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Highly Contorted 1,2,5-Thiadiazole-Fused Aromatics for Solution-
Processed Field-Effect Transistors: Synthesis and Properties

Xin Shi*® Shuli Liu*"”’ Chunming Liu,” Yueming Hu,”” Saihua Shi,” Nina Fu,”
Baomin Zhao,*™ Zhaohui Wang,*® and Wei Huang*®

fAbstract: A straightforward strategy has been used to con-
struct 1,2,5-thiadiazole-fused 12-ring  systems through two-
fold Stille coupling and subsequent cyclodehydrogenation
by utilizing the building blocks of naphthodithiophene and
5,6-substituted benzo[b]-2,1,3-thiadidazole. Molecules 1a
and 1b, which exhibit highly contorted s surfaces, show
a butterfly-shaped conformation according to DFT calcula-
tions. Within the molecules, a plane-to-plane angle of 44.8°
was found. UV/Vis absorption, thermogravimetric analysis,
differential scanning calorimetry, and cyclic voltammetry (CV)
were used to study their physical properties. Strong intermo-
lecular interactions of the nonplanar molecules were also
observed by concentration-dependent 'H NMR spectroscopy
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measurements and thin-film XRD characterization. The low-
lying LUMO and high-lying HOMO levels of the molecules
are —3.73 and —5.48 eV, respectively, as estimated from CV
measurements; this indicates their potential as semiconduct-
ing materials for solution-processed organic field-effect tran-
sistors (OFETS). A field-effect hole mobility of up to
0.035 cm?V~'s™, a threshold voltage of 6.98 V, and a current
on/off ratio of 8.65x 10° in air for 1a have been demonstrat-
ed with the top-contact bottom-gate field-effect transistor
device structures; this represents an important step toward
the solution-processed OFET application of contorted aro-
matics.

/

Introduction

Organic semiconductors are of great importance and interest
from the viewpoint of their fundamental electronic and optoe-
lectronic properties and their potential applications in organic
electronics, such as organic field-effect transistors (OFETs)."?
During recent decades, remarkable progress in the per-
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Supporting information for this article can be found under http://
dx.doi.org/10.1002/asia.201600675. It contains NMR spectra, MALDI-TOF MS
spectra, DFT data, AFM images, and SEM images of 1a.
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formance of OFETs has been achieved.®™ For example, state-
of-the-art charge-carrier mobilities for thin-film OFETs are
19.3cm?V"'s" in the case of vacuum-deposited small mole-
cules,” 31.3cm?V's™" for solution-processed small mole-
cules,” and 11.4 cm?V~"s™! for conjugated polymers.®! This im-
pressive accomplishment was mainly achieved by the molecu-
lar engineering of the structures of organic semiconductors, as-
sisted by great successes in device fabrication techniques.”""
Decades of research into OFET materials has rationalized the
design principles of materials towards high charge mobilities,
including an extended m-conjugated system, structural symme-
tricity, and planarity."*" Fusing aromatic rings to give polycyc-
lic aromatic hydrocarbons (PAHs) is an effective strategy
toward large and rigid aromatic structures.'>'® The rigidity of
fused aromatic structures helps to reduce reorganization
energy, thereby increasing the rate of electron transfer.”™ Fur-
thermore, planar aromatic structures have the ability to pack
tightly in the solid state, often leading to desirable m—x inter-
actions.['1)

Since the remarkable performance of pentacene in OFETs
was discovered,”” the chemistry of larger linear acenes has re-
cently been aggressively developed."* ™' Thus, m conjugation
in most organic semiconductors for OFETs is extended through
1D condensation of aromatic rings. On the other hand, m-ex-
tension systems with 2D conjugation for field-effect transistor
(FET) devices have not been extensively developed.'®* Al-
though the performances of 2D PAHs were not as remarkable
as those of 1D acenes, it is worth paying them much attention.
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Because 2D PAHs can be constructed through the straightfor-
ward strategy of chemical oxidant induced dehydrogenation
steps (namely, the Scholl reaction)."®*? The Scholl reaction has
been extensively utilized for the synthesis of planar PAHs.['>%
Importantly, the oxidative cyclodehydrogenation reaction can
be accomplished under ambient conditions in high yields by
using a variety of “mean metal” oxidants, such as FeCl, in di-
chloromethane,®*?® CuCl, or copper(ll) triflate (Cu(OTf),), and
AICI,.*% Pei and co-workers reported the preparation of BN-
embedded heterosuperbenzenes, which exhibited p-channel
characteristics, with the highest mobility of 0.23 cm?V's',
a low threshold of —3V, and a current on/off ratio of >10*5”
It should be mentioned that 2D PAHs are expected to afford
unusual nano- or microribbons. These micro-/nanoribbons can
be applied in solution-processed OFETs to give mobilities as
high as 12.6 cm*V~'s7'B1

Mobility enhancement and environmental robustness to oxi-
dation in ambient air are two major requirements of organic
semiconductors for OFETs.® ™ The general approaches to ach-
ieve stable semiconductors with desirable band gaps and
energy levels include 1) introducing electron-withdrawing sub-
stituents (e.g., fluorine® or carboximide®™) onto the tradition-
al acenes, and/or 2) replacement carbon atoms within the w
system by electron-deficient atoms (e.g., imine nitrogen). Re-
cently, the electron-deficient heterocycle of thiadiazole has
been used to afford 1,2,5-thiadiazole-fused compounds be-
cause this ring leads to several advantages, such as a high
electron affinity, no steric repulsion between adjacent aromatic
rings, and strong intra-/intermolecular interactions caused by
short SN contacts (see examples a—e in Figure 1).°**® Howev-
er, few of them can be used as active materials for OFETs ob-
tained by low-cost solution-processed techniques.

In this regard, we report the successful synthesis of 12-ring
1,2,5-thiadiazole-fused heteroacences 1a-b (Figure 1) through
twofold Stille coupling and subsequent cyclodehydrogenation
by utilizing the building blocks of naphthodithiophene (NDT)
and 5,6-substituted benzo[b]-2,1,3-thiadidazole (BT; Scheme 1).
The target molecules can be considered as a combination of
two dithienonaphtho-thiadiazoles (DTNTs)® and one NDT.*”
Different side chains on NDT were used for tuning their solubil-
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ity and aggregation behavior in the solid state. In addition,
lower-lying HOMO/LUMO levels were expected for these com-
pounds. Their photophysical properties were studied by UV/Vis
absorption both in solutions and as thin films. Their electro-
chemical properties were investigated by cyclic voltammetry
(CV) and the corresponding energy levels were determined by
a combination of the analysis of CV and absorption data. Their
thermal behavior and self-assembly in the solid state were
studied by thermogravimetric analysis (TGA), differential scan-
ning calorimetry (DSC), and thin-film XRD measurements. The
molecular geometry and m surface were studied with DFT cal-
culations. Finally, charge transport has been studied in solu-
tion-processed OFET devices and is discussed in relation to the
molecular properties.

