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including dimethoxybenzothienobenzothiophene

and tetracyanoquinodimethane derivativesf
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A new donor molecule 3,8-dimethoxy-[1]benzothieno(3,2-b][1]benzothiophene (DMeO-BTBT) is synthesized

and the charge-transfer complexes with fluorinated 7,7,8,8-tetracyanoquinodimethane (F,-TCNQ; n = 0, 2,
and 4) are prepared. All complexes (DMeO-BTBT)(F,-TCNQ) have mixed stack structures, and the
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thin-film and single-crystal organic transistors show n-channel transistor performance both in vacuum
and in air even after one-year storage. Although the performance and stability of the thin-film transistors
are improved according to the acceptor ability of F,-TCNQ, all single-crystal transistors exhibit similar

performance and excellent air stability, among which the (DMeO-BTBT)(F,-TCNQ) transistor exhibits the
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Introduction

Organic field-effect transistors (OFETs) have attracted considerable
attention as an important component of flexible electronics.™
Among various organic semiconductors, [1]benzothieno|[3,2-b][1]-
benzothiophene (BTBT) derivatives are known to show high field-
effect mobility and excellent stability.>® A strong tendency to form
a highly ordered herringbone packing is characteristic of the BTBT
derivatives.” In particular, C8-BTBT with octyl groups shows
improved solubility in organic solvents and very high mobility
even in solution-processed devices.®

Recently, organic charge-transfer (CT) complexes incorpor-
ating BTBT derivatives have been reported.” " The complex of
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highest mobility of 0.097 cm? V1571,

the unsubstituted BTBT with an octahedral anion, (BTBT),PF,
shows as high conductivity as 1500 S cm™" at room temperature,
though this complex undergoes a metal-insulator transition at
low temperatures.’® This complex consists of BTBT columns
arranged orthogonally in a windmill manner, so the electronic
structure is highly one-dimensional. Alkyl substituted BTBT
derivatives (CnBTBT) form CT complexes with 7,7,8,8-tetracyano-
quinodimethane (TCNQ) and fluoro TCNQ (F,-TCNQ)."* Although
these CT complexes have mixed stacks, the thin-film transistors
show the electron mobility of the 107> ecm® V' s™* order, and
the single-crystal transistor achieves at most 0.4 cm® V' s,
Ambipolar transport has been also observed in the single-crystal
transistor of the TCNQ complex."***? Since mix-stacked CT
complexes are composed of donor and accepter molecules, the
transistors potentially exhibit p-channel, n-channel, and even
ambipolar properties depending on the energy levels."® However,
many CT complexes including TCNQ show only n-channel
transistor properties."'* Owing to the strong electron acceptor
ability, single-component TCNQ shows air-stable n-channel
transistor properties in the thin films and the crystals.*>®
Although the single-crystal transistors of TCNQ show high
performance, the thin-film transistors are not easily obtained
due to the high vapor pressure.'®> Because air-stable n-channel
transistor materials are still limited,"” it is interesting to inves-
tigate CT complexes as air-stable n-channel organic transistor
materials.

In this work, we have investigated TCNQ complexes of BTBT with
methoxy groups, 3,8-dimethoxy-BIBT (DMeO-BTBT, Scheme 1).
BTBT has the highest occupied molecular orbital (HOMO) level at
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Scheme 1 Synthesis of DMeO-BTBT: (i) NBS/DMF, 80 °C, 4 h, 99%;
(i) PACl(PPh3),, Cul, DBU, H,O, TMS—acetylene/toluene, 60 °C, 18 h, 65%;
(iii) Cul, NayS-9H,0, 1,/NMP, 120 °C, 48 h, 21%.

a very deep position (—5.65 €V)."* Accordingly, we have attempted
to improve the donor ability by introducing electron donating
substituents. DMeO-BTBT is combined with TCNQ derivatives,
and three CT complexes, (DMeO-BTBT)(TCNQ), (DMeO-BTBT)(2,5-
F,-TCNQ), and (DMeO-BTBT)(F,-TCNQ) are obtained. We have
investigated the thin-film and single-crystal transistor properties.

