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A new NDI derivative 4NH,-NDI was synthesized and investigated. The introduction of four amino
groups at core position endows 4NH,-NDI with a high HOMO energy (-4.87 e¢V). The OFETs results
reveal that 4NH,-NDI behaves as p-type semiconductor with a rather low hole mobility of 8.2x107

em® Vs, However, its hole mobility can be enhanced significantly after doped with N, N-dihexyl
naphthalene diimide (DHNDI). More interestingly, the blend thin films of 4NH,-NDI and DHNDI
exhibit ambipolar behavior based on the respective transfer and output characteristics measured in inert

atmosphere, and hole and electron mobilities can reach 0.01 em*>V1s! and 0.001 em®>V'sl,

respectively, when the molar ratio of 4NH,-NDI and DHNDI is 1:3.

1. Introduction

Organic semiconductors, as active materials for future flexible
optoelectronic devices, have received tremendous attentions in
recent years.! A number of p-type organic semiconductors with
high hole mobilities have been developed.> Remarkable
progresses are also achieved for n-type organic semiconductors.”
In comparison, organic ambipolar semiconductors with high and
balanced hole/electron mobilities are still limited. However,
ambipolar semiconductors are of technological significance for
the development of complementary integrated-circuit technology,
similar to Si complementary metal-oxide-semiconductor (CMOS)
technology.* Particularly, organic ambipolar thin film transistors,
which integrate both p-type and n-type channels in one device
and thereby simplify circuit design and fabrication process, are
attractive for applications in low-cost, flexible, and portable
electronic applications.’

Normally, pi-conjugated molecules show only unipolar charge
transport property. As a consequence, different
approaches have been explored to realize ambipolar organic
materials. For example, conjugated molecules and polymers with
low band-gaps are promising for ambipolar semiconductor, with
the consideration that the low-lying LUMO and high-lying
HOMO levels would facilitate the efficient injection and transport
of electrons and holes.® Along this vein ambipolar
semiconductors with mobilities over 1.0 cm*V™'s for both
charge-carrier species have been described.” Some of us reported
that the incorporation of both electron donating and accepting
moieties to naphthalene diimide (NDI) can effectively tune the
HOMO/LUMO levels and the resulting NDI compounds exhibit
ambipolar semiconducting properties.® Alternatively, electron
donor-acceptor (D-A) complexes were investigated for ambipolar
charge-transporting properties. Coropceanu, Brédas and their
coworkers theoretically predicted the remarkable ambipolar
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charge-transport properties for mixed-stack D-A complexes.” In
fact, blend films of either semiconducting polymers/fullerene
derivative or p-type/n-type semiconducting polymers were
reported to exhibit ambipolar charge-transporting properties, but
their charge mobilities were low and not well balanced.'
Recently, Zhu, Park and their coworkers have studied the
ambipolar charge-transport behavior of crystalline D-A
complexes which exhibit relatively high hole and electron
mobilities.'" In this paper we report the ambipolar charge-
transport behavior for the thin films of D-A complexes with
2,3,6,7-tetraaminonaphthalene diimide (4NH,-NDI) as electron
donor and N, N-dihexyl naphthalene diimide (DHNDI) as
electron acceptor.

Naphthalene diimide (NDI) and its derivatives have been
intensively investigated for n-type semiconductors.'” It is
common to design new n-type semiconductors that are stable
under OFET device working condition in air by incorporating
electron-withdrawing groups into the NDI core to reduce the
LUMO energy. For instance, Gao and coworkers synthesized and
investigated core-expanded NDI derivatives containing 2-(/,3-
dithiol-2-ylidene) malonitrile groups (electron-withdrawing) and
the resulting organic field effect transistors (OFETs) exhibited
electron mobilities of up to 1.2 cm* V"5 in air."* Also, some of
us reported dithiazole-fused NDIs with electron mobilities up to
0.15 em®V™"s"."* In alternative way, incorporation of electron
donating groups into the NDI framework can adjust the
HOMO/LUMO  energies, and the resulting NDIs behave
ambipolar and even p-type semiconducting properties depending
on the electron donating groups.'

