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Two new NDTI-based triad-type ambipolar molecular
semiconductors (NDTI-BBT and NDTI-BNT) were designed
and synthesized. The triads can afford solution-processed
OFETSs with well-balanced, high hole and electron mobilities,
up to 0.25 and 0.16 cm* V~'s™, respectively, which further
leads to a successful demonstration of complementary-like
inverters with high voltage gains of 281 and 254 in the first
and third quadrants, respectively, under the ambient
conductions.

Ambipolar organic field-effect transistors (OFETs), using organic 7-
conjugated molecules' (such as squarylium dyes,'™!¢ indigos,'®
isoindigos,'T etc.) and polymers® (such as benzo(bis)thiadiazole-,
perylene diimide-,> diketopyrrolopyrrole-* based polymers) as
active materials, have been attracting interest, because of their
potential technological applications in complementary-like inverters®
and in light-emitting transistors.* Especially, solution-processed
ambipolar OFETs are expected to play a central role in large-area,
low-cost, and flexible electronic devices. In view of molecular
design for ambiploar organic semiconductors, two factors should be
taken into account: 1) modifying the molecular structure to tune both
the HOMO and LUMO energy levels for efficient hole and electron
injection, respectively and to lower the reorganization energies to
enhance carrier mobilities, and 2) controlling the molecular
orientation and packing structure in the thin film state to facilitate
large orbital overlap for better carrier transport. Accordingly,
covalently linked donor-acceptor (D-A) conjugated molecules'™* and
polymers® have been reported as a single-component active material
in ambipolar OFETs, where their HOMO and LUMO energy levels
can be tuned by choosing suitable D and A units. However, “air-
stable” ambipolar organic semiconductors capable of affording
decent transistor characteristics for both p- and n-channel operations
under the ambient conditions are still limited, and therefore
development of such materials remains a challenge.

Naphthalene diimide (NDI), a representative electron-deficient n-
unit with thermal and photochemical stability, and strong n-stacking
behavior in the solid-state,” has been used as a chromophore, an
electronic material, and a supramolecular architecture.® In recent
years, the molecular modifications on NDI to produce NDI-based
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core-extended molecules’ and D-A polymers'® have been quite
successful in developing p-type, n-type, and ambipolar organic
semiconductors showing high mobilities. These prominent examples
of the NDI-based materials have prompted us to develop a new
versatile NDI-based core structure, a thiophene-fused NDI, namely,
naphtho[2,3-b:6,7-b"|dithiophene-4,5,9,10-diimide (NDTI). In fact,
we have demonstrated that NDTI is a useful electron-deficient
building block for the development of n-type, p-type, and ambipolar
organic semiconductors. !

In this study, we have designed new NDTI-based conjugated
triads, NDTI-BBT and NDTI-BNT (Scheme 1), potentially
applicable to solution-processed ambipolar OFETs, where
benzo[b]thiophene (BT) or naphtho[2,3-b]thiophene (NT) units are
introduced at the thiophene a-positions to tune the HOMO energy
level suitable for hole injection and large branched alkyl groups of 3-
decylpentadecyl (DP) on the nitrogen atoms to ensure the solubility
in organic solvents. Density functional theory (DFT) calculations on
the triads, where the branched alkyl groups are substituted by methyl
groups, using B3LYP functional and polarized 6-31g* basis set,
indicate that the HOMO energy levels of the triads are efficiently
raised to 5.63 and 5.45 eV below the vacuum level for NDTI-BBT
and NDTI-BNT, respectively, whereas the LUMO energy levels,
3.43 and 3.47 eV below the vacuum level, respectively, are almost
identical with that of NDTI (calculated HOMO and LUMO energy
levels are 6.05 and 3.47 eV, respectively, below the vacuum level,
see also Table S1).'' These calculations strongly suggest that the
triads are expected to have suitable electronic structures for air-
stable, ambipolar organic semiconductors. Furthermore, internal
reorganization energies for the hole (A", 204 and 112 meV for
NDTI-BBT and NDTI-BNT, respectively) and electron transfer (A°,
161 and 165 meV for NDTI-BBT and NDTI-BNT, respectively),
calculated from the adiabatic potential surfaces, are relatively small
(see Table S1), indicating that the OFETSs based on the triads could
show high mobilities for both hole and electron. We here report on
the synthesis, characterizations, and ambipolar natures of the NDTI-
based triads. The characteristic feature of these triads is that they can
afford balanced high hole and electron mobilities, up to 0.25 and
0.16 cm® Vs, respectively, under the ambient conditions, which
further enables us to fabricate air-stable complementary-like
inverters with high voltage gains.
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Scheme 1 Chemical structures of Cg-NDTI, NDTI-BBT, and NDTI-
BNT.

