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A Solution-Processable Liquid-Crystalline Semiconductor
for Low-Temperature-Annealed Air-Stable N-Channel Field-

Effect Transistors

Resul Ozdemir,” Donghee Choi,” Mehmet Ozdemir,”’ Hyekyoung Kim,®’
Sinem Tuncel Kostakoglu,'” Mustafa Erkartal,” Hyungsug Kim,® Choongik Kim,*™ and

Hakan Usta*?

A new solution-processable and air-stable liquid-crystalline n-
channel organic semiconductor (2,2'-(2,8-bis(5-(2-octyldode-
cyl)thiophen-2-yl)indeno[1,2-b]fluorene-6,12-diylidene)dimalo-

nonitrile, a,®-20D-TIFDMT) with donor-acceptor-donor (D-A-
D) m conjugation has been designed, synthesized, and fully
characterized. The new semiconductor exhibits a low LUMO
energy (—4.19 eV) and a narrow optical bandgap (1.35 eV). The
typical pseudo-focal-conic fan-shaped texture of a hexagonal
columnar liquid-crystalline (LC) phase was observed over
a wide temperature range. The spin-coated semiconductor
thin films show the formation of large (~0.5-1 um) and highly
crystalline platelike grains with edge-on molecular orientations.
Low-temperature-annealed (50°C) top-contact/bottom-gate
OFETs have provided good electron mobility values as high as

1. Introduction

The theoretical design and synthetic development of organic
semiconductors with m-conjugated molecular structures have
emerged in the past few decades since the first reports of or-
ganic field-effect transistors (OFETs) based on intrinsic molecu-
lar semiconductors of lutetium complexes in the late 1980s."?
Small molecules offer great benefits due to their limited m-ex-
tended core, which can be readily modified with a variety of
functional groups to fine-tune their optoelectronic and physi-
cochemical properties.®* In addition, the solubility, synthetic
reproducibility, and final purity levels of small molecules can
be superior to those of macromolecules and polymers, which
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0.11 cm?(Vs)™' and high [, /I« ratios of 10’ to 10® with excel-
lent ambient stability. This indicates an enhancement of two
orders of magnitude (100 x) when compared with the (3-substi-
tuted parent semiconductor, §-DD-TIFDMT (2,2-(2,8-bis(3-do-
decylthiophen-2-yl)indeno[1,2-b]fluorene-6,12-diylidene)dima-
lononitrile). The current rational alkyl-chain engineering route
offers great advantages for D-A-D m-core coplanarity in addi-
tion to maintaining good solubility in organic solvents, and
leads to favorable optoelectronic/physicochemical characteris-
tics. These remarkable findings demonstrate that a,0-20D-
TIFDMT is a promising semiconductor material for the devel-
opment of n-channel OFETs on flexible plastic substrates and
LC-state annealing of the columnar liquid crystals can lower
the electron mobility for transistor-type charge transport.

is very crucial for the realization of low-cost and high-per-
formance plastic optoelectronics.® To this end, numerous
molecular semiconductors have been developed and charac-
terized in a wide range of optoelectronic applications, such as
OFETs,"” organic photovoltaics (OPVs),'™ and organic light-
emitting diodes (OLEDs)"? and transistors (OLETs)."™ It is worth
noting that, among these applications, m-conjugated small
molecules have been even commercialized in active-matrix
OLED displays as emissive and hole/electron transporting/
blocking layers."" Of the molecular semiconductors studied to
date, small molecules with electron-deficient mt architectures
and low LUMO energy levels constitute an important class of
materials for air-stable electron transport in p—n junctions, bi-
polar transistors, and organic complementary-like circuitry
(CMOS).">'® |In addition, mt-deficient small molecules can func-
tion as low-bandgap donor molecules or non-fullerene elec-
tron acceptors for use in bulk-heterojunction organic solar
cells,!%20

In optoelectronic devices, with regard to charge-carrier injec-
tion from environmentally stable metallic electrodes, such as
Au and Pt (p~—5.0-—5.9¢eV), inorganic oxides, such as
indium tin oxide (ITO; ¢ =~ —4.2-—4.9 eV), or polymeric conduc-
tors, such as poly(3,4-ethylenedioxy)thiophene/poly(styrenesul-
fonate) (PEDOT/PSS; ¢~ —5.0 eV), the electronic energy levels
of typical m-building blocks (e.g., benzene, thiophene, naph-
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thalene) are suitable only for hole-injection/-transport (p-chan-
nel semiconductors).”"?? Therefore, most of the initially devel-
oped semiconductors in this field have exhibited mainly p-
channel charge transport."® Although later studies have re-
vealed that the majority charge-carrier sign can be inverted
from p-channel to n-channel by functionalizing m cores with
electron-withdrawing groups,” air-stable and solution-proc-
essable n-channel molecular semiconductors are still scarce.
The introduction of lipophilic alkyl chains (-C,H,,.,) to rigid &t
cores has been shown to provide semiconductors with good
solubility in organic solvents for convenient chemical purifica-
tion/device fabrication, in addition to still promoting good mo-
lecular ordering in the thin-film phase.”” In addition, flexible
alkyl substituents attached to rigid molecular m backbones
may impart thermotropic liquid-crystalline characteristics to
the semiconductor molecules, which can be used to optimize
their thin-film microstructure and morphology further through
thermal processes.®

To this end, some of our group have previously reported
a solution-processable n-channel molecular semiconductor, -
DD-TIFDMT  (2,2'-(2,8-bis(3-dodecylthiophen-2-yl)indeno[1,2-
blfluorene-6,12-diylidene)dimalononitrile, Figure 1), based on

0,0-2EH-TIFDMT (R, = C,Hs; R, = C4Ho)
,0-20D-TIFDMT (R; = CgHy7; Ry = CqoHp1)

B-DD-TIFDMT2?