With this knowledge in mind, it is expected that 2,3,6,7-
tetraaminonaphthalene diimide (4NH,-NDI, see Scheme 1) may
possess high HOMO energy and thus can function as an electron
donor. Therefore, 4NH,-NDI and DHNDI are the good electron
donor and acceptor, respectively, for the formation of D-A
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complex which is interesting for investigating the ambipolar
charge-transport behavior. In the following, we will firstly report
the synthesis and characterization of 4NH,-NDI, followed by the
studies of the OFETs with thin films of the D-A complex of

s 4NH,-NDI and DHNDI. The results reveal that the D-A complex
of 4NH,-NDI and DHNDI exhibits ambipolar semiconducting
behavior with hole and electron mobilities of up to 0.01 and
0.001 cm*V's™!, respectively.
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10 Scheme 1 Synthetic approaches to 4NH,-NDI and structure of DHNDI.

2. Results and discussion

2.1 Synthesis, characterization and HOMO/LUMO energies
of 4NH,-NDI

The synthesis of 4NH,-NDI is shown in Scheme 1. Nucleophilic

15 substitution  of  2,3,6,7-tetrabromoNDI  (4BINDI)'®  with
benzophenone imine gave the orange compound 1 in 59% yield.
Further hydrolysis of 1 under mild conditions afforded compound
4NH,-NDI in 42% yield. The chemical structure of 4NH,-NDI
was fully characterized with NMR and MS, and its purity was

20 checked with elemental analysis (see Experimental section).
4NH,-NDI is easily soluble in common organic solvents such as
CH,Cl,, CHCI;, THF and toluene. Thermogravimetric analysis
(TGA) reveals that 4NH,-NDI is thermally stable below 350 °C
(see Fig. S1). Moreover, 4NH,-NDI is very stable in the solid

25 state and can be kept in air for several months, though four amino
units are presented.

—— 4ANH:-NDI
. —-— DHNDI

2 -1 0 1 2
E (V vs. Ag/AgCl)
Fig. 1 Cyclic voltammograms of 4NH,-NDI and DHNDI in CH,Cl,
(1.0x10° M) at a scan rate of 100 mV-s”, with glassy carbon electrode as
30 the working electrode, Pt as the counter electrode and Ag/AgCl electrode

(saturated KCl) as the reference electrode, and n-BusNPFs (0.1 M) as
supporting electrolyte.

As shown in Fig. 1, 4NH,-NDI exhibits two reversible

oxidation waves with E"?(0x;) = 0.57 V and E"*(0x,) = 1.24 V,

35 and two reversible reduction waves with E"*(red;) = -1.31 V and
E'"*(red,) = -1.62 V. Accordingly, LUMO and HOMO energies
[LUMO = -(Egpee®®! + 4.41) eV, HOMO = -(E gpe™! + 4.41)
eV]'7 of 4NH,-NDI were estimated to be -3.18 eV and -4.87 eV
on the basis of the respective onset reduction and oxidation

40 potentials, respectively. Such a high HOMO energy (-4.87 ¢V)
indicates that 4NH,-NDI is transformed into an electron donor
because of the incorporation of four amino groups in the NDI
motif.

45 Fig. 2 LUMO (A), HOMO (B) orbital and structure (C) of 4NH,-NDI
obtained by DFT calculations; the alkyl chains were replaced by methyl
groups in the calculations.

The chemical structure of 4NH,-NDI was investigated with
theoretical calculations based on density functional theory (DFT).
so It is expected that the alkyl chains at the N, N -positions of NDI
cores in 4NH,-NDI should not have strong influences on its
electronic structures. Thus, the alkyl chains were replaced by
methyl groups for the DFT calculations. As depicted in Fig. 2,
HOMO orbitals of 4NH,-NDI reside mainly on the naphthalene
ss ring and the four amino groups. In comparison, LUMO orbitals of
4NH,-NDI are distributed throughout the whole NDI core, and
four amino groups also make contribution to the LUMO orbital.
One of the hydrogen atoms on each amino group is coplanar with
the NDI core, and forms a hydrogen bond with the oxygen atom
o of the carbonyl group. The calculated LUMO and HOMO
energies were -2.50 eV and -5.16 eV, respectively, which are
different from those based on redox potentials of 4NH,-NDI. But,
it is understandable as solvent effects were not included in the
calculations.
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Fig. 3 The absorption spectra of thin films of 4NH,-NDI, DHNDI and
their 1:1 mixture.