The synthesis of the triads are outlined in Scheme 2, where N,N'-
dialkyl-2,7-dibromo-NDTI'" was reacted with 2-(trimethylstannyl)-
benzo[b]thiophene or 2-(trimethylstannyl)naphtho[2,3-b]thiophene
in the presence of the palladium catalyst to afford the target triads in
high yields as dark-red solids. The triads were fully characterized by
means of 'H / >C NMR spectra, mass spectroscopy, elemental
analysis, and differential scanning calorimetry (DCS) (see
Supporting Information). The triads have good solubility in common
organic solvents, such as chloroform, toluene, and o-
dichlorobenzene, which allowed us to fabricate OFET devices by
using solution-deposition methods.

S
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Scheme 2 Synthesis of NDTI-BBT and NDTI-BNT.

Fig. 1 shows the UV-vis absorption spectra of NDTI-BBT and
NDTI-BNT recorded in chloroform solution and thin film state.
Compared to the spectrum of Cg-NDTI in solution (A 554 nm),"!
clear bathochromic shifts caused by introducing the two BT or NT
units are observed. The longest A, of the triad is 616 and 637 nm
for the BT and NT triads, indicative of effective extension of the [1-
conjugation system. The absorption spectra of their thin films spun
from the solution are markedly red-shifted compared to the solution
spectra, possibly due to J-aggregate-like interactions in the thin film
state.'” Note that the absorption band of the NT triad thin film
largely red-shifts than the BT triad does, implying more effective
intermolecular interactions for the former. The optical energy gaps
estimated from the absorption onsets in the solution are ca. 1.86 and
1.76 eV for NDTI-BBT and NDTI-BNT, respectively. Cyclic
voltammetry (CV) demonstrated that the triads are amphoteric

within the typical electrochemical window (=1.1 ~ +1.5 V vs Fe/Fc™).

From the onsets of oxidation and reduction waves, the HOMO and
LUMO energy levels were estimated to be ca. —5.9 and —5.8 eV and
—4.1 and 4.2 eV for NDTI-BBT and NDTI-BNT, respectively (Fig.
S2 and Table S2). The electrochemical HOMO-LUMO gaps are well
consistent with those estimated from the solution absorption spectra.

2| J. Name., 2012, 00, 1-3

These physicochemical evaluation clearly indicate that the
combination of the BT or NT with the NDTI unit effectively shifts
the HOMO level upwards compared to that of Cg-NDTI (—6.1 eV)
with keeping lowing-lying LUMO energy level.'' As a result, the
present triads, in particular NDTI-BNT, have ideal energy levels of
HOMO and LUMO for the hole and electron transport under the
ambient conditions.

——NDTI-BNT
——NDTI-BBT

——NDTI-BNT
——NDTI-BBT

axt0* i

&M em’!
Absorbance / arb. unit

2x10° b i
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Fig. 1 UV-vis absorption spectra of NDTI-BBT and NDTI-BNT: (a) in
chloroform solution and (b) in thin film.