Figure 1. The chemical structures of $-DD-TIFDMT,*? ¢, -2EH-TIFDMT, and
«,w-20D-TIFDMT developed in this study.

a donor-acceptor-donor (D-A-D) m architecture with a ladder-
type indenofluorenebis(dicyanovinylene) (IFDM) central accept-
or unit and B-substituted thiophene terminal donor units. This
semiconductor was found to have a low LUMO energy level of
—4.32 eV, and the corresponding OFETs based on spin-coated
semiconductor films showed air-stable electron mobility values
(ue) of up to approximately 0.1 to 0.2 cm?(Vs)~".24 This s archi-
tecture was one of the early examples of non-quinoidal, air-
stable n-channel semiconductors with dicyanovinylene (C=
C(CN),) functionality, which has also guided the realization of
numerous air-stable semiconductors in the past decade.””
However, this good mobility was achieved only after annealing
spin-coated semiconductor thin films at 150 to 200°C, and the
Ue values were found to be approximately 1073 cm?(Vs)™
when the devices were annealed below 100 °C. For the organic
semiconductor thin-film fabrication procedure to be compati-
ble with flexible plastic substrates and underlying organic
layers in multilayer devices, low-temperature (T,mnealing<50-
60°C) post-deposition annealing conditions are always more
desirable. Therefore, motivated by the earlier promising semi-
conductor performance of this molecular it core and to realize
good solution-processed u, values in air from low-tempera-
ture-annealed devices, we envisioned modifications to the -
core substitution from (- to a,w-positions and the introduction
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of branching in the alkyl substituents. The main goals are to
fine-tune the semiconductor physicochemical properties, opto-
electronic characteristics, and thin-film microstructure/mor-
phology, which can help us to understand better the effect of
substitution on the charge-transport properties of this promis-
ing D-A-D m-molecular system. In addition, the current design
may enhance m-m stacking interactions by minimizing the
donor-acceptor dihedral angles between IFDM and the thio-
phene units, and can lead to favorable charge-transporting mi-
crostructures/morphology at low annealing temperatures (T<
50-60°C). The formation of a low LUMO energy level on a x-
extended core, along with solution-processability and good
electron-transport ability, will also pave the way for the new
compound to be used as a non-fullerene acceptor in BHJ pho-
tovoltaic cells. To this end, we have repositioned the 3,3"-alkyl
substituents to the 5,5-positions of the terminal thiophene
units, and branching was introduced at the 2-positions to give
2-ethylhexyl (-CH,CH(C,H;)C,Hy) and 2-octyldodecyl
(-CH,CH(CgH,,)Cy0H,;) alkyl substituents. This approach is ex-
pected to benefit the extension of m conjugation along the
molecular backbone and also control the i—m stacking/donor-
acceptor interactions. This way, both the molecular solubility in
organic solvents and the charge-transport ability in the thin
film can be well maintained. To realize this delicate balance
has been a conundrum in the past decade in the design of so-
lution-processable, high-mobility n-channel semiconductors. In
addition, the presence of both a rigid 7 unit and highly flexi-
ble, branched alkyl chains in a symmetric rod-like architecture
may result in mesogenic (liquid-crystalline) behavior. Liquid-
crystalline (LC) semiconductors can be quite advantageous for
charge-transport in optoelectronic devices because they
enable the formation of highly ordered nanostructures through
molecular self-assembly. If the molecular orientation in the LC
phase is matched with the charge-transport direction of a partic-
ular optoelectronic device architecture (e.g., “face-on” for OPV/
OLED and “edge-on” for OFET),*® the device performance can
be further enhanced. However, because the number of high-
mobility organic semiconductors that exhibit liquid-crystalline
behavior has been limited in OFETs,” the realization of new
thermotropic LC semiconductors is very valuable to tune the
thin-film microstructure/morphology by post-deposition thermal
annealing processes. This can be used to study and elucidate
the crucial relationships between chemical structure, thin-film
microstructure/morphology, and charge transport.*”

Herein, we report the design, synthesis, and characterization
of two new highly electron-deficient D-A-D-type small mole-
cules a,m-2EH-TIFDMT (2,2'-(2,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)indeno[1,2-blfluorene-6,12-diylidene)dimalononitrile) and
o,m-20D-TIFDMT  (2,2'-(2,8-bis(5-(2-octyldodecyl)thiophen-2-
yl)indeno[1,2-blfluorene-6,12-diylidene)dimalononitrile;

Figure 1). Whereas 2-ethylhexyl substitution was found to be
inefficient for required solubility, substitution with 2-octyldo-
decyl rendered a,m-20D-TIFDMT freely soluble in various sol-
vents, such as chloroform, THF, and toluene, at room tempera-
ture. The chemical characterizations were performed by using
'H/"C NMR spectroscopy, MALDI-TOF spectrometry, elemental
analysis, and attenuated total reflection infrared spectroscopy
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(ATR-FTIR) to elucidate the chemical structures and final purity
levels. Differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA) (T ne:=380°C) were performed along
with melting-point analysis (7., =230-231°C) to characterize
the thermal properties of the new semiconductor. Compound
«,w-20D-TIFDMT was found to exhibit liquid-crystalline behav-
ior over a broad temperature range (AT=90-130°C) with the
characteristic fan-shaped texture of a hexagonal columnar
phase. UV/Vis absorption and cyclic voltammetry characteriza-
tions showed that o,w-20D-TIFDMT has low HOMO and
LUMO energy levels of —5.64 and —4.19 eV, respectively, with
a narrow solid-state optical bandgap (1.35 eV). The high solu-
bility of «,m-20D-TIFDMT, endowed by branched a,m-alkyl
substituents, allowed the fabrication of bottom-gate/top-con-
tact OFET devices by spin-coating. The devices, which were an-
nealed only at 50°C, exhibited perfectly air-stable n-channel
behavior with good electron mobility values of up to
0.11 cm?(Vs)™" and I,,/I¢ ratios of 107 to 10% This indicates an
enhancement of two orders of magnitude (100x) in charge
transport, as compared with OFETs based on the low-tempera-
ture-annealed parent semiconductor (-DD-TIFDMT) thin-films,
which reflects the result of rational alkyl-chain engineering.
Atomic-force microscopy (AFM) and out-of-plane 6-26 X-ray
diffraction (XRD) characterizations of these thin films indicate
the formation of highly interconnected, micron-sized (~0.5-
1.0 um) platelike grains with high crystallinity and edge-on mo-
lecular orientations. A decrease of four orders of magnitude
(10000x%) in electron mobility was observed when the semi-
conductor thin films were annealed in the LC state.