65

Fig. 3 shows the absorption spectra of thin films of DHNDI
and 4NH,-NDI as well as that of the thin film of the 1:1 mixture
70 of DHNDI and 4NH,-NDI. Thin film of DHNDI absorbs
strongly around 360 nm, whereas thin film of 4NH,-NDI shows
absorptions around 400 nm and 570 nm. The strong absorption
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around 570 nm for thin film of 4NH,-NDI may be interpreted as
intramolecular charge-transfer absorption within 4NH,-NDI.
Apart from the absorptions around 400 nm and 590 nm, thin film
of the 1:1 mixture of DHNDI and 4NH,-NDI shows absorption
tail in the range of 700-1100 nm. The absorption spectra of blend
thin films of DHNDI and 4NH,-NDI in other molar ratios were
also measured, and such long absorption tail was also observed
(Fig. S2). This broad weak absorption is probably owing to the
intermolecular D-A interaction among molecules of 4NH,-NDI
and DHNDI.

2.2 Fabrication of OFETs
semiconducting properties

and characterization of

Bottom gate bottom contact OFETs with thin films of 4NH,-NDI
and blends of 4NH,-NDI and DHNDI with different molar ratios
were fabricated by spin-coating of the respective solutions onto
the substrates (n-octadecyltrichlorosilane (OTS) modified SiO,
surface). The OFET devices were examined both in air and N,
atmosphere and the corresponding transfer and output
characteristics were measured. Based on the transfer
characteristics shown in Fig. S3, thin film of 4NH,-NDI behaves
as p-type semiconductor with relatively low hole mobility of
8.2x10° em®>V™'s! even after thermal annealing at 80 °C (see
Table 1). Note that n-type semiconducting property was not
observed for thin film of 4NH,-NDI even under nitrogen
atmosphere. This is in agreement with the high LUMO energy of
4NH,-NDI (-3.18 eV).

Table 1 The mobilities (), threshold voltages (), and on/off ratios
(Lonsore) for bottom contact OFET devices based on thin films of 4NH,-
NDI and blend systems after annealing at different temperatures
measured in air.”

Temp.

Compd. rC plem*Vist? Lonsort ValV
25 1.1x107%/6.5%10°° 10°~10* -18~-25
4%112' 80 8.2x107°/4.8x10° 10°~10* -12~-18
120 5.0x10%/2.7x10° 10*~10° -15~-20
25 8.7x10%/5.8x10™* 10°~107 -20~-29
D/A 2:1 80 4.6x10°/1.5x10° 10°~107 -14~-18
120 7.6x10%/4.7x10* 10*~10° -15~-22
25 1.0x107/5.7x10™* 10°~10° -23~-35
D/A1:1 80 5.6x10°/3.2x107 10°~10° -22~-30
120 3.3x10%/1.7x1073 10°~10° -18~-26
25 1.8x107/7.8x10™* 10*~10° -17~-28
D/A 1:2 80 8.8x107%/5.6x107 10*~10° -19~-25
120 5.5x10°/3.4x1073 10°~10° -15~-23
25 2.6x10%/9.7x10™ 10*~10° -18~-27
D/A1:3 80 1.8x107%/1.4x107 10*~10° -14~-22
120 1.4x10%/1.0x107 10*~10° -15~-24
25 2.2x10%/8.6x10™ 10*~10° -16~-27
D/A1:4 80 1.4x10%/8.7x107 10*~10° -14~-23
120 7.7x10%/5.2x1073 10°~10* -23~-28

“ The performance data were obtained based on more than 10 OFET
devices. b ﬂhigh/ﬂaverage

