shaped OSCs
presented herein exhibit unique NICS values, which suggest
that the fused sulfur-containing heterocycles behave more like
thiophenoradialene, rather than thiophene. The consequence
of such behaviors is that the sulfur atom possesses protruding
HOMO that are likely to reinforce the molecular assembly and
charge transports. The aggregated structures of bent-shaped
OSCs all exhibit some degree of nonplanarity, or bentness,
which lead to enhancement of their intermolecular interactions
in the favorable herringbone packing structures. Theoretical
calculations of transfer integrals and effective masses suggest
favorable charge transport properties that are promising for
achieving high u. Thermal studies suggest that the bent-shaped
OSCs are thermally stable, and their crystal phases are
thermally durable for sustaining elevated-temperature fabrica-
tion processes. Compared to the conventional linear and quasi-
linear OSCs, the bent-shaped OSCs have their unique
advantages to achieve high-performance and robust OSCs for
future practical applications.

B OFET PERFORMANCE

To evaluate the device performance of bent-shaped OSCs,
single-crystalline-based bottom-gate/top-contact OFETs were
fabricated using either manual lamination (ML) or the
solution-processed edge—casting (EC) technique that our
group previously developed™® ™" (Figure 12 and Supporting

a) b)

Brush Fiber

osC
Single-crystalline
Film

Glass

osc
Crystal SAM-treated
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SAM-treated

Substrate osc

Solution

Figure 12. Schematic diagrams of (a) the manual lamination and (b)
edge-casting techniques.

Information). These p-channel OFETs were produced by
adding the strong electron acceptor F-TCNQ_between the
OSC layer and the gold electrodes to reduce contact resistance.
The transistors employed SiO,/Si substrates treated with
heptadecafluorodecyltrimethoxysilane (F-DTS) in conjunction
with the ML technique and either decyltrimethoxysilane
(DTS) or S-phenylethyltrimethoxysilane (f-PTS) for the EC
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technique. All devices incorporating bent-shaped derivatives
demonstrated air-stable p-channel OFET characteristics.

The parent DNT-V single-crystalline thin-film OFET
achieved a satisfactory p;, of 1.5 cm* V™' s7', which is similar
to the value obtained for a vacuum-deposited polycrystalline
thin-film OFET (1.1 cm®* V™' s7"). [All reported u values are
summarized in Table 5.] The highest y;, of 9.5 cm®* V™' s™! was

Table 5. Characteristics of Field-Effect Transistors with
Bent-Shape 7-Cores

process,” SAM, and

(cmét/nta{/-s) ) (cmzl/lz‘{%s) ) !

compound SiO, thickness (nm)
DNT-V VD, DTS, 500 L1 0.91
DNT-V ML, F-DTS, 500 L5 1.0
C¢-DNT-VW VD,? DTS, 500 37 3.6
CsDNT-VW EC, -PTS, 500 9.5 6.2
C,o-DNT-VV VD,? DTS, 500 0.45 0.39
C,-DNT-VV EC, DTS, 500 1.0 0.76
C,-DNT-VW vD,? DTS, 500 4.0 36
C,o-DNT-VW EC, DTS, 500 6.5 4.0
DAT-V ML, F-DTS, 500 2.0 naf
C,-TBBT-V VD,? DTS, 200 L1 1.0
C,o-TBBT-V DC, -PTS, 200 40 2.0
C,c- TBBT-V EC, -PTS, 200 62 46
@-C,-Th-TBBT-V EC, f-PTS, 200 0.55 0.53
p-C,o-Th-TBBT-V EC, -PTS, 200 2.3 1.6
DNBDT-N ML, F-DTS, 500 0.06 na‘
C,-DNBDT-NW EC, -PTS, 100 16 12.1
DNT-W ML, F-DTS, 500 1.6 na’
ChDT ML, F-DTS, 500 3.1 na’
C,o-ChDT EC, S-PTS, 500 2.6 na’
C,o-Th-ChDT EC, -PTS, 500 10 na‘
C¢-BTBT EC, DTS, 500 5.0 na.’
C,oDNTT GC, DTS, 500 11 7.0

“ML, manual lamination process; VD, vacuum deposition process;
EC, edge-casting process; DC, drop-casting process; GC, gap-casting
Process. i, is the average of mobilities for more than 10 devices.
“Data at substrate temperature (T,) of room temperature. “Data at
Ty of 100 °C. “u,,, was not available because a sufficient number of
devices was not evaluated.