Results and Discussion
Synthesis and Characterization of Materials

The synthesis of these BT-embedded 2D PAHs is depicted in
Scheme 1. The central NDT derivatives™ were obtained
through the FeCl;-mediated Scholl reaction in good yields.”**”
The distannyl compounds of 4 were conveniently prepared in
situ by lithiation of 3 with nBuLi in THF at —78°C followed by
quenching with tributyltin chloride and aqueous workup;
these compounds were used without further purification. 5,6-
Dibromobenzothiadiazole was synthesized according to a pro-
cedure reported in the literature.*” Compound 5 can be pre-
pared through Stille coupling of 5-dodecyl-2-tributyl-stannylth-
iophene and 5,6-dibromo-BT in 35-40% yield.*”’ However, the
direct C—H arylation of 2-dodecylthiophene and 5,6-dibromo-
BT is superior and proceeds in a good yield of 73%."" It was
assumed that in the direct C—H arylation reaction the reactivity
of the bromine atom was restricted after the other one was re-
placed by dodecylthiophene. The precursors of 6 were pre-
pared by a Stille coupling reaction between 4 and 5 at a molar
ratio of 1:2.2 in moderate yields. The FeCl; oxidative cyclization
was then utilized to construct the 12-ring-fused skeleton
through thienyl-thienyl carbon-carbon bond formation.*
Compound 3 can be formed through the oxidization of 2 with

i b R= AR AR AN
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Figure 1. Molecular structures of 1,2,5-thiadiazole-fused aromatics, including 1a-b (aromatic hydrogen atoms are highlighted).
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Scheme 1. Synthesis of 1a and 1b. THF =tetrahydrofuran, PivOH = pivalic acid, DMA = N,N'-dimethylacetamide.

2.2 equivalents of FeCl; in good yields (75-80%). However, the
twofold Scholl annulation toward 1a-b can only be accom-
plished by using 10 equivalents of FeCl; in our hands. With
4.5 equivalents of FeCl;, only the unilateral fused intermediate
7b was obtained, which was confirmed by 'H NMR spectrosco-
py and MALDI-TOF mass spectrometry (Figure S22 in the Sup-
porting Information). A plausible explanation for this is that
the decreased activity of thiophene units is caused by the sub-
stituted BT units, which are electron deficient.

All compounds are readily dissolved in common organic sol-
vents, such as dichloromethane, chloroform, THF, and toluene,
and allow us to purify them by column chromatography. The
structures of these compounds are identified by 'H and
3C NMR spectroscopy and MALDI-TOF mass spectrometry (see
the Supporting Information). For example, '"H NMR spectrosco-
py was employed to monitor the oxidative cyclization reac-
tions. After cyclization, the resonance at d=6.88 ppm, which
could be assigned to -H on the thiophene rings closer to BT
units in 6a, disappeared and signals at 6 =6.67 ppm as a dou-
blet, which correlated to the other 3-H on the same thiophene
ring, now appeared as a singlet with a significant 1.3-1.4 ppm
downfield shift in the '"H NMR spectrum of 1a. This change
clearly indicates the formation of a larger aromatic planar &
system after cyclization.*? In addition, the symmetric struc-
tures of 1a-b are evidenced by only four proton signals, which
can be assigned to the resonance from protons on the aromat-
ic skeleton.

The large 2D m-conjugated structure of 1a-b favored highly
ordered self-assembly through st-m interactions, as evidenced
by concentration-dependent 'HNMR spectra in CDCl,
(Figure 2). All aromatic proton resonances shifted upfield when
the concentration of 1a in CDCl; increased from 6 to
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Figure 2. Aromatic region of the 'H NMR spectra of a) 1a in CDCl; at differ-
ent concentrations; and b) 1a and 1b in CDCl; at the same concentration of
12 mgmL™" (resonance assignments are shown in Figure 1).
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18 mgmL™" (Figure 2a). The two signals assigned to the pro-
tons of the DTNT units (Ha, Hb, and Hc) shifted upfield by ap-
proximately AdHa=0.60 ppm, AdHb=0.20 ppm, and AdHc=
0.50 ppm, when the concentration of 1a in CDCl; increased
from 6 to 18 mgmL™". A less pronounced upfield shift
(AOHd=0.10 ppm) was also observed for the protons in the
NDT segment (Hd). Such upfield shifts were attributed to inter-
molecular shielding from the neighboring aromatic molecules
in concentrated solution; this implied their tendency to self-as-
sociate through m—m interactions between neighboring mole-
cules.™” The chemical shifts of the protons (Ha, Hb, and Hc) on
DTNT are more sensitive to concentrations than that of Hd on
NDT core; this suggests that compounds 1a-b should be con-
torted aromatics.*® In comparison with 1a, compound 1b has
a slightly different '"H NMR spectrum at a very similar concen-
tration of 12 mgmL™" (as shown in Figure 2b), which indicates
that the alkyl chains on the NDT core also influence molecular
interactions in concentrated solution.

Thermal Properties

The thermal stability and thermally induced phase-transition
behavior are important for organic semiconductors applied in
organic electronic devices. TGA and DSC measurements were
conducted to investigate the stability and phase transition of
compounds 1a-b. As shown in Figure 3a and b, both 1a and
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Figure 3. TGA curves of 1a (a) and 1b (b). The measurements were per-

formed under a nitrogen atmosphere with heating and cooling rates of
10°Cmin~".
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1b exhibited good thermal stabilities, losing less than 5%
weight upon being heated to 390°C in nitrogen, as deter-
mined by TGA. Compound 1a, with 3,7-dimethyloxyl chains,
shows endothermal peaks at 298.7 °C and an exothermal peak
at 267.5°C (Figure 4a). This phenomenon suggests that com-
pound 1a is a crystalline material. However, no clear phase
transition was observed when 1b underwent several heating
and cooling cycles under the same conditions (Figure 4b).
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Figure 4. DSC curves of 1a (a) and 1b (b). The measurements were per-
formed under a nitrogen atmosphere with heating and cooling rates of
10°Cmin~".