Interestingly, hole mobility of thin film of 4NH,-NDI can be
significantly enhanced after doped with DHNDI. OFETs with
35 blend thin films of 4NH,-NDI and DHNDI of different molar
ratios were investigated. The results reveal that i) hole mobilities
of the blend thin films are affected by the molar ratios of 4NH,-
NDI and DHNDI; ii) hole mobilities of the blend thin films are
improved after thermal annealing. As listed in Table 1, the thin
40 film with molar ratio of 1:3 (4NH,-NDI:DHNDI) exhibited the
highest hole mobility. The maximum hole mobility (0.018 cm? V-
"s") was achieved for this thin film after thermal annealing at 80
°C. Note that the hole mobility of the blend thin film of 4NH,-
NDI and DHNDI (1:3 in molar ratio) is two orders higher than
45 that of the thin film composed of only 4NH,-NDI under the same
conditions. As to be discussed below, the hole mobility
enhancement for thin film of 4NH,-NDI after doped with
DHNDI may be attributed to the fact that the presence of
DHNDI increases the molecular order degree in the blend thin
so0 film based on XRD data (see Fig. 5).'®
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Fig. 4 Transfer and output characteristics for OFETs of mixture of 4NH,-
NDI and DHNDI (with the D/A molar ratio of 1:3) measured in N,; the
channel width (W) and length (L) were 1440 um and 50 pm, respectively.
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N-type charge transport property was not detected for blend
thin films of 4NH,-NDI and DHNDI in air. This is
understandable by considering the relatively high LUMO energy
of DHNDI. Interestingly, blend thin films of 4NH,-NDI and
DHNDI do show ambipolar charge transport behavior. As an
example, Fig. 4 depicts the OFET transfer and output
characteristics, which were measured under N,, with a blend thin
film of 4NH,-NDI and DHNDI (1:3 in molar ratio) after
annealing at 80 °C. Obviously, V-shape transfer curves, being
typical for ambipolar semiconducting behavior, were observed.
As listed in Table 2, hole and electron mobilities of as-prepared
OFETs were deduced to be 1.6x107° ecm®*V™'s' and 9.6x10™
enm® Vs, respectively, based on the respective transfer curves.
As expected, the hole mobility was enhanced after thermal
annealing, reaching 0.010 cm>V™'s' (being close to that

2

S

2:

G

30

measured in air) after thermal annealing at 80 °C (see Table 2)
But, further thermal annealing led to the decrease of hole
mobility. In comparison, the electron mobility of the blend thin
film didn’t vary remarkably upon thermal annealing. In fact,
electron mobility of this blend thin film is almost the same as that
of DHNDI thin film under the same conditions. Semiconducting
behaviors of blend thin films of 4NH,-NDI and DHNDI with
other molar ratios were also investigated. The results reveal that
the blend thin film of 4NH,-NDI and DHNDI (1:3 in molar ratio)
shows the best ambipolar semiconducting performance. By
considering the respective HOMO/LUMO energies of 4NH,-NDI
and DHNDI, the hole and electron transporting properties of the
blend thin film should be attributed to 4NH,-NDI and DHNDI,
respectively.

Table 2 The mobilities (x), threshold voltages (V), and on/off ratios (Zon/efr) for bottom contact OFET devices after annealing at different temperatures

measured in N, atmosphere. ¢

Condition  Compd.  Temp./°C ylem?* vig1? Lot Vol V H/em* V 1gth Lot Vol V
25 8.8x10%/5.7x10°  10°~10*  -20~-30 — — —
4NH,-NDI 80 5.7x10°%/2.3x10°  10°~10*  -15~-29 — — —
120 3.6x10°/2.4x10°  10°~10*  -16~-31 — — —