2. Results and Discussion
2.1. Synthesis and Structural/Thermal Characterizations

The synthetic routes to a,w-2EH-TIFDMT and o,»-20D-
TIFDMT are shown in Scheme 1, and involve Stille cross-cou-
pling protocols followed by Knoevenagel condensations. The
synthesis of the key indeno[1,2-blfluorene-6,12-dione 7 core,
IFDK-Br2, was previously reported by our group and the de-
tails can be found in the Supporting Information.”’ In the
cross-coupling reaction, IFDK-Br2 was reacted with the corre-
sponding trimethyltin-substituted thiophene reagent in the
presence of a Pd(PPh,),Cl, catalyst to give thiopheneinde-

Me;S»-@/TCAHQ
2Hs

Pd(PPhy),Cl,, DMF
48%

Me,Sm@/\ngHn
\ sH17

Pd(PPhy),Cl,, DMF

IFDK-Br2

34%

Scheme 1. Synthesis of a,0-2EH-TIFDMT and «,»-20D-TIFDMT.
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nol[1,2-blfluorene-6,12-dionethiophene compounds 1 and 2 in
48 and 34 % vyields, respectively. For this reaction, the best con-
ditions were determined to be highly polar dimethylformamide
(DMF) as the solvent at 125°C, which partially dissolved the
IFDK-Br2 7t core at high temperature for the cross-coupling re-
action. Conversion of carbonyl (C=0) groups to dicyanoviny-
lene (C=C(CN),) on the indenol[1,2-b]fluorene 7wt cores of 1 and
2 was achieved by a double Knoevenagel condensation reac-
tion with excess malononitrile in the presence of TiCl, Lewis
acid and pyridine base. In this reaction, different from typical
Knoevenagel condensations, the desired product formation
was not observed in the absence of TiCl, Lewis acid. This indi-
cates that TiCl, is crucial to the formation of the highly elec-
tron-deficient indenofluorenebis(dicyanovinylene) (IFDM) =
core, and it probably plays a key role in the dehydration step.
Whereas a,m-2EH-TIFDMT was found to be an insoluble com-
pound, a,w-20D-TIFDMT was freely soluble in common non-
protic organic solvents, such as chloroform, THF, and toluene,
which allowed convenient chromatographic purification and
thin-film solution processing (see below). This clearly reveals
the effect of the different lengths of the alkyl substituents (2-
octyldodecyl vs. 2-ethylhexyl) on the current D-A-D st structure.
Therefore, only a,w-20D-TIFDMT was isolated in its pure form
as a dark-colored microcrystalline solid in 72 % yield.

Chemical structures and purities for all the intermediate and
final compounds were characterized by using 'H and "*C NMR
spectroscopy (Figures S1 and S2 in the Supporting Informa-
tion), MALDI-TOF (Figure S3), elemental analysis, and ATR-FTIR
(Figure S4). The "H NMR chemical shifts of non-exchangeable
aromatic protons for a,m-20D-TIFDMT were highly dependent
on the concentration. As shown in Figure 2, an increase in the
concentration of ,w-20D-TIFDMT (from 1-16 mgmL™") in
CDCl; leads to high-field shifts (Ad, =0.1-0.3 ppm) in the
'H NMR spectrum, which arises from the shielding effect (ring
current effect) of the aromatic units between «,w-20D-
TIFDMT molecules. This indicates the presence of strong self-
association between o,m-20D-TIFDMT molecules in the solu-
tion phase. It is worth noting that, based on the chemical
shifts measured for the current concentration changes (0.9—
3.6—14.4 mwm), the self-association between «,®-20D-TIFDMT
molecules is expected to be as strong as that measured for
previously reported macrocyclic m-conjugated systems, if not
stronger.”" This is probably a result of highly favorable inter-

CH,(CN), TiCl,

pyridine
65% (crude)

CH,(CN),, TiCl,

pyridine

2%

0,0-20D-TIFDMT
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Figure 2. The concentration-dependent 'H NMR spectra of &,0-20D-TIFDMT in CDCl,, showing the chemical shifts of aromatic protons a-f.

molecular interactions, such as donor-acceptor, dipole-dipole,
and m-m stacking between D-A-D m cores.