Experimental

The synthesis of DMeO-BTBT is outlined in Scheme 1. Bromi-
nation of 3-iodoanisole (1) with N-bromosuccinimide (NBS) in
N,N-dimethylformamide (DMF) gave 4-bromo-3-iodoanisole (2)."®
Modified Sonogashira coupling of 2 with a palladium catalyst
afforded 1,2-bis(2-bromo-5-methoxyphenyl)acetylene (3)."° Sub-
sequently, heating a N-methylpyrrolidine (NMP) solution of 3 with
sodium sulfide in the presence of a copper catalyst and excess
iodine resulted in the ring formation to afford 3,8-dimethoxy-BTBT
(DMeO-BTBT).”> Charge-transfer complexes of DMeO-BTBT with F,-
TCNQ (n = 0, 2, 4) were grown by mixing the acetonitrile solutions.

Thin films of CT complexes (DMeO-BTBT)(F,-TCNQ) were
deposited by vacuum evaporation of the complexes on a tetra-
tetracontane (TTC)-modified SiO,/Si substrate, where TTC was
used as a passivation layer.>* The top-contact source and drain
electrodes were fabricated by evaporating (TTF)(TCNQ) through
a shadow mask with the channel length of 100 um and the
width of 1 mm.*'"*? For single-crystal transistors, crystals of CT
complexes were grown by the recrystallization in acetonitrile.
The single-crystal transistors were fabricated by using polystyrene
(PS) as a passivation layer and carbon paste as source-drain
electrodes.”® The channel direction was determined by the
single-crystal X-ray diffraction to be parallel to the crystal long
axis corresponding to the molecular stacking (crystallographic c)
axis. The transistor characteristics were measured under vacuum
(10~ Pa) and in an ambient atmosphere. The mobility was
evaluated in the saturated region.

Results and discussion

Electrochemical properties and crystal structure of
DMeO-BTBT

The electrochemical properties were studied by cyclic voltam-
metry. DMeO-BTBT shows one irreversible oxidation wave,

5982 | J Mater. Chem. C, 2016, 4, 5981-5987

View Article Online

Journal of Materials Chemistry C

Fig. 1 Crystal structure of DMeO-BTBT viewed along (a) the ¢ axis, and
(b) the a axis. Transfer integrals: t, = —14.2, t; = —17.0 meV.

from which the HOMO energy level is estimated to be located
at —5.57 eV below the vacuum level. DMeO-BTBT is a slightly
stronger donor than the unsubstituted BTBT (—5.65 €V),'*
because the methoxy groups act as electron-donating groups
similarly to alkyl groups; the HOMO level of 2,7-dialkyl-BTBT is
located at ca. —5.5 eV.”*

Single-crystals of DMeO-BTBT for the X-ray structure analysis
were grown by recrystallization from the ethyl acetate solution.
The molecular packing is depicted in Fig. 1. The crystal belongs
to a monoclinic system with the space group P2,/c. The half
molecule is crystallographically independent. Unlike the
herringbone structure universally observed in BTBT derivatives,
the DMeO-BTBT molecules form brickwork-like stacks similar
to dimethyldicyanoquinonediimine (DMDCNQI).>> Along the
c-axis, two different layers parallel to the DMeO-BTBT planes are
alternately stacked with the approximate interplanar spacing of
3.53 A. One layer consists of parallel molecules, but the mole-
cular long axis of another layer is tilted by 70°.

Crystal structures of the CT complexes

Electrochemical crystallization of DMeO-BTBT cation-radical salts
with inorganic anions was attempted expecting the slightly longer
DMeO-BTBT molecules alter the orthogonal molecular packing of
(BTBT),PFs, but the crystals were not obtained. Needle-like black
crystals of the TCNQ complexes with the typical dimensions as
large as 40 x 1 x 1 mm? were obtained by diffusion method from
the acetonitrile solutions.

Single crystal X-ray structure analyses were carried out
for (DMeO-BTBT)(TCNQ), (DMeO-BTBT)(F,-TCNQ) and (DMeO-
BTBT)(F,-TCNQ). Table 1 lists the crystallographic data. The
molecular arrangements and the intermolecular interactions
are depicted in Fig. 2. All crystals belong to a triclinic system
with the space group PI1. Respective half donor and acceptor
molecules are crystallographically independent; each molecule is
located on an inversion center. The unit cell contains one donor
and one acceptor molecules, so that the donor/acceptor ratio is
1:1. All complexes consist of mixed stacks, where the interplanar
distances between the donor and acceptor planes are approxi-
mately 3.38, 3.38, and 3.36 A, respectively; all interplanar dis-
tances are equivalent owing to the inversion center at the
molecular center. In the (DMeO-BTBT)(F,-TCNQ), the fluorine
atoms have positional disorder with occupancy 84% for the
majority position and 16% for the minority position (Fig. S3, ESIT).
The nonequivalent occupancy is related to the steric hindrance of
the sulfur atoms.