Comparison between the empirical HOMO and LUMO energy
levels and those estimated from the DFT calculations'? can afford
insights into the electronic structures of the triads. As already
mentioned, the DFT calculations predicted that the introduction of
the BT or NT on the NDTI unit can largely elevate the HOMO
energy levels by more than 0.4 eV. However, this is not the case for
the experimentally determined HOMOs; the upward shift from Cg-
NDTI is only 0.2 or 0.3 eV for NDTI-BBT or NDTI-BNT,
respectively. On the other hand, the electrochemically-determined
LUMO energy levels for Cg-NDTI, NDTI-BBT, and NDTI-BNT
are almost the same, which is consistent with the calculations. These
inconsistent trends could be explained by taking into account the
molecular structures and the geometries of HOMO and LUMO (Fig.
2). The DFT-optimized molecular structures of the triads are almost
co-planar with the dihedral angles of ~0° (Fig. S4), and the HOMO
coefficients are mostly on the lateral conjugation path through the
two BT/NT and NDTI units. In the solution electrochemical
measurements, the co-planarity between the m-units connected via
single bonds can not be guaranteed, and the electrochemical HOMO
energy levels could be underestimated. In contrast, the LUMOs of
the triads are mainly contributed by the NDTI unit, which strongly
implies that introduction of substituents and/or the co-planarity
between them can make marginal perturbation to the LUMO energy
levels of the present NDTI-based compounds. In addition, a marked
difference in the calculated geometry of the HOMOs of NDTI-BBT
and NDTI-BNT is noticed; for the former, the HOMO is delocalized
over the whole triads, whereas the HOMO of the latter is much
localized on the attached NT units, implying that efficiency of the
orbital overlap of HOMOs in the solid state can be different,
possibly affecting their hole transport properties.

This journal is © The Royal Society of Chemistry 2012
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Table 1 FET characteristics” of NDTI-BBT- and NDTI-BNT-based devices with annealed thin films
at different temperatures.

Tanneal p-channel operation n-channel operation
Com-
[OC] /uh, max}7 /Ue; max}7
pound Iow/Iote Vo Lo/ Loty Vi
[cmZV 1S l] [V] [cmZV lS 1] [V]
NDTL = 25spun 0.033 0.042
BBT 1.6x10° -22 2.4 x10* 29
(0.031) (0.039)
100 0.035 0.043
1.7x10* =20 4.5 % 10° 31
(0.032) (0.036)
150 0.040 0.17
72x10° =17 4.5 x 10? 33
(0.036) 0.14)
200 0.024 0.077
6.8x10° -19 3.6 x 10* 30
(0.020) (0.073)
NDTL. = asspun 0.044 0.045
BNT 53x10° =21 5.1 x 107 21
(0.041) (0.040)
100 0.071 0.085
20x10° =22 5.5x 107 22
(0.067) (0.076)
150 0.25 0.16
79 -26 1.4 x 10° 22
(0.24) 0.14)
200 0.14 0.16
1.1 x10*> -26 1.8 x 10° 23
(0.13) 0.15)

“The p- and n-channel characteristics of ambipolar TFTs (L = 40 pm and W = 1500 um) were
evaluated under the ambient conditions. * The mobility were extracted from the saturation regimes
(V4=-60 and +60 V for the p- and n-channel operations, respectively). The values in the parentheses
are averaged mobilities from more than ten devices.