As shown in Figure S4, the ATR-FTIR spectrum of a,»-20D-
TIFDMT shows only a C=N (2223 cm™) stretching vibrational
peak with no C=0 (1700 cm™') peak, which indicates complete
conversion of carbonyl groups to dicyanovinylene. The ther-
mogravimetric analysis (TGA) of a,w-20D-TIFDMT shows the
excellent thermal stability of this compound, with the thermol-
ysis onset temperature (5% weight loss in TGA, Figure 3A) lo-
cated at 380°C. As shown in Figure 3B, the differential scan-
ning calorimetry (DSC) measurement of «,m-20D-TIFDMT
shows several sharp endothermic peaks at 85 (AH=
19.03Jg7"), 117 (AH=13.74 Jg™"), and 139°C (AH=10.06 Jg)
prior to the isotropic transition at 232°C (AH=6.12Jg7"). This
isotropic transition temperature correlates perfectly with the
temperature (230-231°C) measured in the conventional melt-
ing-point analysis. In addition, the observed clearing tempera-
ture is in the same range as that of the p-substituted parent
compound, B-DD-TIFDMT (m.p. 232-233°C),®? which indicates
that two opposing structural effects are mostly balanced be-
tween the two semiconductors: the steric bulk of the flexible
alkyl substituents (2-octyldodecyl > n-dodecyl) and the = rigidi-
ty/co-planarity of the molecular backbone (Figure S5; dihedral
angle (Op1) =22 (0,m-20D-TIFDMT) vs. 48° (B-DD-TIFDMT)).
Upon cooling, two exothermic peaks at 225 (AH=—-5.29 Jg™")
and 86°C (AH=-12.54)g"") were recorded. These observed
DSC characteristics are indicative of a typical liquid-crystalline
(LC) material,®**" and the o,m-20D-TIFDMT powder was fur-
ther examined by using a polarized optical microscope (POM)
to observe the formation of mesomorphic features as a func-
tion of temperature. The typical pseudo focal-conic fan-shaped
texture of a hexagonal columnar (Col,) liquid crystal phase was
observed in the second heating cycle when the temperature
was raised above 139°C (Figure 3d).” Therefore, the endo-
thermic peak at 139°C with an enthalpy of 10.06 Jg~' was as-
signed to a crystal-to-mesophase transition. The XRD pattern
(Figure S6A) of o,0w-20D-TIFDMT in the LC state further con-
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firmed the Col, phase by showing distinct diffraction peaks
((100), (110), (200), and (210)) that correspond to lattice param-
eter of a=25.81 A" Considering that the total length of
the T-IFDM-T m core (18.9 A, Figure S5), calculated from the
energy-minimized molecular geometry and the alkyl-chain di-
mensions (4.33 A) from the powder XRD pattern, corresponds
to d,q in the LC phase, we propose a possible model for the
molecular organization within the columns of a,w-20D-
TIFDMT, which includes the formation of molecular discs by
coupling molecular dimers through strong intermolecular in-
teractions (Figure S6B).5?! In addition, an intra-columnar dis-
tance of 3.52 A was measured from the XRD spectra, which
corresponds to m-m stacking distances between molecular
discs. This indicates the formation of a favorable charge-trans-
port network along the column for optoelectronic devices.
Conversely, the earlier DSC peaks at 85 and 117°C did not
result in formation of any LC phase (Figure 3a-c); therefore,
they are attributed to crystal-to-crystal transitions.” The meso-
phase (Figure 3d,e) was found to be stable over a wide tem-
perature range of approximately 90 °C until the mesophase-to-
isotropic liquid transition (Figure 3f), which occurs at 232°C. In
the cooling cycle, the mesophase again remained stable over
a broad temperature range from 225 to 86 °C, which can be at-
tributed to the presence of a high degree of molecular order-
ing as a result of favorable intermolecular interactions (see
above). During cooling of the LC phase, another important fea-
ture of the current semiconductor was observed, that is, both
edge-on (homogeneous) and face-on (homeotropic) molecular
alignments existed on the hydrophilic glass substrate.”® This
was clearly evident in the optical images of the same substrate
during cooling (Figure S7). The presence of peripheral swallow-
tailed alkyl substituents (2-octyldodecyl) on the thiophene
donor units, which are attached directly to the highly m-rigid
IFDM acceptor core, makes the current molecular design favor-
able for columnar liquid crystals. Similar columnar phases have
been observed in the literature with alkyl-substituted rod-like
m-conjugated molecular systems.2%3538
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Figure 3. A) Thermogravimetric analysis (TGA) and B) differential scanning calorimetry (DSC) of ¢,0-20D-TIFDMT at a temperature ramp of 10°Cmin~" under
N,. C) Optical images taken under 90° cross-polarization conditions as a function of temperature (a—f); scale bars are ~100 um.

2.2. Optoelectronic Characterizations and Computational
Modeling

The molecular electronic structure of «,w-20D-TIFDMT was
evaluated by using UV/Vis absorption spectroscopy, cyclic vol-
tammetry, and computational modeling (DFT, B3LYP/6-31G**).
As shown in Figure 4A, two main absorption peaks at A =353
and 721 nm were observed for a solution of a,w-20D-TIFDMT
in dichloromethane, and correspond to a m—mt* transition of
the indeno[1,2-b]fluorene-thiophene backbone and a symme-
try-forbidden n-st* transition of dicyanovinylene groups, re-
spectively.*” When «,0-20D-TIFDMT was spin-coated as a thin
film on a glass substrate, the absorption maxima were shifted
to longer wavelengths by 1=36 to 103 nm and vibronic fea-
tures with peak intervals of 0.15 to 0.20 eV (aromatic C=C
bond stretches) appeared. This may reflect molecular w-back-
bone planarization and intermolecular interactions in the thin-
film state as compared with the solution phase. In addition,
the optical bandgap estimated from the low-energy band
edge was lowered from 1.45 (in solution) to 1.35eV (solid
state). The thin-film absorption spectra of a,w-20D-TIFDMT
was found to span a wide spectral range of =300 to 900 nm,
which is consistent with its dark color in the solid state. Note
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that this also offers potential for use in photovoltaic applica-
tions as a means of harvesting a wide range of the solar spec-
trum. Electrochemical characterization revealed four reversible
reduction peaks (Figure 4B) with the first half-wave potential
located at —0.21V (vs. Ag/AgCl), which indicates that a,m-
20D-TIFDMT has very stable n-doping/dedoping characteris-
tics with a potential electron-transporting nature.

The HOMO and LUMO energy levels were estimated as
—5.64 and —4.19 eV, respectively, which are both higher than
those of the reference compound, B-DD-TIFDMT.?? This fol-
lows the same trends as the theoretical values (DFT, B3LYP/6-
31G**) and is attributed to the repositioning of (3-substitution
to the o,w-positions, which enhances the co-planarity of the
D-A-D & core (Figure S5; dihedral angle (6p,_7,) =48—22°) and
increases the HOMO (AE=0.23 eV) and LUMO (AE=0.12¢eV)
energies, with a larger magnitude in the former (Figure 4C). Be-
cause the HOMO is delocalized over the whole aromatic frame-
work, as opposed to the LUMO, which is localized on the m-ac-
ceptor part, co-planarization electronically affects the HOMO
more than the LUMO. The low LUMO energy level of the cur-
rent semiconductor is in the same range as those of previously
reported air-stable n-channel semiconductors."®*! Further-
more, a finely tuned LUMO energy level (increased) and optical

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. A) Optical absorption of ,w-20D-TIFDMT in solution in dichloromethane and as thin films, B) cyclic voltammogram of a,®-20D-TIFDMT in di-
chloromethane (0.1 m Bu,NPF,~, scan rate=50 mVs '), and C) calculated (in blue; DFT, B3LYP/6-31G**) and experimental (in orange) HOMO and LUMO
energy levels with topographical orbital representations of p-DD-TIFDMT"? and ,»-20D-TIFDMT.

bandgap (reduced) of a,m-20D-TIFDMT, as compared with f3-
DD-TIFDMT, can be advantageous for high open-circuit volt-
age and enhanced solar spectrum absorption when used in
bulk-heterojunction solar cells as a non-fullerene acceptor.”"!