demonstrated by single-crystalline Cc-DNT-VW grown using
the EC technique. This result was expected based on our
transfer integral calculations, because this derivative possessed
the largest absolute ¢ values in all directions. The other C,,-
DNT-VW derivative exhibited a comparable maximum py, of
6.5 cm> V™' 57! whereas C,,-DNT-VV showed a g, of 1.0 cm?
V™! 57!, Transmission XRD analyses confirmed that thin-film
diffractions of the DNT-V series match with their single-crystal
packing structures and that their crystal growth direction was
along the b-axis (column) direction (Figure 7). Polycrystalline
thin-film OFETs incorporating Cs-DNT-VW and C,-DNT-
VW fabricated by vacuum deposition also demonstrated
decent py, values of 4.0 and 3.7 cm®* V™' 57, respectively.
The trend of y;, observed for the DNT-V derivatives was in
perfect agreement with their ¢ values. Moreover, C4,-DNT-VW-
basgg transistors demonstrated thermal resistance up to 150
°C.

PVT-grown single crystals of DAT-V were manually
laminated on the OFET substrates. In view of the packing
motif and charge transport direction of DAT-V, the OFET
channel was constructed along the b-axis to maximize yy, with
the assistance of in-plane XRD analysis. The highest 4, of 2.0
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cm® V™' s7! was obtained with DAT-V. When OFET channels
were constructed along the a axis, a lower p;, of 1.1 cm* V™' s7!
was obtained.”"

The highest 4, of 6.2 cm® V™' s™! was exhibited by the C,-
TBBT-V single-crystalline OFET, while @-C,,-Th-TBBT-V
and f-C,(-Th-TBBT-V produced mediocre yy, values of 0.55
and 2.3 cm® V™! 57!, respectively. Although the C,,-TBBT-V
device demonstrated a slightly lower g than C;;-DNT-VW
(6.5 cm®> V™' s71), it showed a lower threshold voltage of —20
to —15 V compared to C;o-DNT-VW (=30 to —25 V). In
addition, C;p-TBBT-V demonstrated excellent solution-proc-
essability, and the resulting drop-cast thin-film transistor
achieved a y;, of 4.0 cm®* V™' 57!, Owing to the extended 7-
conjugation of @-C,p-Th-TBBT-V and p-C,-Th-TBBT-V,
their transistor devices showed significantly lower threshold
voltages of 0 to —10 V, albeit with relatively low ;. From the
transmission XRD data, we confirmed that the solution-
processed single-crystalline C;,-TBBT-V thin film regained its
single-crystal packing structure, and that the crystal growth
direction was along the b-axis, as was also the case for the
DNT-V series (column direction, Figure 7).

C,o-DNBDT-NW formed excellent single-crystalline thin
films using either the EC technique or the continuous EC
technique over large areas.”* ™! Optical microscopic and
atomic force microscopy images indicated a smooth crystal
surface with steps having a height of one C,;-DNBDT-NW
molecule, indicating well-oriented crystalline films. (Figure
13a,b). Air-stable p-channel OFET performance was obtained

Single-crystalline
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Figure 13. (a) Bottom-gate—top-contact device structure and packing
structure of C;;-DNBDT-NW on the substrate and (b) optical
microscopy image. (c) Transfer and (d) output characteristics of the
OFET based on a C;;-DNBDT-NW single-crystalline film.

using C;;-DNBDT-NW with a maximum f;, of 16 cm? V™' 57"
(Figure 13c,d). A large on/off ratio of 10° to 107 and a small
threshold voltage of —10 to 0 V were also determined for the
C,;-DNBDT-NW device. The small threshold voltage for this
material can be attributed to its low IP value (5.24 eV)
resulting from the extended 7-conjugated core. Moreover, C,,-
DNBDT-NW-based transistors demonstrated higher thermal
resistance up to 200 °C. In addition, Hall effect measurements
suggested significant hole diffusion. Thus, the C,;-DNBDT-
NW-based OSC exhibited a band transport mechanism with
delocalized charge-carriers over the OSC layer.”*”> Further-
more, we have recently reported that bending a flexible device
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incorporating a C;,-DNBDT-NW single-crystalline film caused
uniaxial lattice compression and led to a mobility increase of
70% under 3% strain. An in-depth analysis showed that this
compression suppresses molecular motion.”