Thanks to their good solubilities, thin-
film transistors of the triads were readily
fabricated by spin-coating of their solution
onto the octadecyltrichlorosilane (ODTS)-
treated Si/SiO, substrate followed by
vacuum deposition of the gold source and
drain electrodes, resulting in the devices
with the bottom-gate-top-contact (BGTC)
configuration. As expected from the HOMO
and LUMO energy levels, the devices
showed typical ambipolar characteristics
under the ambient conditions (Table 1).
Hole and electron mobilities of the devices
with as-spun thin films extracted from the
saturation regime are moderately high and
well balanced, 0.033 and 0.042 cm? V' s7!
for the NDTI-BBT- and 0.044 and 0.045
em’® V''s' for the NDTI-BNT-based
devices, respectively. Thermal annealing of
the thin films can effectively improve the
mobilities of the triad-based devices (Table
1), which can be ascribed to the improved
crystalline ordering of molecules in the thin
film state (vide infra). The maximum
hole/electron mobilities are 0.040/0.17 cm?
Vs for the NDTI-BBT- and 0.25/0.16
em’® V''s' for the NDTI-BNT-based
devices with the thin films annealed at 150
°C for 30 minutes (Fig. 3). It should be
pointed out that the present -electron
mobilities are higher than that of Cg-NDTI-
based OFETs (up to 0.055 cm? V™' s7),!!
and the hole mobility of NDTI-BNT is
comparable to that of the NT-dimer,
[2,2"bi[naphtho[2,3-b]thiophenyl], (up to
0.67 cm® V7's™)," indicating that the
current triad approach is effective to
develop well-performing ambipolar organic
semiconductors. It is noteworthy that slight
decreased hole/electron mobilities are
measured for NDTI-BBT- and NDTI-BNT-
based OFETs in a 150 °C-annealed film
even after 1 week of storage in air (20-40%
humidity) (Fig. S9 and Table S3), indicating

° AO., @ *D negligible deterioration due to atmospheric oxidants'’ such as O,
o9 N o oV 9  2e¢ and H;0.
] ‘ @
oY L2 gt ¥]
Epumo =-3.43 eV Epumo =—3.47 eV
o L A <
o ey - )
sf 9 X / I g~
S o & @ ¢S
A A
EHOMO =_-563eV EHOMO =-545 eV 107—60 40 20 0 20 40 600

vg/v

Fig. 2 Calculated frontier orbitals of NDTI-BBT (left) and NDTI-BNT Fig. 3 Transfer characteristics of NDTI-BBT- (a) and NDTI-BNT- (b)

(right) by DFT/B3LYP-6-31g* level. The branched alkyl groups on the
nitrogen atoms are substituted by methyl groups. at 150 °C).

This journal is © The Royal Society of Chemistry 2012
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In the out-of-plane XRDs of the as-spun NDTI-BBT thin film,
two series of lamellar peaks were observed, corresponding to
coexistence of different packing motifs. Thermal annealing, however,
drastically improved the uniformity and crystallinity of the film,”™ as
evidenced by the observation of only one series of peaks assigned to
the lamella structure with a d-spacing of ca. 35 A (Fig. 4a). On the
other hand, the as-spun NDTI-BNT thin film showing broad and
less intensive peaks in the out-of-plane XRD became highly
crystalline with the lamella ordering with a d-spacing of ca. 33 A
upon thermal annealing (Fig. 4b). In addition to the obvious lamella
ordering in the out-of-plane XRDs, the in-plane XRDs of the both
thin films showed clear peaks at around 26 = 26°, which might be
assignable to m-m stacking (ca. 3.5 A, Fig. 4c). From these thin film
XRD patterns, it can be concluded that both compounds have a
similar packing structure in the thin film state, where the molecules
stand on the substrate surface with m-stacking arrays in the lateral
direction.'

intensity / cps

intensity / cps

0 5 0 15 20 25

261 degree

20=25.7°
(3.46 A)

[ NDTI-BNT

20=25.4°
(3.50 A)

intensity / arb. unit

NDTI-BBT

10 15 20 25 30
20/ degree

Fig. 4 Out-of-plane XRD patterns of NDTI-BBT- (a) and NDTI-BNT-
thin films (b) annealed at different temperatures, and in-plane XRD
patterns of NDTI-BBT- and NDTI-BNT-thin films (c) annealed at
150 °C.