2.3. Field-Effect Transistor Fabrication and Characterization

Based on the good solubility and favorable molecular energet-
ics, field-effect transistors (OFETs) with a top-contact/bottom-
gate (TC/BG) device configuration were fabricated by spin-
coating a semiconductor layer (40-50 nm) under ambient con-
ditions. The spin-coating process was performed by using the
semiconductor formulation in a high-boiling-point solvent
(8mgmL™" in 1,2,4-trichlorobenzene, b.p.=214°C) and spin-
ning at a slow spin rate (300 rpm for 900 s) to form large crys-
tallites.”” The semiconductor thin films were thermally an-
nealed at different temperatures (50, 100, and 150°C) for

A. 10*

V= 100V

Mhas BRALL BRALL R AL BRAll ERAL ERALl Emadl meail mmadl |

0 20 40 60 80 100
Vs (V)

30 min before deposition of the top source-drain gold electro-
des; this annealing was found to have substantial effects on
the corresponding OFET performances. Because the semicon-
ductor layer is in direct contact with air in this device, it pro-
vides valuable information about the intrinsic air stability of
the semiconductor layer during device operation without the
help of any encapsulation. Highly n-doped Si with a 300 nm
thermally grown SiO, dielectric layer was used as the gate-die-
lectric platform, and the dielectric surface was functionalized
with a PS (polystyrene) brush to reduce surface energy and to
induce a favorable semiconductor morphology/microstructure
at the semiconductor-dielectric interface.*® All transistors ex-
hibited typical n-channel field-effect characteristics under am-
bient conditions. Representative transfer/output curves are
shown in Figure 5. For the devices annealed at 50°C, an aver-
age electron mobility of 0.07 to 0.11 cm?(Vs)™', an [,./l« ratio
of 107 to 108 and a threshold voltage of approximately 19V

Vg =100V

IDS (}IA)
N

Vg =0-40V

0 50 100

Vos (V)

Figure 5. A) Transfer curves of the TC/BG OFETs of solution-processed thin films of a,m-20D-TIFDMT annealed at 50, 100, and 150 °C. B) Output curve of the

OFET devices annealed at 50 °C.
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were achieved based on 10 individual devices. This indicated
a significant improvement in the charge-transport performance
of the new semiconductor, with an enhancement of two
orders of magnitude (100x) in electron mobility compared
with TC/BG OFETs based on low-temperature-annealed (T<
100°C) B-DD-TIFDMT films.®? The devices were found to be
perfectly stable in air, which reflects the sufficiently low LUMO
energy level of a,m-20D-TIFDMT that stabilizes charge-trans-
porting electrons against the ambient redox couple (O./
H,0).*4 Devices stored under ambient conditions in the light
showed only a very small degree of degradation in transfer
characteristics, with a decrease of less than one order of mag-
nitude in the on current (I,,) after 8 weeks of storage (Fig-
ure S8). The excellent stability of the off current (Iz= 10"~
1072 A) indicated negligible chemical doping of the semicon-
ductor film under ambient conditions. This observed ambient
stability for o,w-20D-TIFDMT is very similar to that of the
OFET devices fabricated with §-DD-TIFDMT films, and it can be
ascribed to the perfectly balanced LUMO energy level
(—4.19eV) of a,w-20D-TIFDMT, which is low enough to
induce ambient stability for electron transport, but at the same
time high enough to avoid any undesired chemical doping.™
The good electron mobility and ambient stability of the cur-
rent semiconductor thin films offer important advantages for
o,m-20D-TIFDMT to be used in p-n junctions, bipolar transis-
tors, and organic complementary-like circuitry (CMOS)."® As
shown in Figure 5A, when the devices were annealed at 100
and 150°C, lower electron mobility values of 0.04 to 0.06 (I,,/
lg=107-10% and 2x107° cm?(Vs)™' (/= 10-10°) were ob-
tained, respectively. This is in sharp contrast to OFETs fabricat-
ed with the parent semiconductor, $-DD-TIFDMT, in which
thermal annealing of the film gradually increased u, from
~1073 to 0.16 cm?(Vs)™" as a result of microstructural rear-
rangements and increases in grain size.*” The observed mobili-
ty trend for the new LC semiconductor’s OFET performance
correlates with microstructural and morphological changes in
the thin-film phase, as discussed below.

2.4. Thin-Film Microstructure and Morphology

Morphological and microstructural characterizations of the
semiconductor thin films were carried out by using atomic
force microscopy (AFM) and out-of-plane 6-26 X-ray diffraction
(XRD) techniques. As shown in Figure 6A, thin films annealed
at 50°C formed highly interconnected, micrometer-sized
(~0.5-1.0 um) platelike grains of terraced islands with step
heights of approximately 3.9 nm (Figure 7A). This correlates
well with the d-spacing (3.79 nm) measured along the lamellar
layers based on the out-of-plane XRD scan. For films annealed
at 100°C, the morphology changed to larger grains (>1.0-
2.0 um) with sharp edges and loose interconnectivity (Fig-
ure 6B). The step-height profile (Figure 7B) obtained from the
AFM image indicates the formation of cracks as deep as
around 25 to 40 nm between the crystalline grains, which
almost reached the surface of the underlying substrate. This
temperature is right above the first endothermic transition
(85°C) observed in the DSC scan, and it probably results in mo-
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lecular rearrangements in the crystalline grains to give larger
grains at the cost of deteriorated interconnectivity. This is also
obvious in the XRD scan (Figure 6B), in which some additional
diffraction peaks appeared at the higher-angle region (7-15°)
that probably belong to a secondary crystalline phase. Finally,
when the films were annealed at 150°C in the LC state, the
film morphology completely changed to continuous two-di-
mensional lamellar layers with step-heights of approximately
3.9 nm (Figure 7C) that uniformly covered the 10x 10 um? scan
area.