DNT-W afforded flat platelet crystals when employing PVT,
which could be simply laminated on substrates for OFET
evaluation. The resulting DNT-W-based OFETs exhibited
typical p-channel transfer and output characteristics with
negligible hysteresis and an air-stable y of 1.6 cm® V™' s7%.
Despite the encouraging results obtained from our first second-
generation zigzag-shaped DNT-W, the associated OFET
suffered from a substantial threshold voltage (—50 V), a high
injection barrier between the gold electrode and the semi-
conductor layer (due to the large IP value of 5.87 V), and a y;,
insufficient for high-performance electronics. Recently, Yasuda
and co-workers developed an original synthetic route for Cg-
substituted dinaphtho[1,2-b:2',1-d]chalcogenophenes (DNE),
including dinaphtho[1,2-b:2',1-d]thiophene (DNT),
dinaphtho[1,2-b:2’,1-d]selenophene (DNS), and dinaphtho-
[1,2-b:2/,1-d]tellurophene (DNTe).”” Incorporation of the
alkyl chain increased the solubility of these DNE derivatives
such that solution-processing for device fabrication was viable.
The introduction of tellurium in DNTe also effectively lowered
its IP value to 5.24 eV. However, the threshold voltages of the
C;-DNE series remained high.

In the case of the extended zigzag-shaped ChDT z-core, a
decent yy, of 3.1 cm®* V7' s7! was obtained from a single-
crystalline thin film by the ML technique. It is worth noting
that the threshold voltage for ChDT (—25 V) was found to be
significantly improved compared to that for DNT-W due to its
extended 7-conjugation. C;p-ChDT and C;p-Th-ChDT both
formed well-oriented single-crystalline thin films with smooth
surfaces when applying the EC technique and showed
maximum ;, values of 2.6 and 10 cm® V™' s7!; respectively.
The high p; exhibited by these ChDT derivatives may be
correlated with their low At values, that the z-core is
insensitive to detrimental molecular motions and shows
consistent intermolecular orbital overlaps.

Thermal stress test of high-mobility C,,-DNBDT-NW
OSCs using solution-processed single-crystalline films on
silicon substrates at 200 °C, were performed in transistors.
To evaluate the thermal durability of C,,-DNBDT-NW
accurately, the transistors were prepared as follows: (1) The
solution-processed single-crystalline films prepared by the
edge-casting method were annealed at 200 °C for 10 min
under nitrogen conditions. (2) After the film cooled to room
temperature, the F,-TCNQ and gold electrodes were
deposited. Notably, it was found that the mobility was
unchanged, while the threshold voltage showed a slight
positive shift. This might be due to the decrement of channel
traps such as water and oxygen by annealing at high
temperature. As a comparison, the other transistor was
annealed at the same temperature after the F,-TCNQ and
gold electrodes were deposited. In this case, the mobility was
slightly decreased. This result might be attributed to the
morphology change at the interface between OSC and F,-
TCNQ. Therefore, the solution-processed single-crystalline
film of C;(-DNBDT-NW possesses thermal durability over 200
°C.

Bl CONCLUSIONS AND FUTURE PERSPECTIVES

In this Perspective, we have summarized recent advances in the
development of bent-shaped OSCs for OFET applications.
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The bent-shaped molecules presented herein all demonstrated
an excellent distribution of HOMO coefficients, leading to
effective intermolecular orbital overlaps as well as electronic
structures suitable for air-stable p-type OFET operation and
charge injection. The incorporation of sulfur leads to a large
HOMO coefficient for the sulfur atom that induces various
heteroatom interactions and contributes to the reinforcement
of the favorable HB packing structure in the solid state. It is
apparent that the bent-shaped geometry contributes to the
stabilization of the crystal phases of the OSCs, resulting in high
thermal durability. Our work with V-shaped OSCs having
bent-shaped geometries has mitigated various challenges
associated with these compounds, such as low IP values,
high OFET threshold voltages, poor thermal durability, and
moderate charge mobilities. This was accomplished by
extending the length of 7z-conjugation and alternating the
type of bent shape. These endeavors provided a p-channel
OFET mobility of 16 cm*> V™' s™! in conjunction with N-
shaped OSCs, which is adequate for the development of
applications such as radio frequency identifier tags. However,
the performance of OSCs in transistors is still far inferior to
that of inorganic semiconductors, such that OSCs remain best
suited to applications in relatively low-end electronics. In
addition, the range of high-performance electron-transporting
n-type OSCs is still limited, and so there is an urgent need for
the development of all-organic complementary logic circuits.
To improve the carrier mobility for both p- and n-type OSCs,
it is necessary to form a clearer understanding of molecular
motion by studying OSCs that exhibit band-transport
characteristics using techniques such as Raman spectroscopy,
infrared spectroscopy, and neutron scattering. It is our hope
that the bent-shaped OSCs described herein will provide
insights into the design of molecular geometries and orbital
configurations that are suitable for the advancement of the air-
stable, thermally durable, high-performance n-type OSCs
required for next-generation electronic materials.
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