This journal is © The Royal Society of Chemistry 2016
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Table 1 Crystallographic data of DMeO-BTBT and (DMeO-BTBT)(F,-TCNQ) (n = 0, 2, and 4)

DMeO-BTBT (DMeO-BTBT)(TCNQ) (DMeO-BTBT)(F,-TCNQ) (DMeO-BTBT)(F,-TCNQ)
Formula C16H120,S; C25H16N40,S, C,gH14F2N, 0,85, C,gH1,F4N, 0,8,
Formula weight 300.39 504.58 540.56 576.54
Crystal system Monoclinic Triclinic Triclinic Triclinic
Space group P2,/c P1 P1 Pi
zZ 2 1 1 1
a (&) 8.286(3) 8.693(3) 7.777(2) 7.971(3)
b (A) 10.555(4) 9.371(4) 11.695(4) 11.720(6)
c(A) 7.814(4) 7.302(4) 7.117(3) 7.066(3)
() 90 93.55(4) 94.34(3) 94.55(4)
B 95.42(3) 97.81(4) 105.31(3) 105.54(3)
7 () 90 89.44(3) 72.63(2) 71.28(3)
Vv (A% 680.3(4) 588.2(5) 595.8(4) 602.4(5)
p (g cm™) 1.466 1.424 1.506 1.589
Total reflns. 2339 4063 4123 4170
Unique reflns. (Rine) 1985 (0.0191) 3417 (0.0215) 3462 (0.0285) 3503 (0.0598)
Ry 0.0327 0.0396 0.0568 0.0964
WR, 0.0947 0.1055 0.1597 0.3494
GOF 1.018 1.030 0.955 1.311
Temperature (K) 298 298 298 298

(a)

o a

Fig. 2 Crystal structures and transfer integrals of CT complexes: (a and b)
(DMeO-BTBT)(TCNQ), (c and d) (DMeO-BTBT)(F,-TCNQ), and (e and f)
(DMeO-BTBT)(F4-TCNQ). Projection along (a, ¢ and e) the stacking direction
and (b, d and f) the molecular long axis of DMeO-BTBT.

In the crystal of (DMeO-BTBT)(TCNQ), the molecular long axis
of the donor is approximately perpendicular to the acceptor long
axis. In the crystals of (DMeO-BTBT)(F,-TCNQ) and (DMeO-
BTBT)(F,-TCNQ), however, the long axes of the donor and acceptor
molecules are almost parallel. Crystals of (DMeO-BTBT)(F,-TCNQ)
and (DMeO-BTBT)(F,-TCNQ) are isostructural as evident from the

This journal is © The Royal Society of Chemistry 2016

lattice constants (Table 1). The ac lattice is approximately the same
as the ab lattice of the alkyl BTBT complexes (7.8 A x 7.1 A),"*“ to
indicate the structure of the core stacks are identical. In contrast,
(DMeO-BTBT)(TCNQ) has an obviously different lattice.

All crystals have C-H---N hydrogen bonds between the
Cgp-H part of DMeO-BTBT and the C=N group of TCNQ
derivatives. In (DMeO-BTBT)(TCNQ), the C-H- - -N distance of
2.579 A, which is shorter than the sum of the van der Waals
radii of these atoms (2.75 A), is observed through the 4-position
Csp2—H of DMeO-BTBT, leading to the orthogonal BTBT-TCNQ
alignment (Fig. S4, ESIt). On the other hand, (DMeO-BTBT)(F,-
TCNQ) and (DMeO-BTBT)(F,-TCNQ) has the short C-H---N
distances (2.649 and 2.669 A, respectively) through the 2-position
Csp-H of BTBT moiety bringing about the parallel arrangement.
Furthermore, in (DMeO-BTBT)(TCNQ), a methoxy oxygen of
DMeO-BTBT has a C-H- - -O interaction with the TCNQ hydrogen
atom in the adjacent column (Fig. S5, ESI{). The H- - -O distance is
2.757 A, implying the formation of the network of the very weak
hydrogen bonding.”® By contrast, (DMeO-BTBT)(F,-TCNQ) and
(DMeO-BTBT)(F,-TCNQ) do not have such a hydrogen bond.
Therefore, the hydrogen bonding is associated with the ortho-
gonal donor-acceptor alignment.

The charge-transfer degrees estimated from the bond lengths
of the TCNQ molecules (ESIt) are small, so the present TCNQ
complexes are essentially regarded as neutral complexes.

