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Driven by the demand for low-cost, large-area, and flexible
organic electronic devices, organic complementary circuits compris-
ing both p- and n-channel organic thin film transistors (OTFTs)
are attracting ever increasing attention due to their low power
dissipation, high operating speed, and good noise margin.1 Although
some solution-processed p-channel OTFTs have shown hole
mobilities g 1.0 cm2 V-1 s-1 with good ambient stability,2 the
distinct lack of high-performance, ambient-stable, solution-
processed n-channel OTFTs has hindered the development of low-
cost organic complementary circuits.3 Therefore, the development
of reliable n-channel organic semiconductors is a crucial issue in
organic electronics.

Naphthalene diimides (NDIs) and perylene diimides (PDIs) are
among the best n-channel organic semiconductors,4 and their
ambient-stable OTFT devices, fabricated by thermal evaporation,
show a high electron mobility of up to 0.57 and 1.24 cm2 V-1 s-1,
respectively.5 However, the electron mobilities of solution-processed
NDI- and PDI-based OTFTs are limited to ∼0.1 cm2 V-1 s-1.4a,6

Recently, a high-mobility electron-transporting donor-acceptor
polymer P(NDI2OD-T2), containing NDI and bithiophene repeat
units, was reported by Facchetti and co-workers.7 When this
polymer was used for solution fabrication of top-gate bottom-contact
OTFTs, the devices exhibited a high electron mobility of up to
0.85 cm2 V-1 s-1 under ambient conditions. These results indicate
that the synthesis of excellent n-type organic semiconductors is
possible through the chemical modification of NDI cores.

Müllen et al.8 performed pioneering work on core-expanded
perylene diimides by chemically modifying PDI cores. While
investigations of core-extended NDIs are far less common, our
previous work on tetrabromonaphthalene diimide (TBNDI) opens
up new opportunities for the synthesis of core-expanded NDIs.9 In
addition, Yamashita et al.10 demonstrated that 2-(1,3-dithiol-2-
ylidene)malonitrile, when fused with quinones, provides acceptors
that are more electron-deficient than chloranil. Therefore, we
envision that the core-expanded NDI derivatives bearing two 2-(1,3-
dithiol-2-ylidene)malonitrile moieties at the central naphthalene
core, as shown in Figure 1, are promising n-type organic semicon-
ductors. There are two reasons for this molecular design: (i) the
expanded planar π-conjugation promotes intermolecular π-π
stacking, which is crucial for obtaining high electron mobility; and
(ii) the large degree of π-electron deficiency imparted by the
malonitrile-based moieties can depress LUMO energies, which is
important for realizing electron injection and conduction with

ambient stability. Herein, we report on the first two representative
compounds, both bearing long branched N-alkyl chains (Figure 1a,
1 and 2 with R ) 2-decyl-tetracosyl and 2-octyl-dodecyl, respec-
tively). 1 and 2 have good solubility in common organic solvents,
and their solution-processed OTFTs, operating under ambient
conditions, exhibit high electron mobilities of up to 0.51 cm2 V-1

s-1. To the best of our knowledge, these electron mobilities are
among the highest values reported for solution-processed, ambient-
stable n-channel OTFT devices and are higher than the performance
of P(NDI2OD-T2)-based OTFTs (0.01 cm2 V-1 s-1) having the
same device configuration.7

As shown in Figure 1a, compounds 1 and 2 were readily
synthesized by the nucleophilic aromatic substitution reaction of
the corresponding TBNDI (3 or 4) and sodium 1,1-dicyanoethylene-
2,2-dithiolate11 (see Supporting Information for details). At room
temperature, 1 and 2 are highly soluble in CHCl3, CH2Cl2, and THF
(>10 mg/mL) and less soluble in toluene and dichlorobenzene.
Thermogravimetric analysis (TGA) and differential scanning cal-
orimetry (DSC) analyses show that the thermolysis onset temper-
atures for 1 and 2 are both 386 °C, with high melting points at 242
and 265 °C, respectively (see Figures S1-S4 in the Supporting
Information). The TGA and DSC results therefore indicate that 1
and 2 are thermally stable, which allows analysis of thin film
crystallinity and microstructure over a broad range of annealing
temperatures, from room temperature to ∼220 °C.