0-20 X-ray diffraction (XRD) characterizations of the thin
films revealed the formation of a highly crystalline texture with
a single set of Bragg diffraction peaks up to the eleventh order
(00 11). This is indicative of long-range molecular ordering
throughout the film thickness in the out-of-plane direction.
Based on the first (001) diffractions observed at 26 =2.34° (for
50°C annealing), 26=2.42° (for 100°C annealing) and 26=
2.28° (for 150°C annealing), lamellar d-spacings of 37.9, 36.6,
and 38.7 A were measured in the out-of-plane direction, re-
spectively. When these d-spacings were compared with the
computed molecular length (energy-minimized geometry cal-
culated by using DFT, B3LYP/6-31G**; Figure S5B, 40.9 A) for
the fully extended alkyl substituents, it is very likely that, in all
thin films regardless of the annealing temperature, the mole-
cules mostly adopt an edge-on orientation with a small degree
of alkyl-chain interdigitation and/or molecular tilting from the
substrate normal. For thin films annealed at 50 and 100°C,
Laue oscillations were observed around the first-order (001)
diffraction peaks, which indicated that the crystallite spacings
were perfectly uniform throughout the thickness of the semi-
conductor layer.*® The observed favorable microstructure and
morphology of the semiconductor thin film annealed at 50°C
is a result of strong intermolecular interactions between the
properly designed molecular structures of «o,m-20D-TIFDMT
and clearly explains the observed good electron mobility
under ambient conditions after a relatively low annealing tem-
perature. This clearly explains the increase in mobility by two
orders of magnitude (100x) compared with (-DD-TIFDMT.
Note that the observed densely packed film morphology
should benefit the formation of a physical barrier against the
diffusion of ambient redox species (O, and H,0) and contribute
to the ambient stability of devices based on the current semi-
conductor thin films. Although the crystalline grains became
larger and the molecular edge-on orientation was maintained
when the thin films were annealed at 100°C, the observed
twofold decrease in electron mobility should originate from
the deterioration in the connectivity of these grains. Finally, it
is very surprising that, despite the favorable lamellar morphol-
ogy and the crystalline microstructure (with edge-on molecular
orientation), an extremely low electron mobility value of 2x
10° cm?(Vs)™' was observed when the semiconductor thin
films were annealed at 150°C. This is in contrast to the main-
stream observations for semiconductor thin films: that surface
morphology and bulk crystallinity typically explains the OFET
performance well. Therefore, it is very likely that o,m-20D-
TIFDMT molecules adopt a somewhat different and unfavora-
ble microstructure/morphology in the bottom few layers at the
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Figure 6. 6-20 out-of-plane X-ray diffraction (XRD) scans and AFM topographic images of spin-coated a,w-20D-TIFDMT thin films annealed at a) 50, B) 100,
and C) 150°C; scale bars are 2.5 um. Insets: Close-ups of the Laue oscillations around the (001) diffraction peak.

semiconductor-dielectric interface, compared with those of
the bulk thin film. Although the exact nature of the semicon-
ductor’s microstructure/morphology at this interface requires
further advanced analysis, it should be related to a molecular
orientation remnant from the LC phase. Note that, for semi-
conductor thin films, the charge-transport process occurs
mostly through the first few molecular layers at the dielectric-
semiconductor interface.”” Given the significant drop in
charge transport, although the majority of the semiconductor
thin film shows a highly ordered edge-on orientation, we spec-
ulate that molecules at the interface probably adopt a face-on
orientation. This kind of orientational change across the semi-
conductor thin film has been previously observed in semicon-
ductor films in OFETs."® Here, it is most likely related to the
completely different crystallization behaviors of the molecules
on the hydrophobic self-assembled polymer surface versus in
the bulk semiconductor film during cooling from the LC phase
at 150 °C. This difference is caused by the fact that kinetic/ther-
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modynamic parameters (e.g., surface energy, nearby electron-
ic/structural properties, dielectric of the medium) that govern
the crystallization process are totally different on the hydro-
phobic self-assembled polymer surface and in the bulk semi-
conductor film.” In the literature, the effect of thermal treat-
ments of the LC phase on the charge-transport properties of
the corresponding OFETs has been controversial.®***" To this
end, our new columnar liquid crystalline semiconductor, o,m-
20D-TIFDMT, is an important example of thermal annealing in
the LC state causing a drastic decrease in electron mobility,
which is consistent with some earlier results on similar alkyl-
substituted small molecules with fused m-conjugated cores.”

3. Conclusions

We have designed, synthesized, and fully characterized a new
highly soluble and air-stable liquid-crystalline n-channel semi-
conductor «,m-20D-TIFDMT, which exhibits a low LUMO
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Figure 7. Step-height profiles of terraced or lamellar regions in the AFM topographic images of spin-coated a,0-20D-TIFDMT thin films annealed at A) 50,

B) 100, and C) 150°C; scale bars are 2.5 um.

energy level of —4.19eV and a narrow solid-state optical
bandgap of 1.35eV. DFT calculations clearly explain the elec-
tronic and geometric structure trends that occurred as a result
of repositioning [3-substituents to a,w-positions. The new semi-
conductor exhibits excellent thermal stability (T,,..=380°C)
and multiple endothermic transitions, with an isotropic transi-
tion temperature of 232°C. The typical pseudo focal-conic fan-
shaped texture of a hexagonal columnar liquid crystal phase
was observed over a wide temperature range of about 139 to
232°C. Thin films of a,®w-20D-TIFDMT were prepared by using
a convenient spin-coating process, and formed large (~0.5-
1.0 um) and highly crystalline platelike grains with good inter-
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connectivity. The microstructure consisted of mostly edge-on
oriented molecules with m—m stacking interactions along the
charge-transport direction. Solution-processed bottom-gate/
top-contact (BG/TC) OFETs fabricated with the low-tempera-
ture-annealed (50°C) semiconductor film demonstrated good
electron mobility values of up to 0.11 cm?(Vs) ' and high I,,/I.¢
ratios of 107 to 10® with excellent ambient stability. This indi-
cates an enhancement of two orders of magnitude (100x) in
electron mobility for low-temperature annealing in comparison
to the reference B-substituted semiconductor (3-DD-TIFDMT).
Devices stored under ambient conditions for several weeks ex-
hibited negligible degradation in transfer characteristics and
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maintained a low I which reflected a sufficiently low LUMO
energy level that stabilized electrons against the ambient
redox couple (O,/H,0) during charge transport. Thermal an-
nealing of the LC state gave much lower (~10*x) electron mo-
bility values, which was attributed to unfavorable changes in
the semiconductor—dielectric interface during cooling from the
LC phase. The current alkyl-chain engineering approach pro-
vides crucial structural guidelines for the realization of good
carrier mobility at a relatively low annealing temperature for
use in OFETs. We believe that the finely tuned optoelectronic
and charge-transporting properties of the new semiconductor
offer key advantages for use in organic photovoltaics as a non-
fullerene acceptor material, and further studies are underway.
Our findings prove that this new small molecule holds great
promise as an air-stable and solution-processable semiconduc-
tor for the development of n-channel OFETs on low-tempera-
ture-annealed flexible plastic substrates.