XRD measurements were carried out on spin-coated films of
1a-b to gain a good understanding of molecular packing and
solid-state morphology. The pristine films were spin-coated on
Si/SiO, substrates from a solution in chloroform (9 mgmL™").
As shown in Figure 5, for compound 1b, only a first-order re-
flection peak at around 20=5.88° with very strong intensity
and a broad halo in the wide-angle region were observed. The
XRD pattern of the spin-coated film of 1a showed several re-
flection peaks. The reflections at 260 =5.88 and 10.47°, corre-
sponding to d spacings of 15.12 and 8.44 A, indicate long-
range order, possibly with an edge-on molecular orientation.
Considering disk-like 2D PAHs are likely to stack into similar
columnar superstructures through intermolecular mt-m interac-
tions and other weak interactions in the solid state, com-
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Figure 5. Thin-film XRD patterns of 1a-b.

pounds 1a-b should also adopt a columnar structure owing
to strong m-m interactions between the largely extended rigid
cores, although a very conclusive packing mode cannot be
easily determined at the moment. Thus, the reflection peak at
3.95 A can be correlated to the typical m-n stacking distance
in each column. The peak at 4.26 A can be correlated to the
distance between the aliphatic chains by van der Waals inter-
actions.”® Based on these results, we can conclude that with
the same 1 system 1a shows a better polycrystalline phase
than 1b because more sharp reflection peaks appeared in the
XRD pattern of 1a than 1b. As shown in Figure 1, the only
structural difference between 1a and 1b is their pendant alky-
loxyl chains on the NDT center. The branched 3,4-dimethylocty-
loxyl groups will increase the solubility of 1a, which will allow
more kinetically balanced aggregation in solution, leading to
higher ordering packing in contrast to the faster aggregation
of 1b.®) Thus, when precipitated from a concentrated solution
or cast into a film, compound 1a showed that a more ordered
microphase should be reasonable. Finally, this will have an in-
fluence on their performances in FET devices.
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Photophysical Properties

The UV/Vis absorption spectra of 1a-b were recorded in dilute
solutions (1x107°>m) in chloroform and as thin films. The pho-
toluminescence spectra of dilute solutions of 6a-b and 1a-
b in chloroform were also recorded. For comparison, the ab-
sorption and emission spectra of 6a were also recorded in
CHCl; and as a film. All of the data are collected in Table 1and
all spectra for 6a-b and 1a-b are included in Figure 6. The
spectra for two pairs of compounds are almost identical to
each other, respectively, so only representative spectra of 6a
and 1a are shown in Figure 6. In solution, compound 6a ex-
hibits a strong m-mt* transition with a maximum absorption at
A~360 nm and a strong charge-transfer band at A =424 nm.
For 1a, its absorption spectrum exhibited three major bands
with absorption 4,.,~312, 389, and 451 nm. The absorption
maximum of the charge-transfer band was redshifted by about
27 nm after ring closure, which indicated that 1a had a lower
band gap and more extended m-conjugation system.”® The
lowest energy absorption onsets of 6a and 1a in solution
were at A =507 and 575 nm, respectively, and the optical band
gaps were calculated to be 2.44 and 2.15 eV for 6a and 1a, re-
spectively. Vibronic bands for the absorption bands of 1a were
observed; these arose from enhanced rigidity in its chemical
structure when formed from the cyclization of 6a. Interestingly,
in dilute solution 1a shows similar absorption characteristics
to that in DTNT.®¥ For example, all absorption bands of DTNT,
two absorption maxima in the UV region at 1=368 and
386 nm and one weak broad absorption band in the visible
region at 1=449 nm, were observed in the absorption spec-
trum of 1a, but with a slight redshift (< 15 nm). This unexpect-
ed lower redshift in w-m* transition absorption band and intra-
molecular charge transition (ICT) band indicates that the fusion
of two DTNT moieties onto the naphthalene core leads to
a larger extended m system, but with constrained m-electron
delocalization. Results of a Gaussian simulation on this point is
discussed in the next section. In dilute solution, compounds
6a-b and 1a-b showed weak fluorescence at 1., =564.5 (for
6a-b) and 617.5 nm (for 1a-b, as shown in Figure 7). After the

Table 1. Summary of the photophysical properties and electrochemical data for compounds 6a, 6b, 1a, and 1b.

Aab A’Em E::set Elr)endset HOMO[a] LUMO[a] Egp[[b] EZC[a]
6a
in solution” 343, 424 564.5 1.15 —0.70 —5.58 —3.73 2.44 (507) 1.85
in film 347, 441
6b
in solution” 343, 425 564.5 1.13 —0.71 —5.56 —3.72 2.43 (509) 1.84
in film 347, 463
1a
in solution” 315, 359, 389, 454 617.5 1.06 —0.69 —5.49 —3.74 2.15 (575) 1.75
in film 381, 474, 576
1b
in solution” 314, 358, 388, 453 617.5 1.05 —0.70 —548 —3.73 2.15 (577) 1.75
in film 389,469

[a] HOMO/LUMO levels were calculated according to the following equations: HOMO = —(E%*_ —E®mene 4 4 8) eV and LUMO = —(E>__ —Efe™cene 1 4 8) eV, Egf
of each compound was calculated from the empirical equation Eg = |Euomo—Erumo | €V. [b] Band gap estimated from the onset wavelength (4gne:) of the so-
lution optical absorption: E;"‘: 1240/ A5 €V. [c] Data recorded from solutions in chloroform (1x10°°wm). [d] Data recorded from thin films.

onset onset onset onset
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Figure 6. Normalized UV/Vis absorption spectra of 6a (a), 1a (b), 6b (c), and 1b (d) in chloroform (1.0x107°m) and in thin film (spin-coating from a solution

in chloroform with a concentration of 9 mgmL™").
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Figure 7. Normalized photoluminescence spectra of 6a (red), 1a (blue), 6b
(black), and 1b (orange) as dilute solutions in chloroform (1.0x10°°m).

ring-fusion step, the emission maxima redshifted by 53 nm,
which indicated the formation of a larger ;t system. For both
6a and 1a, the UV/Vis absorption spectra as thin films were
redshifted and broader than those in dilute solutions, which in-
dicated that there was improved solid-state packing. Addition-
ally, the absorption spectra of films were not vibronic owing to
aggregation-induced intermolecular frontier orbital hybridiza-
tion. In comparison with 1b, the absorption spectrum of 1a in
a thin film shows a stronger shoulder at A =576 nm, which in-
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dicates that there are more ordered domains formed by m-n
stacking when 1a is aggregated in the film (as shown in Fig-
ure 6b and d).*¥ This result agreed well with the results ob-
tained by XRD measurements that in the film state 1a showed
more ordered packing than that of 1b. With respect to inter-
molecular interactions in thick solutions shown by 'HNMR
spectroscopy, this kind of crystalline phase shown in the film
state is reasonable. All of these results imply that even 1a-
b are in contorted butterfly-shaped architectures, which readily
form ordered microstructures in solid films.