25 — — — 8.6x106.5x10*  10°~10°  62~75

DHNDI 80 — — — 1.0x107%/8.5x10*  10°~10°  60~70

120 — — — 1.0x10%~6.2x10°  10°~10°  65~78

25 6.5x10%4.8x10*  10°~10°  -22~-35  8.3x10%6.8x10*  50~100  35~46

2:1 80 2.8x107%/1.6x10°  10°~10°  -19~24  7.9x10%5.1x10*  50~100  30~43

120 9.1x10%6.8x10*  10°~10°  -25~-35  3.8x10*~2.1x10*  50~100  28~37

25 8.6x10%/5.8x10"  10°~10* -20~-29  82x10%6.4x10*  50~100  35~45

N, 1:1 80 73x10%/3.9x10°  10°~10*  -25~32  9.2x10%7.6x10*  50~100  25~40

120 43x1072.4x10%  10°~10*  -26~-40  4.3x10%22x10*  50~100  26~38

25 1.0x107%/6.2x10*  10*~10*  -18~-32  8.5x107%/6.8x10*  50~100  31~38

1:2 80 8.2x107/5.6x10°  10°~10*  -20~-27  9.7x10%/7.6x10*  50~100  25~38

120 5.9x10%/4.1x10°  10°~10*  -27~32  3.0x10%1.7x10°*  50~100  29~42

25 1.6x107/8.1x10*  10*~10*  -18~-27  9.6x107%/7.3x10*  50~100  30~38

1:3 80 1.0x10%/8.4x10°  10°~10*  -25~27  1.1x107/82x10*  50~100  28~36

120 8.8x107/6.8x10°  10°~10*  -25~28  6.5x10%/4.8x10*  50~100  28~38

25 1.1x10%/6.0x10*  10°~10*  -19~26  8.3x10%6.6x10*  50~100  30~42

1:4 80 8.1x10%/6.8x10°  10°~10*  -20~-28  8.9x10%6.5x10*  50~100  25~38

120 6.1x10%/4.2x10°  10°~10*  -28~-32  3.6x10%1.1x10*  50~100  28~40

“ The performance data were obtained based on more than 10 OFET devices.

b.
ﬂhigh/ﬂaverage

35

40

2.3 XRD and AFM studies

XRD and AFM studies were performed for thin films of 4NH,-
NDI, DHNDI and the blend thin films in order to understand the
variation of charge mobilities after formation of blend thin films
and thermal annealing. As depicted in Fig. 5(A) the as-prepared
thin film of 4NH,-NDI shows two weak diffraction peaks at 5.4°
and 8.2°, which become weak after thermal annealing at 80 °C;
but further annealing at 120 °C leads to slight enhancement for

45

50

these two XRD signals. In comparison, the as-prepared thin film
of DHNDI shows a strong diffraction peak at 6.3°, and multiple
weak diffraction peaks at 4.9°, 12.5°, 18.7°, 25.0°. The diffraction
peak at 6.3 ° corresponds to a d-spacing of 1.39 nm, and those at
12.5°, 18.7°, 25.0° may be owing to the corresponding second-,
third- and fourth-order diffractions. It is obvious that thin film of
DHNDI shows better crystallinity than thin film of 4NH,-NDI.
After thermal annealing at 80 °C the weak XRD signal at 4.9°
disappears, and simultaneously the intensity of the signal at 6.3°

4 | Journal Name, [year], [vol], oo—oo
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increases.

Fig. 5(C) shows XRD profile for the blend thin film of 4NH,-
NDI and DHNDI (1:3 in molar ratio). Interestingly, the blend
thin film shows multiple diffraction peaks at 3.5°, 4.9°, 6.3°, 7.0°,
10.5° and 25.0° indicating that such blend thin films possesses
good crystallinity. After close examination of XRD data, the
diffraction signals at 4.9°, 6.3°, 25.0° corresponds well to those of
DHNDI thin film. The diffraction peaks at 3.5°, 7.0° and 10.5°
may be due to 4NH,-NDI film with a d-spacing of 2.49 nm. The
signals at 7.0° and 10.5° are due to the corresponding second- and
third-order diffractions. After thermal annealing at 80 °C the
intensity of the signal at 3.5° increases remarkably, and
simultaneously new diffraction peaks at 12.5°, 18.7° appear.
Further annealing leads to the decrease for signal at 3.5° and that
at 6.3° increases. It may be inferred from these XRD data that the
crystallinity of the blend thin film is further improved after
thermal annealing. Thus, DHNDI molecules may function as
crystalline nucleuses to induce the intermolecular order-packing
of 4NH,-NDI molecules. These XRD data agree well with the
observation that the blend thin film of 4NH,-NDI and DHNDI
exhibit relatively high hole and electron mobilities after thermal
annealing.
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Fig. 5 XRD patterns of thin films of 4NH,-NDI (A), DHNDI (B), and
their mixture with D/A molar ratio 1:3 (C) after different annealing
temperatures.
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Fig. 6 AFM images of the blend thin film of 4NH,-NDI and DHNDI (1:3
in molar ratio) after annealing at different temperatures.