To estimate the position and energies of frontier orbitals for 1
and 2, Density Functional Theory (DFT) calculations were per-
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Figure 1. (a) Synthesis of core-expanded NDIs fused with 2-(1,3-dithiol-
2-ylidene)malonitrile groups (1 and 2). (b) HOMO/LUMO levels of a N,N′-
bis(methyl)-substituted model molecule used to calculate the theoretical
molecular orbitals of 1 and 2.
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formed using the Gaussian 03 program at the B3LYP/6-31G(d)
level. N-Alkyl chains were replaced by N-methyl groups in
calculations to reduce the time required for calculation. This
substitution should not affect the calculations because the influence
of N-alkyl chains on the electron structure of the molecule is
considered negligible. As shown in Figure 1b, the largest coef-
ficients in the HOMO orbital are located on the entire lateral axis
π-system, and the coefficients in the LUMO orbital are mainly
positioned on the central NDI unit. The energy values of the HOMO
and LUMO orbitals of 1 (or 2) were also estimated by DFT
(HOMO: -6.8 eV; LUMO: -4.5 eV; band gap: 2.3 eV). Compared
to the frontier orbitals of unsubstituted NDI (HOMO: -7.0 eV;
LUMO: -3.4 eV; band gap: 3.6 eV),9a 1 and 2 have a slightly
higher HOMO level, a much lower-lying LUMO level, and a
narrower band gap.

The absorption spectra of 1 and 2 in CH2Cl2 are nearly identical
with the maximum end absorption band at 578 nm. Their thin-film
absorbances are red-shifted (to 594 and 597 nm for 1 and 2,
respectively, Figure S5), indicating that intermolecular π-π stack-
ing is present in the solid state. Optical energy gaps (Eg

opt) for 1
and 2, estimated from the onset of absorption in the solution and
film, are 2.1 and 2.0 eV, respectively. These gaps are comparable
to the aforementioned DFT calculated value (2.3 eV). 1 and 2
exhibit nearly identical solution cyclic voltammetric (CV) behaviors
in CH2Cl2, with two reversible reductions (Figure S6), in which
the first half-wave potential (E1/2

red1) is at approximately -0.1 V.
The LUMO energies of 1 and 2, estimated by CV (ELUMO ) -(E1/

2red1 + 4.44) eV),12 are both at -4.3 eV, which is consistent with
the calculated value (-4.5 eV). The low-lying LUMO levels of 1
and 2 are crucial for achieving ambient-stable electron injection
and conduction in their respective OTFT devices.4c,5b

Thin films (40-60 nm in thickness) of 1 and 2 were spin-coated
on octadecyltrichlorosilane (OTS)-treated SiO2/Si substrates. Next,
the thin films were annealed at 120, 160, or 180 °C. Au (or Ag)
source/drain contacts (30 nm in thickness) were deposited on the
organic layer through a shadow mask, affording a bottom-gate top-
contact device configuration. All devices were tested in air. Figure
2 shows the device characteristics of 2 (see Figure S8 for the device
characteristics of 1). The device performances of 1 and 2 are
summarized in Table 1. All devices exhibit a high electron mobility
and good current modulation under ambient conditions. In addition,
the devices exhibit high current on/off ratios of 105-107 and low
threshold voltages (VT < 6 V for Au-contact devices, VT < 9 V for
Ag-contact devices).

The as-spun (unannealed) thin film devices based on 1 and 2
show a relatively low electron mobility (∼10-2 cm2 V-1 s-1).
Thermal annealing of the devices has a different effect on device
performance. Devices based on 1 and annealed at 160 °C show an
enhanced electron mobility of 0.11-0.20 cm2 V-1 s-1 relative to
those annealed at 120 °C (0.07-0.12 cm2 V-1 s-1). This positive
effect is ascribed to the improved thin film morphology (the
increased grain size and the decreased grain boundaries), which is
revealed by atomic force microscopy (AFM) images (Figure 3a
and 3b). However, the device performance was not further enhanced
when a thin film of 1 was annealed at 180 °C (with a moderate
mobility of 0.10-0.15 cm2 V-1 s-1). When subjected to annealing
temperatures ranging from 120 to 180 °C, the electron mobility of
devices based on 2 showed a stepwise and significant improvement
(µe ) 0.08-0.14 cm2 V-1 s-1 at 120 °C; µe ) 0.15-0.25 cm2 V-1

s-1 at 160 °C; and µe ) 0.29-0.42 cm2 V-1 s-1 at 180 °C). The
explanation for the temperature-related enhancement of the device
performance of 2 can be found using X-ray diffraction (XRD) and
AFM studies. XRD studies show that, with increasing annealing
temperature, the intensity of reflection peaks is enhanced and the

Figure 2. IDS-V plots for OTFT devices fabricated by spin coating of 2
on OTS-treated substrate annealing at 180 °C, measured under ambient
conditions: Output characteristics and transfer characteristics at VDS ) 60
V for an Au-contact device (a, b) and an Ag-contact device (c, d).