To further understand the electron density distribution and
fundamentals of the molecular architecture of 1a-b, DFT calcu-
lations were carried out by using the Gaussian 09 program.®”
To simplify the calculations, the parent skeleton with all alkyl
side chains replaced by methyl groups was subjected to calcu-
lations (Figure 8c). The widely used Becke three-parameter
hybrid functional combined with Becke-Lee-Yang-Parr correla-
tion functional (B3LYP) using 6-31G(d) basis sets was employed
to obtain a theoretical prediction of single molecular geome-
tries and frontier orbital energy levels of the molecules at the
ground states (Sy). The molecular electrostatic potential (ESP)
was generated by using Gaussview 5.0, in which the red color
describes a negative ESP and the blue represents positive ESP.
The mean planes of aromatic moieties within 1a were calculat-
ed based on the optimized structure obtained by DFT calcula-
tions with Diamond software. The calculated molecular struc-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. Calculated molecular structures (a-d) and frontier molecular orbital
(FMO) profiles for 1a-b (Rings A and B are set to calculate the mean plane
angle (a), side view (b), model molecule (c), and front view (d)).

tures and FMO profiles of 1a are shown in Figure 8. As predict-
ed by calculations, compound 1a shows a butterfly shape with
highly contorted 7 conjugation, in which the naphthalene core
and DTNT moieties are distorted in opposite directions. As
shown in Figure 83, b, and d, Ring A and Ring B are tilted with
respect to each other by an angle of 44.8°, which is calculated
based on the mean planes defined within the optimized mo-
lecular geometry. The dihedral angles of D1 and D2 (Figure 8a)
are +9.9° and —6.7°, respectively; these values indicate that
the DTNT moieties in compound 1a are also twisted. The dihe-
dral angles of D3, D4, and D5 are —11.1°, —16.9°, and —24.3°,
respectively, which indicates that the NDT segment is also non-
planar. The highly distorted architecture of 1a is presumably
caused by ring constraint generated by fusion of the five-
membered thiophene rings with the six-membered benzene
ring to form a fused structure and large steric hindrance be-
tween the thiophene units on the DTNT units and the central
naphthalene unit according to the calculated bond lengths.
The strain in the molecular subunits severely distorts the aro-
matic molecules away from planarity, which results in limited
mt-electron delocalization along the whole molecular skeleton.
The calculated HOMO and LUMO energy levels are —5.50 and
—3.04 eV, respectively (Figure S24b in the Supporting Informa-
tion), corresponding to a band gap of 2.46 eV. The calculated
band gap is very close to the optical band gaps (Table 1). Com-
pound 1a adopts a partially disjoint FMO profile, that is, spa-
tially separated HOMO and LUMO. The HOMO level resides
along the thiophene moieties and naphthalene moiety, where-
as the LUMO level is mainly localized on the electron-deficient
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DTNT moieties. Organic chromophores with a disjoint FMO
structure always exhibit a limited ICT; thus energy transfer
from the electron-donor part to the electron-deficient part is
restricted. Theoretical calculation results reasonably support
compounds 1a-b showing similar absorption behavior to that
of DTNT, although they were composed of by two fused DTNT
units and one naphthalene unit. The term contorted aromatics
is used to describe PAHs such as compounds 1a-b,”* which
possess a large m-conjugated system, but constrained molecu-
lar structures. By using such PAHSs, it can be expected that the
curved m surfaces are useful as subunits to make self-assem-
bled electronic materials.

Electrochemical Properties

For organic semiconducting materials in which charge trans-
port occurs predominantly by hopping through their HOMOs
and LUMOs, the relative energy levels are crucial in determin-
ing the injection of holes and electrons from the electrodes to
the active layers, and consequently, affecting their performance
in OFET devices The electrochemical properties of 1a-
b were examined by CV in dry dichloromethane. For compari-
son, CV measurements on 6a and 6b were also performed.
The measured potentials were calibrated to the ferrocene/fer-
rocenium (Fc/Fc™) couple. The HOMO and LUMO levels of
these compounds were calculated from the onset oxidation
(E%..) and reduction potentials (E? ), respectively.”® The CV
profiles for 1a and 1b (6a and 6b) are almost identical to
each other (Figure 9 and Table 1), so only the profiles of 6a
and 1a are discussed. Compound 6a exhibited two partially
reversible oxidation waves and two reversible reduction pro-
cesses. The oxidation and reduction onsets of 6a are estimated
to be 1.15 and —0.70V, respectively, which correspond to
HOMO and LUMO levels of —5.58 and —3.73 eV, respectively. In
contrast to 6a, compound 1a shows one quasi-reversible oxi-
dation wave with £J; . at 1.06 V and one reversible reduction
wave with E¢_at —0.69 V, that is, the first oxidation potential
is negatively shifted by 0.09 V, whereas the reduction potential
is almost identical. According to differences in the onset po-
tentials of oxidation and reduction, the electrochemical energy
gaps of 6a and 1a are calculated to be 1.85 and 1.75 eV, re-
spectively; this indicates that the band gaps become narrower
when C—C bonds are formed within 6a to afford a more delo-
calized m-conjugated system of 1a. This is in good agreement
with the trend of their optical band gaps. The corresponding
HOMO level of 1a is in excellent agreement with that predict-
ed by DFT simulations, but the LUMO level of 1a is about
0.7 eV lower than that of the DFT-derived value. The latter is
mainly attributed to the lower accuracy of DFT in predicting
the LUMO energies.”” The HOMO level of 1a shows a slight in-
crease with the large m-extended conjugated system formed,
whereas the LUMO levels are almost unaffected. This feature
can be ascribed to the disjointed FMO profile, which permits
the independent tuning of the HOMO and LUMO levels of the
highly distorted butterfly-shaped PAHs. Therefore, the CV data
are also in good agreement with the results obtained by UV/
Vis absorption measurements and theoretical calculations. Fur-
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Figure 9. Cyclic voltammograms of compounds 6a, 6b, 1a, and 1b in dry CH,Cl, with 0.1 m Bu,NPF; as a supporting electrolyte. The scan rate was 50 mVs™"'.

thermore, both 6a and 1a possess good air stabilities owing
to their HOMO energy level being lower than the air oxidation
threshold of —5.27 eV."®