The effective transfer integrals for holes and electrons
(¢t and ¢£™) are estimated by an energy-splitting approach for
the D-A-D (¢£") and A-D-A (£) triads (Table 2 and Fig. S6-S8,
ESIT).”” The resulting values are 20-70 meV. In the TCNQ
complex, £ and are comparable, whereas in the F,-TCNQ
and F,-TCNQ complexes, < is predominant. This is attributed
to the difference of the parallel and perpendicular molecular
arrangements.

tgff

Thin-film properties

X-ray diffraction (XRD) patterns, and atomic force microscopy
(AFM) images of the thin films deposited on the tetratetracontane
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Table 2 Effective transfer integrals

Crystal £ (mev) £ (mev)
(DMeO-BTBT)(TCNQ) 37 55
(DMeO-BTBT)(F,-TCNQ) 23 71
(DMeO-BTBT)(F,-TCNQ) 21 75

(TTC)-modified Si/SiO, substrate were obtained. As shown in
Fig. 3a, the XRD patterns show diffraction peaks around 20 = 7.9°
attributed to the CT complexes (d = 11.1-11.4 A). These d-spacings
correspond to the bsinasiny of the crystal lattice in (DMeO-
BTBT)(F,-TCNQ) and (DMeO-BTBT)(F,-TCNQ), indicating that the
crystallographic ac plane is aligned parallel to the substrate. In
(DMeO-BTBT)(TCNQ), the observed d-spacing does not coincide
with the crystal lattice, but is very close to the d-spacing of the
other complexes. This suggests the thin-film phase is different
from the crystal phase, and isostructural to the other crystals,
where the donor long axis is almost parallel to the acceptor long
axis. In the thin film of (DMeO-BTBT)(TCNQ), another small peak
is observed at 20 ~ 10.3° (d = 8.6 A). This d-spacing correspond to
the a-axis of the crystal lattice, indicating the presence of a small
amount of the crystal phase. (DMeO-BTBT)(F,-TCNQ) shows a
diffraction peak boarder than the others as indicated by the
comparatively large full width at half maximum (FWHM) in
Fig. 3a. This is associated with the disordered arrangement of the
F,"TCNQ complex. The small peak of (DMeO-BTBT)(TCNQ) coming
from the single-crystal phase (20 = 10.3°) also shows a large FWHM,
which suggests comparatively poor crystallinity of the crystal phase
in the thin films. AFM images of the evaporated thin films are
shown in Fig. 3b-d. In all thin films, needle-like microcrystals cover
the substrate densely. The thin film of (DMeO-BTBT)(TCNQ) shows
relatively larger roughness than (DMeO-BTBT)(F,-TCNQ) and
(DMeO-BTBT)(F,-TCNQ). This may be related to the presence of
the two phases. In contrast, the other thin films consisting of one
kind of layer structure show comparatively smooth surface.

Transistor properties

Transfer and output characteristics of the single-crystal tran-
sistors are shown in Fig. 4. The device parameters are summar-
ized in Table 3. The CT complexes show n-channel transistor
properties both in vacuum and in air. It has been generally

—
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Fig. 4 Typical transfer and output characteristics for single-crystal transistors
of (DMeO-BTBT)(F,-TCNQ) (n =0, 2,and 4). @and b): n =0, (cand d): n = 2,
and (e and f): n = 4. The solid transfer characteristics are measured in vacuum
and the dotted characteristics in air.

observed that mixed-stack CT complexes containing TCNQ show
only n-channel transistor properties, though ambipolar properties
are reported in a few single-crystal transistors."* ™ In addition, we
have to mention the comparatively weak donor ability of DMeO-
BTBT (Fig. 5), where electron injection to F,-TCNQ is preferable to
hole injection to DMeO-BTBT."** Neutral DMeO-BTBT does not
show any transistor properties in the form of either single crystals
or thin films. The crystal structure of DMe-BTBT (Fig. 1) is entirely
different from the herringbone structure of alkyl-BTBT, and the large
molecular displacement and the resulting small intermolecular
overlap are responsible for the absence of the transistor properties.