Experimental Section
Materials and Methods

Reagents were purchased from Aldrich and used without further
purification. All reactions were carried out under N, with a standard
vacuum/nitrogen manifold system by using Schlenk techniques.
Commercial dried solvents were used in inert-atmosphere reac-
tions. Flash column chromatography was carried out by using
230-400 mesh silica gel from Merck. The 'H/"*C NMR spectroscopy
characterizations were performed by using a Bruker 400 spectrom-
eter ('H, 400 MHz; *C, 100 MHz), and elemental compositions were
determined by using a Leco Truspec Micro model instrument. Ther-
mogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) characterizations were performed by using Perkin-Elmer Dia-
mond model instruments under nitrogen at a heating rate of
10°Cmin~". The optical texture observation was performed by
using a polarized optical microscope (Leitz Wetzlar Orthoplan-pol)
equipped with a hot stage (Linkam TMS 93) and a temperature
controller (Linkam LNP). Cyclic voltammetry measurements were
performed by using a C3 Cell Stand equipped with an Epsilon po-
tentiostat/galvanostat (Bioanalytical Systems, Lafayette, IN). UV/Vis
absorption spectra were recorded by using a Shimadzu, UV-1800
UV/Vis spectrophotometer. MALDI-TOF spectrometry was per-
formed by using a Bruker Microflex LT MALDI-TOF-MS instrument.
The optimization of molecular geometries and the analysis of fron-
tier molecular orbitals were carried out by using DFT at the B3LYP/
6-31G** level by using Gaussian09.%? Scheme S1 shows the syn-
thesis of 2,8-dibromoindeno[1,2-b]fluorene-6,12-dione (IFDK-Br2),
2-trimethylstannyl-5-(2-ethylhexyl)thiophene, and 2-trimethylstan-
nyl-5-(2-octyldodecyl)thiophene, which were prepared in accord-
ance with the reported procedures.®

Synthesis and Characterization

2,8-Bis(5-(2-ethylhexyl)thien-2-yl)indeno[1,2-b]fluorene-6,12-
dione (1)

A mixture of 2,8-dibromoindeno(1,2-blfluorene-6,12-dione (IFDK-
Br2; 0.500 g, 1.136 mmol), 2-trimethylstannyl-5-(2-ethylhexyl)thio-
phene (0.82g, 2272mmol), and Pd(PPh,),Cl, (79.4 mg,
0.113 mmol) in anhydrous DMF (65 mL) was heated at 125°C
under nitrogen for 18 h. After TLC indicated the completion of the
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reaction, the mixture was cooled to RT and evaporated to dryness
to give a dark-colored crude solid. The crude product was purified
by using column chromatography on silica gel (eluent: CHCl;/hex-
anes, 9:1) to give the final product as a dark-green solid (0.37 g,
48% yield). M.p.: 292-293°C; 'H NMR (400 MHz, CDCl,): 6=0.92 (t,
J=7.2Hz, 6H), 1.26-1.40 (m, 9H), 2.74 (d, J=6.4 Hz, 2H), 6.71 (d,
J=3.6 Hz, TH), 7.15 (d, J=3.6 Hz, 1H), 7.40 (d, J=7.6 Hz, 1H), 7.63
(m, 2H), 7.75 ppm (s, TH); *C NMR (100 MHz, CDCl,): 6=10.9, 14.2,
23.0, 255, 28.9, 324, 34.2, 414, 1158, 120.9, 121.0, 123.6, 1264,
131.4, 134.6, 136.2, 139.4, 140.2, 141.3, 145.5, 192.6 ppm; IR (KBr):
1710cm™" (C=0 stretching); MS (MALDI-TOF): m/z caled for
CuH460,5,: 670 [M17; found: 671 [M+H]*; elemental analysis calcd
(%) for C,4Ha60,S,: C 78.76, H 6.91; found: C 78.43, H 6.98.

2,8-Bis(5-(2-octyldodecyl)thiophen-2-yl)indeno[1,2-b]fluorene-
6,12-dione (2)

A mixture of 2,8-dibromo-indenol[1,2-b]fluorene-6,12-dione (IFDK-
Br2; 0.682 g, 1.55 mmol), 2-trimethylstannyl-5-(2-octyldodecyl)thio-
phene (1.80 g, 3.41 mmol), and Pd(PPh,),Cl, (0.109 g, 0.155 mmol)
was prepared in anhydrous DMF (75 mL), and heated at 125°C for
1d under a nitrogen atmosphere. The reaction mixture was then
cooled to RT, and the resulting mixture was evaporated to dryness
under vacuum to give a dark-colored crude solid. The crude prod-
uct was purified by using silica gel column chromatography
(eluent: CHCl;/hexanes, 7:3 v/v) to give the final pure product as
a dark-green solid (0.531 g, 34.0% vyield). M.p.: 135-136°C; 'H NMR
(400 MHz, CDCl;): 6=0.90 (m, 6H), 1.28-1.31 (m, 33H), 2.74 (d, J=
6.4 Hz, 2H), 6.68 (d, J=3.2Hz 1H), 7.12 (d, J=3.6 Hz 1H), 7.38 (d,
J=7.6 Hz, 1H), 7.60 (m, 2H), 7.70 ppm (s, 1TH); "*C NMR (100 MHz,
CDCly): 0=14.1, 22.7, 26.6, 29.3, 29.4, 29.7, 29.8, 29.9, 30.0, 31.9,
33.2, 34.7, 40.0, 115.7, 120.8, 120.9, 123.5, 126.4, 131.3, 134.6, 136.1,
139.4, 140.2, 141.2, 145.4, 145.5, 192.5 ppm; MS (MALDI-TOF): m/z
caled for CgHo,0,5,: 1008 [M]F; found: 1009 [M+H]"; elemental
analysis calcd (%) for CggHo,0,S,: C 81.06, H 9.40; found: C 81.31, H
9.52.