Fabrication and Characterization of FET Devices

Because compounds 1a-b possess highly distorted molecular
conformations and large delocalized m systems, it is necessary
to examine their performance as organic semiconductors.
OFET devices based on 1a-b were fabricated by spin-coating
solutions of the compounds in chloroform onto an octadecyl-
trichlorosilane (OTS)-modified SiO,/Si substrate with a top-con-
tact bottom-gate configuration.*”’ Gold was used as the drain
and source electrodes. Different annealing temperatures were
screened to optimize the fabrication conditions. Although two
DTNT moieties with ambipolar characteristics were fused into
12-ring heteroacenes of 1a-b, transistors based on them ex-
hibited typical p-channel transistor characteristics in air. The as-
spun (unannealed) thin-film devices based on 1a show a rela-
tively low hole mobility of 1.34x107* cm?V~"s™" with a thresh-
old voltage, Vi, of 18.3V and a current on/off ratio of 2.83x
10%. After annealing the thin films at 160°C for 5 min, the
device showed an enhanced mobility of 3.27x102cm?V's™’,
V=698V, and current on/off ratio of 8.65x10° Typical
output and transfer curves of the 1a-based FET devices an-
nealed at 160°C are depicted in Figure 10. However, higher an-
nealing temperatures resulted in decreased device per-
formance (Table 2). The effect of thermal annealing on devices
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based on 1b was different. When subjected to annealing tem-
peratures ranging from 25 to 200°C, the hole mobility of 1b-
based FET devices showed a stepwise improvement (Table 2).
Although unclear, we speculate that such an improvement in
device performance could be attributed to morphological
changes to the active layer by higher temperature annealing.
In comparison, the mobility of 1b-based devices is one order
of magnitude lower than that of the 1a-based devices under
optimized fabrication conditions. Notably, highly ordered semi-
conductors are expected to afford high hole mobilities.”! As
depicted in Figure 5, the thin film of 1a shows stronger and
more reflection peaks than that of 1b, which clearly indicates
that 1a possesses more ordered packing in solution-processed
thin films than 1b. Thus, the relatively better device perform-
ances of the 1a-based FETs are in good agreement with the
thin-film XRD results. Although the mobility of compound 1a
was somewhat lower than those of linear acenes, the value
was still among the highest values obtained for solution-pro-
cessed FET devices fabricated with 2D PAHs. It was also expect-
ed that FET devices fabricated by utilizing microwires prepared
with 1a or 1b could exhibit higher mobility, according to re-
ports that organic microwire transistors could always exhibit
mobility some orders of magnitude higher than those of their
solution-processed devices.”" A typical SEM image of micro-
wires of 1a is shown in Figure 528 in the Supporting Informa-
tion.
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Figure 10. Typical transfer (a) and output (b) characteristics of the thin-film OFET based on 1a. Typical transfer (c) and output (d) characteristics of the thin-
film OFET based on 1b. (Top-contact bottom-gate geometry, solution-processed onto OTS-modified Si/SiO, as solutions of 9 mgmL™" in chloroform.)

values are obtained from six devices.

Table 2. FET performance of 1a and 1b fabricated through a solution-processed
method and treated with different thermal annealing temperatures. Average mobility

ments. Although DFT calculations showed that the
molecular conformation was highly contorted, both
concentration-dependent 'H NMR spectra and thin-
film XRD patterns showed their high tendency to

Material T Have Hoox Vin lon/lot self-associate through m-m interactions. To investi-
rcl femv— s ] femv— s v ratio gate the thin-film field-effect properties of these ma-

1a 25 1-23><10:z 1-34><10j 183 2-33><102 terials, a bottom-gate top-contact device configura-
:gg ?:g;ilgq Z:g:ilgd 1?28 2:2:184 tion was adopted and the FET devices were fabricat-

200 353%10°3 2467%10°3 265 s45x10° | €d by a solution-processed method. Preliminarily,

1b 25 1.18x107° 1.27x107° 18.0 5.24x10? OFETs based on 1a exhibited p-channel characteris-
160 2-14><10: 2~46><10:z 385 1-°1><102 tics with a mobility of up to 3.54x102cm?V's™,

;38 ?122:184 ;:ggilg*‘ ;2:2 ‘1‘23:18“ a Vi, value of 6.98V, and an I/l ratio of 8.65x10°

after optimized thermal annealing (Table 2). This per-

formance is moderate but very impressive for highly

contorted aromatics.”>?* The mobility obtained from

Conclusion the device based on 1a is among the highest mobili-

A new family of 1,2,5-thiadiazole-fused heteroacenes, featuring
different alkyloxy substitution on the naphthalene center, were
designed and synthesized by taking advantage of the Scholl
annulation protocol. Both 1Ta and 1b were soluble in organic
solvents, which implied superiority for solution processes. Opti-
cal, thermal, and electrochemical properties were investigated
by UV/Vis absorption spectra, TGA, DSC, and CV measure-

ty value obtained for solution-processed FETs based on 2D
PAHs. This work provides a feasible strategy for a novel family
of thiadiazole-fused 2D PAHSs for solution-processed FET devi-
ces and reports useful insights into highly contorted aromatics
for organic electronics. Further exploration of 1a-based FETs is
still warranted for higher FET mobility by fabricating microwire
transistors.
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Experimental Section
General Measurements and Characterization