It is interesting to point out that the hole mobility is only
enhanced for the NDTI-BNT-based devices up to 0.25 cm® V''s ™,
whereas the electron mobilities for both compounds are almost the
same (~ 0.17 cm®> V™'s™). This can be explained by the molecular
and electronic structures of two compounds; as discussed already,
the HOMO of the triads tends to reside in the lateral conjugation
path consisting of the two BT/NT units through the NDTI unit,
whereas the LUMO tends to localize on the central NDTI unit (Fig.
2). In the annealed thin films with improved crystallinity, in which
both compounds are supposed to have a similar packing structure,
intermolecular orbital overlaps could be significantly affected by the
geometry and/or extensity of molecular orbitals. For the better
intermolecular orbital overlap of HOMOs, NDTI-BNT with the
extended HOMO on two NT units should be more advantageous
than NDTI-BBT, whereas the localized LUMO on the NDTI unit for
both compounds can results in a similar efficiency of the

4| J. Name., 2012, 00, 1-3

intermolecular LUMO-LUMO overlap. From these consideration
based on the experimental results along with the theoretical
calculations, we can conclude that extension of m-conjugation in the
lateral direction, i.e., the direction of naphtho[2,3-5:6,7-
b']dithiophene in the NDTI unit, which inherently has the low-lying
LUMO (~ —4.0 eV), should be a rational molecular design strategy
for air-stable ambipolar organic semiconductor with well-balanced
high hole and electron mobilities.”

To further demonstrate the advantages of NDTI-BNT capable of
affording well-balanced high hole and electron mobilities, we also
fabricated complementary-like inverters on single substrates using
two identical transistors with the shared gold gate. Fig. 5 shows the
voltage transfer characteristics of the inverter annealed at 150 °C,
operated at a supplied voltage (Vpp) of +60 and —60 V under the
ambient conditions. The inverter exhibited a sharp switching of V,
both in the first and third quadrants with the voltage gains of 281 and
254, respectively.

Vou! V
Voo 60 300
% /T Vpp =60V 1%
40 [ J200 =
Vin Vout E
30 | 4150 3
4 20 b H100 £
= o
GND 10 L \___ %0
-60 -50 —40 -30 -20 —10 X L
- 0
o 10 20 30 40 50 60
4-10
~ Vil V
= -20
2
~ -30
=
= —40
©
(=]
-50
-60

Fig. 5 Voltage transfer characteristics of a complementary inverter
consisting of two identical NDTI-BNT-based ambipolar transistors with
supplied voltage of +60 and —60 V. Insets show a circuit diagram and
a photograph of the device.

In summary, we have successfully demonstrated that a rational
molecular design by using the NDTI unit can produce air-stable,
solution-processable, ambipolar molecular semiconductors that
afford reasonably high and balanced hole and electron mobilities. It
should be emphasized that the present NDTI-based triads are rare
examples of non-polymer materials capable of affording decent
solution-processed ambipolar transistors operable under the ambient
conditions. In addition to these electrical properties, the present
molecular design for ambipolar semiconductors, which can be
regarded as combination of different functional moieties without
disturbing other functionality, seems to be rational. In the NDTI-
based triads, the ability of NDTI as the electron transport moiety is
well preserved even after introduction of the BT or NT moieties as
the hole transport part. In addition, the branched alkyl groups,
affording the solubilizing nature to the materials, do not disturb the
efficient intermolecular orbital overlap through the n-m stacking
structure, probably owing to their placement slightly apart from the
n-conjugation core of the triads. We believe that this kind of concept
can also be applicable to other m-functional moieties'” for

This journal is © The Royal Society of Chemistry 2012
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developing ambipolar molecular semiconductors, not relying too
much on the prevailing D-A alternating conjugated polymers, and
hope that further superior ambipolar molecules will be developed in
near future.
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Ambipolar OFETs

New triad-type ambipolar molecular semiconductors have been developed by covalently integrating
two benzo[b]thiophene (BT) or naphtho[2,3-blthiophene (NT) units into the naphthodithiophenediimide
(NDTI) building block. Their HOMO and LUMO lay at the ideal energy levels for air-stable hole/electron
transports. In fact, in combination with their lamella packing structures with close n-stacking ordering in the
thin film state, the triads can afford solution-processed OFETs with well-balanced, high hole and electron
mobilities, up to 0.25 and 0.16 cm? v 3’1, respectively, which further leads to a successful demonstration
of complementary-like inverters with high gain under the ambient conductions.