Among the thin-film transistors, the highest electron mobi-
lity of 0.022 em® V™" 57" is observed in (DMeO-BTBT)(F,-TCNQ)
in vacuum. The mobility increases in the order of TCNQ <
F,-TCNQ < F,-TCNQ. This order is potentially related to the

0 104 0 74 nm

(a) XRD patterns and AFM images of (b) (DMeO-BTBT)(TCNQ), (c) (DMeO-BTBT)(F,-TCNQ), and (d) (DMeO-BTBT)(F4-TCNQ) thin films (50 nm)

This journal is © The Royal Society of Chemistry 2016
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Table 3 Transistor characteristics for thin-film and single-crystal devices of (DMeO-BTBT)(F,-TCNQ) (n = 0, 2, and 4)
Devices Acceptors Conditions Uay [,umax] (em*v s Vin (V) On/off
Thin-film TCNQ In vacuum 2.1 x 107" [4.7 x 107 30 10°
In air 1.2 x 10* [1.8 x 1077] 33 10°
F,"-TCNQ In vacuum 6.3 x 10 *[7.3 x 107 29 10°
In air 6.6 x 0*4 [8.2 x 107 48 10°
In air (after one year) 1.4 X [ x 1077 70 10°
F,-TCNQ In vacuum 6.7 x [0 022] 10 10%
In air 2.0 x 107 [2.5 x 10~ ] 27 10°
In air (after one year) 2.6 x 10 3 2.7 x 1077] 7 10°
Single-crystal TCNQ In vacuum 0.016 [0.060] 18 10°
In air 0.015 [0.055] 19 10°
In air (after one year) 0.047 [0.060] 15 10°
F,-TCNQ In vacuum 0.033 [0.097] 4 102
In air 0.024 [0.060] 9 10°
F,-TCNQ In vacuum 0.018 [0.049] -1 10?
In air 0.021 [0.049] 2 10>

film quality (Fig. 3); the XRD intensity increases, and the AFM
roughness decreases in this order. However, since the mobili-
ties of the thin-film devices are to some extent reduced in air,
we could not exclude the potential influence of the improved
acceptor ability (Fig. 5).

By contrast, the single-crystal transistors do not show a
systematic increase, and all complexes exhibit similar mobili-
ties in the order of 1072 em® V! s™*. The highest mobility is
0.097 cm® V' 57" in (DMeO-BTBT)(F,-TCNQ), but other com-
plexes show mobilities of the same order. This value is not largely
different from 0.4 cm® V' s reported in (CnBTBT)(TCNQ)-
based single-crystal transistors."* The transistor properties of the
single-crystal transistors do not change in air. This is obvious
from Fig. 4 as well as the mobility values in Table 3. The
performance in air is practically unchanged even after one-year
storage (Table 3 and Fig. S10, ESI{); note that the mobility
values listed in Table 3 even slightly increase after one-year
storage. It should be also pointed out that the threshold voltage
Vin is large in the thin-film transistors (Table 3), and increases
in air. In contrast, Vy, is small in the single-crystal transistors,
particularly in the F,-TCNQ complex. In general, it is difficult to
realize air-stable n-channel organic transistors because the pre-
sence of gaseous water and oxygen reduces the performance.*!

3
45 f—
(TTF)(TCNQ) LUMO
TCNQ

- — l Carbon
> p— F,-TCNQ
= Work function
o
& 50—
it F,-TCNQ
>
122
(0]
c —
L

5.5 =

DMeO-BTBT
HOMO

Fig. 5 HOMO level of DMeO-BTBT, LUMO levels of TCNQ derivatives,?®
and the Fermi levels of (TTF)(TCNQ),?° and carbon.*°

This journal is © The Royal Society of Chemistry 2016

This particularly applies to thin-film transistors, and among the
present combinations, even F,-TCNQ is insufficient to entirely
eliminate the drop of the mobility and the shift of Vy, in air. The
present work demonstrates that the single-crystal transistors are
almost free from such instabilities. This is probably because
water and oxygen do not penetrate into the crystals. As a result,
TCNQ is sufficient to achieve the air-stable performance.

Conclusions

We have prepared a new donor molecule DMeO-BTBT and inves-
tigated the crystal structure and transistor properties of the CT
complexes (DMeO-BTBT)(F,-TCNQ) (n = 0, 2, and 4). The thin-film
and single-crystal transistors show n-channel transistor properties
even in air. Although the performance and stability of the thin-film
transistors are considerably influenced by the acceptor strength,
the single-crystal transistors are particularly stable in air, and even
the TCNQ complex is sufficient to achieve the excellent air stability.
Since it is still difficult to realize air-stable n-channel organic
transistors, the use of the CT complexes is an important strategy,
where these TCNQ complexes achieve fairly good performance in
spite of the mixed stack structures. The present work demonstrates,
in such a case, the single-crystal transistors show remarkably
improved stability in comparison with the thin-film transistors.
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