All reagents were purchased from Sigma-Aldrich, Energy Chemical,
J&K, and Suna Tech Inc. (PR. China). They were used as received
unless otherwise specified. Anhydrous toluene and THF were fresh-
ly distilled after being processed with sodium and benzophenone
under an argon atmosphere prior to use. Other solvents and re-
agents were directly used without further treatment. 5,6-Dibromo-
benzolc]-1,2,5-thiadiazole,*® 3-(tri-n-butylstannyl)thiophene and 2-
dodecylthiophene were synthesized by following literature proce-
dures with optimization.*? 'H and "*C NMR data were measured by
using a Bruker Ultra Shield Plus AV400 spectrometer in deuterated
chloroform at 298 K with tetramethylsilane (TMS; 6 =0 ppm) as the
internal standard (‘H NMR: 400 MHz, '*C NMR: 100 MHz). GC-MS
was recorded by using a Shimadazu GCMS-QP2010 plus instru-
ment. MALDI-TOF MS was recorded by using a Bruker Autoflex Il
mass spectrometer with anthracene-1,8,9-triol as the matrix. Ele-
mental analysis was performed on a Vario EL lll Elementar system
(Elementar Analyzen-systeme, Hanau, Germany). Elemental analyses
were the average of three runs. All samples were measured simul-
taneously for C, H, N, and S. DSC analysis and TGA were performed
on a Mettler DSC823e thermal analyzer and a Rigaku TG-DTA 8120
thermal analyzer, respectively, with a heating rate of 10°Cmin~’
under a flow of nitrogen. UV/Vis absorption and fluorescence spec-
tra were collected with a Shimadzu UV-1700 spectrometer and
a RF-5301 fluorometer, respectively. Cyclic voltammograms were
recorded in 0.1m Bu,NPFg in dry CH,Cl, with a CHI 620C electro-
chemical analyzer. A gold disc with a diameter of 2 mm, a Pt wire,
and an Ag/AgCl electrode were used as the working electrode,
counter electrode, and reference electrode, respectively. The scan
rate was 50.0mVs~'. For all CV measurements, Fc/Fct redox
couple was used as an internal standard, the oxidation potential of
which (Emocn¢) was 0.37 V under the present test conditions. The
HOMO energy levels were obtained from the equation HOMO =
—(Eox  —Eferocene 14 8) eV. The LUMO levels of the polymer were
obtained from the equation LUMO=—(E"® —Efrocene | 48)eV.
Room-temperature XRD measurements were performed on
a Bruker-AXS D8 DISCOVER instrument with a GADDS powder X-
ray diffractometer with Cu, radiation. The data were collected by
using a Ni-filtered Cu-target tube at room temperature in the 20
range from 5 to 40° at an angular rate of 0.2's per step, with
a scan step width of 0.02°. Field-emission SEM images were ob-
tained by a field-emission scanning electron microscope (HITACHI
S-4800).

Synthesis of 2a

In a 50 mL Schlenk tube, 4,5-dibromo-1,2-bis(dodecyloxy)benzene
(2.75 g, 5 mmol) and 3-tributylstannylthiophene (4.66 g, 12.5 mmol)
were mixed in freshly distilled toluene (20 mL). After carefully de-
gassing with argon, [Pd(PPh,),] (46 mg, 0.4 mmol) was added
quickly under argon. The mixture was heated at 110 °C with stirring
for 12 h in the dark. The cooled mixture was directly subjected to
a vacuum evaporator to remove the solvent. The residue was fur-
ther purified by column chromatography (silica gel, CH,Cl,/petrole-
um ether (PE)=1/4, v/v) to give compound 2a as a colorless oil
(2.49 g, 90%). "H NMR (400 MHz, CDCl;): 6 =7.17 (dd, 2H), 7.02 (dd,
2H), 6.96 (s, 2H), 6.78 (dd, 2H), 4.13-4.01 (m, 4H), 1.90 (t, 2H), 1.66
(m, 2H), 1.57-1.47 (m, 2H), 1.38-1.09 (m, 14H), 0.99-0.93 (m, 6H),
0.86 ppm (t, 12H); *CNMR (100 MHz, CDCly): 0=1484, 142.1,
129.2, 128.0, 124.6, 122.3, 115.6, 67.8, 39.3, 37.4, 36.3, 30.0, 28.1,
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24.8, 22.8, 22.7, 19.8 ppm; GC-MS: m/z calcd for C3,Hs00,S;:
554.8896 (MW), 554.3252 (exact mass); found: 554.1.

Synthesis of 2b

Compound 2b was obtained according to a similar procedure to
that for 2a. Pure 2b was obtained as a waxy solid in good yield
(92%). "H NMR (400 MHz, CDCl,): 6=7.17 (dd, 2H), 7.01 (dd, 2H),
6.95 (s, 2H), 6.77 (dd, 2H), 4.04 (m, 4H), 1.89-1.78 (m, 4H), 1.52—
1.44 (m, 4H), 1.26 (s, 32H), 0.95 (d, 6H), 0.86 ppm (t, /=6.8 Hz,
12H); *CNMR (100 MHz, CDCly): 6=148.4, 142.1, 129.1, 128.0,
124.5, 122.3, 115.7, 69.5, 32.0, 29.7, 29.70, 29.68, 29.68, 29.5, 29.41,
29.35, 26.1, 22.7, 142 ppm; MALDI-TOF MS: m/z calcd for
C3gH350,S,: 610.9959 (MW), 610.3878 (exact mass); found: 609.994.

Synthesis of 3a

A solution of 2a (112 mg, 0.2 mmol) in dry CH,Cl, (50 mL) was de-
gassed by bubbling through nitrogen gas for 15 min. FeCl; (65 mg,
0.4 mmol) in anhydrous CH;NO, (0.6 mL) was then added dropwise
by means of a syringe over the course of 10 min. The dark-green
solution was kept stirring and bubbling with a flow of nitrogen for
15min and then the reaction was quenched with methanol
(60 mL). The mixture was extracted with CH,Cl, and the combined
organic phase was dried over Na,SO,. The solvent was removed
under vacuum and the residue was purified by column chromatog-
raphy (silica gel, hexane/CH,Cl,=2/1, v/v) to give 3a as a white
solid (89 mg, 80%). 'H NMR (400 MHz, CDCl,): 6=7.88 (d, 2H), 7.70
(s, 2H), 7.48 (d, 2H), 431-4.17 (m, 4H), 2.05-1.94 (m, 2H), 1.82-
1.67 (m, 4H), 1.60-1.49 (m, 2H), 1.45-1.29 (m, 6H), 1.24-1.14 (m,
6H), 1.02 ppm (d, 6H), 0.88 (d, J=6.6 Hz, 12H); *C NMR (100 MHz,
CDCl,): 6=148.8, 133.9, 130.4, 123.4, 122.7, 122.6, 106.6, 67.6, 39.4,
37.6, 36.3, 30.1, 28.1, 24.9, 22.9, 22.8, 19.9 ppm; MALDI-TOF MS: m/
z calcd for C34H,50,S,: caled 552.8737 (MW), 552.3096 (exact mass);
found: 551.860.

Synthesis of 3b

Compound 3b was synthesized by following the same procedure
as that used for 3a to give 3b as a white solid (75%). '"H NMR
(400 MHz, CDCl,): 6=7.88 (d, 2H), 7.70 (s, 2H), 7.47 (d, 2H), 4.20 (t,
4H), 1.99-1.89 (m, 4H), 1.55 (t, 4H), 1.27 (s, 32H), 0.88 ppm (t, 6H);
BCNMR (100 MHz, CDCly): 6=148.9, 133.9, 1304, 1234, 1228,
122.6, 106.8, 69.3, 32.0, 29.8, 29.7, 29.5, 294, 29.3, 26.2, 2238,
14.2 ppm; MALDI-TOF MS: m/z calcd for C;Hs60,S,: 608.9800
(MW), 608.3722 (exact mass); found: 607.987.