AFM images of the blend thin film of 4NH,-NDI and DHNDI
(1:3 in molar ratio) were depicted in Fig. 6. Plate-like
microstructures were formed after thermal annealing at 80 °C.
The formation of plate-like microstructures agrees with the
improvement of thin film crystallinity, and thus such thin film
morphology may be beneficial for charge transport. However,
more boundary areas emerged after further annealing at 120°. For
comparison, AFM images of thin films of 4NH,-NDI and
DHNDI were also given (see Figure S5).

3. Conclusion

In summary, a tetraamino core-substituted NDI derivative
4NH,-NDI was synthesized and studied. Unlike most of the NDI
derivatives, 4NH,-NDI possesses a high HOMO energy (-4.87
eV) and can function as an electron donor. Thin film of 4NH,-
NDI behaves as p-type semiconductor in air condition, but with a
rather low hole mobility of 8.2x107° cm> Vs, However, its
hole mobility can be improved significantly after being doped by
using the parent NDI (DHNDI) as an electron acceptor. More
interestingly, The blend thin films of 4NH,-NDI and DHNDI
display ambipolar behavior based on the respective transfer and
output characteristics measured under inert atmosphere. The hole
and electron mobilities can reach 0.01 cm*V™'s' and 0.001
em* Vs respectively, when the molar ratio of 4NH,-NDI and
DHNDI is 1:3. The results demonstrate an efficient way to
prepare ambipolar thin-film semicondcutors with NDI
derivatives. Further studies will focus on D-A complexes of
4NH,-NDI with other NDI based electron acceptors to develop
air-stable ambipolar semiconducting materials.

4. Experimental section
4.1 Materials

All chemicals were purchased from Alfa Aesar and Sigma-
Aldrich, and used as received. All solvents were purified and
dried following standard procedures unless otherwise stated.
DHNDI were prepared according to previous report.'’?

Synthesis of compound 1. A mixture of 4BrNDI (228 mg, 0.20
mmol) and benzophenone imine (0.5 mL) was heated at 150 °C
for 10 h under nitrogen. After cooling to room temperature, the
mixture was recrystallized from CH,Cl, and EtOH. After
filtration, the residue was subjected to column chromatography
with petroleum ether (60-90 °C)/CH,Cl, (1:1, v/v) as eluent to
give 1 as an orange solid (182 mg) in 59% yield. M.p. 128.7-
129.4 °C. 'H NMR (400 MHz, CD,Cl,) & 7.48 (d, 16H), 7.36 (t,
8H), 7.27 (t, 16H), 3.82 (d, 4H), 1.85-1.70 (m, 2H), 1.35-1.07 (m,
64H), 0.92-0.80 (m, 12H). C NMR (100 MHz, CDCL) §
167.35, 162.87, 146.27, 138.26, 130.11, 129.14, 128.13, 121.65,
110.03, 44.35, 36.34, 32.30, 31.75, 30.57, 30.11, 30.05, 29.73,
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29.70, 26.76, 23.06, 23.03, 14.49. MALDI-TOF: 1543.3 (M").
Elemental analysis: caled. for CosH;20NgOy4: C, 82.45; H, 7.96;
N, 5.44; found: C, 82.55; H, 7.88; N, 5.30.