2,2'-(2,8-Bis(5-(2-ethylhexyl)thiophen-2-yl)indeno[1,2-b]
fluorene-6, 12-diylidene)dimalononitrile (e, >-2EH-TIFDMT)

2,8-Bis(5-(2-ethylhexyl)thiophen-2-yl)indenol[1,2-b]fluorene-6,12-
dione (1; 181.16 mg, 0.270 mmol) and malononitrile (0.25 g,
3.785 mmol) were dissolved in anhydrous chlorobenzene (30 mL)
under nitrogen. Then, pyridine (0.41 mL, 5.09 mmol) and TiCl,
(0.293 mL, 2.676 mmol) were added and the reaction mixture was
heated at 110°C for 5 h under a nitrogen atmosphere. When the
resulting reaction mixture was cooled to RT for work-up, the dark-
colored crude product precipitated from the reaction mixture. Due
to its extremely low solubility in organic solvents, no further purifi-
cation was performed on this crude material (0.135 g, 65% crude
yield).

2,2'-(2,8-Bis(5-(2-octyldodecyl)thiophen-2-yl)indeno[1,2-b]
fluorene-6,12-diylidene)dimalononitrile (¢, c>-20D-TIFDMT)

2,8-Bis(5-(2-octyldodecyl)thiophen-2-yl)indenol[1,2-b] fluorene-6,12-
dione (2;0.300g, 0.297 mmol) and malononitrile (0.275 g,
4.164 mmol) were dissolved in anhydrous chlorobenzene (35 mL)
under nitrogen. Then, pyridine (0.457 mL, 5.651 mmol) and TiCl,
(0.326 mL, 2.974 mmol) were added and the reaction mixture was
heated at 110°C for 5 h under a nitrogen atmosphere. The result-
ing reaction mixture was cooled to RT, quenched with water, and
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the product was extracted with chloroform. The organic phase was
washed with water, dried over Na,SO,, filtered, and evaporated to
dryness to give the crude product as a dark-colored solid. The
crude was purified by using silica gel column chromatography
(eluent: chloroform), which gave the pure product as a black solid
(0.237 g, 72.2% yield). M.p.: 230-231°C; "H NMR (400 MHz, CDC,):
0=0.89 (m, 6H), 1.28 (s, 31H), 1.59 (s, 4H), 2.75 (d, J=8.0 Hz, 2H),
6.73 (d, J=4.0Hz, 1H), 7.18 (d, J=4.0Hz, 1H), 7.49 (d, /=8.0 Hz,
TH), 7.64 (t, J=8.0 Hz, TH), 8.29 (s, TH), 8.42 ppm (s, 1H); *C NMR
(100 MHz, CDCly): 6=14.1, 22.6, 26.5, 29.2, 29.8, 31.9, 33.0, 34.8,
39.9, 783, 113.0, 1174, 121.3, 122.8, 124.0, 126.5, 131.0, 134.7,
136.7, 138.4, 139.4, 142.7, 146.5, 159.1 ppm; MS (MALDI-TOF): m/z
caled for C;,Hg,N,S,: 1103.69 [M]F; found: 1103.12 [M]*; elemental
analysis calcd (%) for C;,Hq,N,S,: C 80.53, H 8.58, N 5.08; found: C
80.89, H 8.72, N 5.32.

Device Fabrication and Characterization

Top-contact/bottom-gate (TC/BG) OFET devices were fabricated on
highly n-doped silicon wafers with a thermally oxidized SiO, dielec-
tric layer (300 nm thick; capacitance per unit area ()=
11.4 nFcm 2. The substrates were cleaned by sonication in ace-
tone for 10 min and then treated with oxygen plasma cleaning for
5 min (Harrick plasma, PDC-32G, 18 W). To achieve a favorable die-
lectric-semiconductor interface, the dielectric surface was treated
with a PS-brush monolayer (M,,= 1.7-28 kgmol ") by following the
reported procedures.*****¥ The organic semiconductor layer (e, -
20D-TIFDMT) was deposited by spin coating on the PS-brush-
treated gate—dielectric substrates. For the spin-coating process,
o,0-20D-TIFDMT was first dissolved in 1,2,4-trichlorobenzene
(8 mgmL™") and the solution was spin-coated at a slow spin rate
(300 rpm for 900's) to form large crystallites.*” The solution-pro-
cessed substrates were annealed in a vacuum oven at different
temperatures (50, 100, 150°C) for 30 min. The semiconductor film
thickness (40-50 nm) was measured by using a profilometer
(DEKTAK-XT, Bruker). The source-drain electrodes were deposited
by thermal evaporation (deposition rate=0.2 As™') of Au layers
(50 nm) to give various channel lengths (L; 100 and 50 pm) and
widths (W; 1000 and 500 um). The electronic performance of the
OFET devices was measured under ambient conditions at RT by
using a Keithley 4200-SCS semiconductor characterization system.
The transistor characteristics in the saturation regime, such as
charge-carrier mobility («) and threshold voltages (V;), were ex-
tracted from Equation (1):

U = (2 IDSL)/[WCi(VG*VT)Z] (M)

in which Iy is the drain current, L and W are the channel length
and width, respectively, G is the areal capacitance of the gate die-
lectric, V; is the gate voltage, and V; is the threshold voltage. The
surface morphology and out-of-plane crystallinity of the semicon-
ductor thin films were characterized by using atomic force micros-
copy (AFM, NX10, Park systems) and X-ray diffraction (XRD, Smar-
tlab, Rigaku).

Supplementary Data

The Supporting Information includes synthetic procedures and
characterizations for compounds 2,8-dibromoindeno[1,2-blfluo-
rene-6,12-dione (IFDK-Br2), 2-trimethylstannyl-5-(2-ethylhex-
yhthiophene, and 2-trimethylstannyl-5-(2-octyldodecyl)thio-
phene, Figures S1-S4 ("H/"*C NMR spectra, MALDI-TOF spec-
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trum, and ATR-FTIR spectra of «,m-20D-TIFDMT), Figure S5
(optimized molecular geometries (DFT, B3LYP/6-31G**) of f-
DD-TIFDMT and o,m-20D-TIFDMT), Figure S6 (powder XRD
spectra at 160°C), Figure S7 (edge-on vs. face-on aligned LC
phases during cooling), and Figure S8 (transfer plot of the
OFET devices after ambient storage).
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