Synthesis of 4a

nBuLi (2.6 mL, 4.1 mmol, 1.6 M in hexanes) was added by means of
a syringe under argon to a solution of compound 3a (1.10 g,
2 mmol) in dry THF (15 mL) at —78°C. The mixture was kept stir-
ring at —78°C for 2h before tributyltin chloride (1.32 mL,
4.4 mmol) was added. The reaction mixture was then kept at room
temperature for another 8 h. The mixture was extracted with PE
(2x30mL) and the combined organic phase was dried over
Na,SO,. The solvent was removed under vacuum to give com-
pound 4a quantitatively as a yellow liquid (2.38 g). Compound 4a
was used without further purification. '"H NMR (400 MHz, CDCl,):
0=7.86 (s, 2H), 7.75 (s, 2H), 4.28 (t, 4H), 2.02 (m, 2H), 1.70-1.51
(m, 12H), 1.46-1.19 (m, 58H), 1.13-1.08 (m, 8H), 0.95-0.83 ppm (m,
61H). (Inexact integration was caused by the excess use of tributyl-
stannyl chloride, but the integration and resonance signals down-
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field and at 6 =4.25 and 2.02 ppm could help us to confirm the
quality of 4a.)

Synthesis of 4b

Compound 4b was prepared according to the same procedure as
that used for 4a to give 4b as a yellow liquid (95%). 'H NMR
(400 MHz, CDCly): 6=7.86 (s, 2H), 7.75 (s, 2H), 4.23 (m, 4H), 1.95
(m, 4H), 1.69-1.60 (br, 45H), 1.39 (br, 7.3 Hz, 153H), 1.24-1.02 (m,
9.2 Hz, 12H), 0.98-0.83 ppm (m, 100 H).

Synthesis of 5

In @ 50 mL Schlenk tube, 5,6-dibromobenzo([b]-2,1,3-thiadiazole
(2.94 g, 10 mmol), 2-dodecylthiophene (2.77 g, 11 mmol), anhy-
drous K,CO; (1.66 g, 12 mmol), and PivOH (306 mg, 3 mmol) were
stirred in anhydrous DMA (20 mL) at 110°C for 4 h under an argon
atmosphere. After cooling to room temperature, the mixture was
extracted with ethyl acetate (3x30 mL). The combined organic
phase was dried over Na,SO,. The solvent was removed under
vacuum, then 5 was purified by column chromatography (silica
gel, CH,Cl,/PE=1/8, v/v) as the eluent to give compound 5 as
a yellow oil (3.40 g, 73%). "HNMR (400 MHz, CDCly): §=8.40 (s,
1H), 8.08 (s, 1H), 7.19 (d, 1H), 6.82 (d, 1H), 2.87 (t, 2H), 1.74 (m,
2H), 1.26 (br, 18H), 0.88 ppm (t, 3H); *C NMR (100 MHz, CDCl,):
0=154.1, 153.7, 1484, 1374, 137.0, 128.9, 1264, 125.2, 1243,
1223, 31.9, 31.6, 30.2, 29.69, 29.66, 29.57, 29.4, 29.2, 227,
14.1 ppm; GC-MS: m/z calcd for C,,H,oBrN,S,: 465.5131 (MW),
464.0956 (exact mass); found: 465.9

Synthesis of 6a

In a 50 mL Schlenk tube, compounds 4a (1.13 g, 1.0 mmol) and 5
(1.02 g, 2.2 mmol) were mixed in freshly distilled toluene (30 mL).
After careful degassing with argon, [Pd(PPh;),] (60 mg, 0.5 mmol)
was added quickly under argon. The mixture was heated at 110°C
with stirring for 12 h in the dark. The cooled mixture was directly
subjected to a vacuum evaporator to remove the solvent. The resi-
due was further purified by column chromatography (silica gel,
CH,CI,/PE=1/2, v/v) to give compound 6a as an orange solid
(925 mg, 70%). "H NMR (400 MHz, CDCl,): 6=8.28 (s, 2H), 8.15 (s,
2H), 7.75 (s, 2H), 7.53 (s, 2H), 6.89 (d, 2H), 6.67 (d, 2H), 4.25-4.14
(m, 4H), 2.75 (t, 4H), 1.82-1.68 (m, 2H), 1.82-1.69 (m, 4H), 1.66-
1.49 (m, 8H), 1.42-1.09 (m, 40H), 1.02 (d, J=6.4 Hz, 6H), 0.90-
0.83 ppm (m, 24H); “CNMR (100 MHz, CDCl;): 6=154.3, 154.1,
149.0, 148.5, 139.7, 138.1, 136.7, 136.5, 134.2, 131.2, 128.4, 1244,
123.6, 122.7, 122.6, 122.3, 106.4, 67.5, 39.3, 37.5, 36.2, 31.9, 31.7,
30.14, 30.11, 30.10, 29.72, 29.66, 29.65, 29.5, 29.4, 29.3, 29.0, 28.0,
24.8, 22.74, 22.70, 22.64, 19.8, 14.1 ppm; MALDI-TOF MS: m/z calcd
for CygH,0,N,0,S¢: 1320.65; found: 1320.51; elemental analysis calcd
(%) for CrgHoaN,O,5: C 70.86, H 7.93, N 4.24, S 14.55; found: C
70.88, H 7.90, N 4.23, S 14.53.

Synthesis of 6b

Compound 6b was prepared according to the same procedure as
that used for 6a to give 6b as an orange solid (63%). 'H NMR
(400 MHz, CDCly): 6 =8.27 (s, 2H), 8.15 (s, 2H), 7.72 (s, 2H), 7.51 (s,
2H), 6.88 (d, 2H), 6.67 (d, 2H), 4.16 (t, 4H), 2.75 (t, 4H), 1.99-1.89
(m, 4H), 1.64-1.49 (m, 8H), 1.36-1.07 (m, 68H), 0.91-0.79 ppm (m,
12H); *CNMR (100 MHz, CDCl)): 6=154.3, 154.1, 149.0, 1484,
139.6, 138.0, 136.7, 136.4, 134.2, 131.2, 128.4, 124.4, 123.6, 122.7,
122.6, 122.4, 106.4, 69.2, 32.0, 31.9, 31.7, 30.1, 29.77, 29.73, 29.71,
29.67, 29.55, 29.51, 29.41, 29.38, 293, 29.0, 26.2, 22.7, 14.2,
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14.1 ppm; MALDI-TOF MS: m/z calcd for Cg,H,,N,0,Ss: 1376.71;
found: 1376.56; elemental analysis calcd (%) for CgH;;,N,0,S4: C
71.46, H 8.19, N 4.07, S 13.96; found: C 71.47, H 8.16, N 4.07, S
13.93.