Synthesis of 4NH,-NDI. To a mixture of compound 1 (300 mg,
0.20 mmol) and sodium acetate (790 mg, 9.6 mmol) in 100 mL
THF/MeOH (1:1, v/v) was added hydroxylamine hydrochloride
(500 mg, 7.2 mmol). The mixture was refluxed for 24h under
nitrogen. After cooling to room temperature, the mixture was
diluted with water and extracted with CH,Cl,. The organic layer
was dried with Na,SO, and filtrated. After removal of the
solvents under vacuum, the residue was subjected to column
chromatography with petroleum ether (60-90 °C)/CH,Cl, (1:2,
v/v) as eluent to give 4NH,-NDI as a purple solid (74 mg) in 42%
yield. M.p. 142.5-143.3 °C. '"H NMR (400 MHz, CD,Cl,) 6 6.77
(br, 8H), 4.00 (d, 4H), 1.98-1.80 (m, 2H), 1.48-1.07 (m, 64H),
0.95-0.72 (m, 12H). C NMR (100 MHz, CD,Cl,) & 166.66,
141.80, 114.85, 103.34, 44.45, 37.07, 32.52, 32.32, 30.71, 30.27,
29.96, 27.11, 23.27, 14.47. MALDI-TOF: 887.1 (M"); Elemental
analysis: caled. for Cs4HggNgO4: C, 73.09; H, 10.22; N, 9.47;
found: C, 73.18; H, 10.27; N, 9.43.

4.2 General measurement and characterization

Melting points were measured with Biichi B540. '"H NMR and
3C NMR spectra were recorded on Bruker AVANCE III 400
MHz spectrometer. MALDI-TOF MS spectra were recorded with
BEFLEX III spectrometer. Elemental analysis was performed on
a Carlo Erba model 1160 elemental analyzer. TGA (SHIMADZU
DTG-60) measurements were performed under nitrogen
atmosphere at a heating rate of 10 °C/min. Thin films absorption
spectra were measured with JASCO V-570 UV-Vis
spectrophotometer. Cyclic voltammetric measurements were
carried out in a standard three-electrode cell using a glassy carbon
working electrode, a Pt counter electrode and a Ag/AgCl
(saturated KCl) reference electrode on a computer-controlled
CHI660C instrument. The scan rate was 100 mV-sfl, and n-
BuyNPF, (0.1 M) was used as the supporting electrolyte.

X-ray diffraction (XRD) measurements were carried out in the
reflection mode at room temperature, using a 2-kW Rigaku X-ray
diffraction system. The thin film surfaces were examined by
tapping-mode AFM using Digital Instruments Nanoscope V
atomic force microscope in ambient air condition. AFM samples
and microscopic images were identical to those used in organic
filed-effect transistors. The molecular structures of the
compounds were calculated with the DFT method at B3LYP/6-
31G (d, p) level. All calculations were performed with the
Gaussian 09 program.

4.3 Fabrication and characterization of OFET devices

Bottom gate bottom contact OFETs were fabricated with
conventional techniques. Briefly, a heavily doped n-type Si wafer
and a layer of dry oxidized SiO, (300 nm, with roughness lower
than 0.1 nm and capacitance of 11 nF-cm™) were used as a gate
electrode and gate dielectric layer, respectively. The drain-source
(D-S) gold contacts were fabricated by photo-lithography. The
channel length and width are 50 pum and 1440 um, respectively.
The substrates were cleaned in water, deionized water, alcohol,
and rinsed in acetone. Then, the surface was modified with n-
octadecyltrichlorosilane (OTS). 4NH,-NDI, DHNDI, and their
mixtures with different ratios were dissolved in CHCl; (about 15

mg/mL) and spin-coated on the above substrate at 2000 rpm. The

annealing processes were carried in vacuum condition for 1.0 hr
0 at each temperature.

Field-effect characteristics of the devices were determined in air

and nitrogen by using a Keithley 4200 SCS semiconductor

parameter analyzer. Carrier mobilities were calculated by fitting a

straight line to the plot of the square root of Ipg vs. Vg (saturation
6s region), according to the expression Ing=(W/2L)uCAVs— V)™
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