Table 1. Maximum (Average) Electron Mobilities (µe), Threshold Voltages (VT), and Current On/Off Ratios (Ion/Ioff) for Devices Based on 1
and 2 Fabricated by Spin Coating on OTS-Treated SiO2/Si Substrates and Annealed at 120, 160, and 180 °C

Annealed at 120 °C Annealed at 160 °C Annealed at 180 °C

Source/Drain
Electrodes

µe
a

(cm2 V-1 s-1)
VT

a

(V) Ion/Ioff
a µe

a

(cm2 V-1 s-1)
VT

a

(V) Ion/Ioff
a µe

a

(cm2 V-1 s-1)
VT

a

(V) Ion/Ioff
a

1 Au 0.12(0.09) -2-4 105-106 0.20(0.15) -2-5 105-106 0.15(0.14) -4-1 105-106

1 Agb 0.20(0.14) 0-8 105-106

2 Au 0.14(0.10) -1-6 105-106 0.25(0.20) -2-3 105-106 0.42(0.32) 0-5 105-107

2 Agb 0.51(0.43) 2-9 106-107

a Typical device characteristics obtained from more than 10 devices; all devices were measured under ambient conditions. b Only thin films of 1
annealed at 160 °C and those of 2 annealed at 180 °C were fabricated and measured for Ag-contact devices.

Figure 3. AFM images of thin films of 1 (a, annealed at 120 °C; b, annealed
at 160 °C; c, annealed at 180 °C) and 2 (d, annealed at 120 °C; e, annealed
at 160 °C; f, annealed at 180 °C).
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peaks become sharper, with fourth- and fifth-order reflection peaks
visible (see Figure S7 for XRD spectra). These data indicate that
lamellar ordering and crystallinity on the substrate are improved.
AFM images (Figure 3d-f) of thin films of 2 show visible changes
along with increasing annealing temperature, the grain size increases
(100-300 nm at 120 °C; 200-600 nm at 160 °C; 800-2500 nm
at 180 °C), and the grain boundaries decrease. Therefore, the
enhanced lamellar ordering of the thin film and the increased grain
size explain the improved device performance of 2. It should be
noted that the devices based on 2 show higher electron mobilities
than those based on 1. This phenomenon indicates that the nature
of the N-alkyl chains of 1 and 2 influence their device performance.

Large contact resistance, as indicated by the S-shaped output
characteristics at low source-drain voltages (Figure 2a), can be
observed. The contact resistance is mainly attributed to the large
injection barrier of 0.8 eV between Au and 2. The transfer
characteristics shown in Figure 2b reveal the device performance
with µe ) 0.36 cm2 V-1 s-1, Ion/Ioff ) 107 and VT ) 4.2 V for an
Au-contact device based on 2 (annealed at 180 °C). The imple-
mentation of low work function electrodes can minimize the energy
barrier for electron injection from the electrode to the LUMO of
organic semiconductors, and this plays an important role in
improving device performance.13 When the Ag-source/drain elec-
trodes were used in place of Au, the S-shaped output characteristics
disappeared (Figure 2c), indicating a lower contact resistance
between the Ag electrode and the semiconductor. This also resulted
in a significantly improved performance, with µe ) 0.45 cm2 V-1

s-1, Ion/Ioff ) 107, and VT ) 8.5 V for a 180 °C annealed device
based on 2 (Figure 2c and 2d).14 These devices based on 2 with
Ag contacts (annealed at 180 °C) afford the highest electron
mobility of 0.51 cm2 V-1 s-1 (Figure S9), which is the best device
performance reported to date for solution-processed, n-type small
organic molecule-based devices operating under ambient conditions.
It should be noted that the Au-contact devices operated under an
inert atmosphere were comparable in performance to those tested
under ambient conditions. Moreover, Au-contact devices based on
2 show excellent air stability over a period of 5 weeks, with a nearly
identical electron mobility of 0.3 cm2 V-1 s-1, a stable current on/
off ratio of 106, and a minimally shifted threshold voltage below 5
V (Figures S10 and S11). The 2-based Au-contact devices also
exhibit satisfactory operating stability during the cycle test (5000
times, Figure S12). The excellent air stability of the device is
attributed to the combination of the low-lying LUMO levels (-4.3
eV) of the organic semiconductor, its good crystallinity, and the
smooth interconnected thin film morphology.5b,15

In conclusion, we have developed a new class of n-type organic
semiconductors, based on core-expanded naphthalene diimides fused
with 2-(1,3-dithiol-2-ylidene)malonitrile groups. The first two
representatives of these species, 1 and 2, derived from long branched
N-alkyl chains have been used successfully as active layers for high-
performance, ambient-stable, solution-processed n-channel organic
thin film transistors. The fabricated devices exhibit high electron
mobilities of up to 0.51 cm2 V-1 s-1, with current on/off ratios of
105-107, and threshold voltages below 10 V under ambient
conditions. Moreover, their excellent air and operating stability
warrant their great potential in organic electronics.
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