Synthesis of 1Ta

A solution of 6a (133 mg, 0.1 mmol) in dry CH,Cl, (50 mL) was de-
gassed by bubbling through nitrogen gas for 15 min. FeCl,
(162 mg, 1.0 mmol) in anhydrous CH;NO, (0.8 mL) was then added
dropwise by means of a syringe over the course of 15 min. The
dark-green solution was kept stirring and bubbling with a flow of
nitrogen for another 30 min and then the reaction was quenched
with methanol (60 mL). The precipitate was collected and washed
with methanol before being dissolved in CH,Cl, (50 mL). The solu-
tion was washed with brine for twice and dried over Na,SO,. The
solvent was removed under vacuum and the residue was purified
by column chromatography (silica gel, PE/CH,Cl,=1/1, v/v) to give
1a as a red solid (86 mg, 65%). "H NMR (400 MHz, CDCl): 5 =8.20
(s, 2H), 7.87 (s, 2H), 7.81 (s, 2H), 7.75 (s, 2H), 4.43 (s, 4H), 2.95-2.82
(t, 4H), 2.22-2.10 (m, 2H), 2.00-1.91 (m, 2H), 1.89-1.71 (m, 6H),
1.28-1.30 (m, 50H), 1.14 (d, 6H), 0.91 ppm (d, 18H); *CNMR
(100 MHz, CDCl,): 6=152.2, 151.8, 147.3, 146.3, 134.5, 134.4, 133.1,
131.3, 130.5, 129.3, 128.9, 128.2, 124.1, 124.0, 114.0, 112.9, 1094,
67.6, 394, 379, 37.8, 32.0, 31.9, 31.2, 30.3, 29.83, 29.81, 29.75,
29.65, 294, 28.1, 25.0, 22.8, 22.74, 22.71, 22.70, 19.90, 19.86,
14.2 ppm; MALDI-TOF MS: m/z calcd for CygHo)N,O,S,: 1316.62;
found: 1376.46; elemental analysis calcd (%) for CygH;qoN,O,Ss: C
71.08, H 7.65, N 4.25, S 14.60; found: C 71.11, H 7.65, N 4.26, S
14.58.

Synthesis of 1b

Compound 1b was prepared according to the same procedure as
that used for 1a. Owing to strong m-mt stacking interactions and
relatively low solubility in CH,Cl,, compound 1b can only be
washed from the column of silica gel by chloroform. Pure 1b was
obtained by recrystallization from a mixture of chloroform and
hexane as a red solid (60%). 'H NMR (400 MHz, CDCl,): 6 =8.22 (s,
2H), 8.02 (s, 2H), 8.01 (s, 2H), 7.77 (s, 2H), 4.37 (t, 4H), 2.95-2.85 (t,
4H), 2.13-2.03 (m, 4H), 1.85-1.76 (m, 4H), 1.67-1.74 (m, 4H), 1.29
(s, 68H), 0.89 ppm (t, 12H). Although an unambiguous 'H NMR
spectrum of 1b can be readily obtained, it is difficult to collect the
3C NMR spectrum. However, by comparing the MALDI-TOF mass
spectrum of 6b and 1b, it could be conclusively confirmed that
1b was obtained by us. MALDI-TOF MS: m/z caled for
CgoH10sN405Ss: 1372.68; found: 1372.48; elemental analysis calcd
for CeHy0sN,0,56: C 71.67, H 7.92, N 4.08, S 14.00; found: C 71.70,
H 7.93, N 4.10, S 13.94.

Synthesis of 7b

Compound 7b (55%) was obtained by following the same proce-
dure as that used for 1a, but with 4 equivalents of FeCl;. 'H NMR
(400 MHz, CDCl,): 6=8.61 (s, 1H), 8.59 (s, 1H), 8.30 (s, 1H), 8.14 (s,
1H), 8.13 (s, 1H), 7.87 (s, 1H), 7.67 (s, 1H), 7.48 (s, 1H), 6.91 (d, 2H),
6.69 (d, 2H), 4.43 (m, 4H), 2.95 (t, 2H), 2.76 (t, 2H), 2.02-1.92 (m,
4H), 1.80 (t, 2H), 1.58 ppm (m, 19H) (inexact integration at 1.26-
0.8 ppm originated from overlap with the resonances of PE);
MALDI-TOF MS: m/z caled for CgHyoN,O,Ss: 1374.70; found:
1374.50; elemental analysis calcd (%) for Cg,H;,oN,0,Ss: C 71.57, H
8.06, N 4.07, S 13.98; found: C 71.61, H 7.98, N 4.10, S 13.95.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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OFET Device Fabrication and Characterization (7]
Top-contact, bottom-gate FET devices were prepared according to 18]
methods reported by Bao et al.*” A heavily p-doped silicon wafer
with a 200 nm thermal SiO, layer was used as the substrate/gate
electrode. The SiO,/Si substrate was cleaned with acetone and iso- [9]
propanol, then immersed in a piranha solution for 8 min. Followed
by rinsing with deionized water, the wafer was cast with a 3 mm (o]
solution of OTS in trichloroethylene. Then it was placed in an envi-
ronment saturated with ammonia vapor for 7 h at room tempera- m
ture. The semiconductor layer was deposited on top of the OTS- (2]
modified dielectric surface by spin-coating the solution of 1a or
1b in chloroform (9 mgmL™") at 1500 rpm for 60 's. Then the thin 13
films were annealed at various temperatures for 5 min under a ni-  [14]
trogen atmosphere. Subsequently, gold source/drain electrodes  [15]
were deposited by thermal evaporation through a metal shadow  [16]
mask to create a series of FETs with a channel length of L =100 um
and a width of W=1 mm. Characteristics of the OFET devices were
measured at room temperature under ambient conditions by 07
using a Keithley 4200 semiconducting parameter analyzer. Field- (8]
effect mobility was extracted in the saturation regime of I, by
using Equation (1) in the saturation regime from the gate sweep: [19]
we [20]
b= (Vg = i)? M Ly
in which I is the drain current; u is the field-effect mobility; G is  [22]
the capacitance per unit area of the gate dielectric layer (SiO,,
200 nm, G;=17.25 nFcm?); V,; and V; are the gate and threshold  [23]
voltages, respectively; and W and L are the channel width and
length, respectively. The current on/off ratio was determined from  [24]
Ipat Vg=0V (I,z) and Vg=—100V (I,,). The uer data reported were
typical values from six different devices. 5]
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