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Abstract: A series of 2,6-diaryl-substituted naphtho[1,8-bc:5,4-b′c′]dithiophene derivatives 2-6, whose aryl
groups include 5-hexyl-2-thienyl, 2,2′-bithiophen-5-yl, phenyl, 2-naphthyl, and 4-biphenylyl, was synthesized
by the palladium-catalyzed Suzuki-Miyaura coupling and utilized as active layers of organic field-effect
transistors (OFETs). All devices fabricated using vapor-deposited thin films of these compounds showed
typical p-type FET characteristics. The mobilities are relatively good and widely range from 10-4 to 10-1

cm2 V-1 s-1, depending on the substituent groups. Among them, the mobilities of the devices using films
of 3-5 tend to increase with the increasing temperature of the Si/SiO2 substrate during film deposition. In
particular, the device based on the naphthyl derivative 5, when fabricated at 140 °C, marked a high mobility
of 0.11 cm2 V-1 s-1 with an on/off ratio of 105, which is a top class of performance among organic thin-film
transistors. Studies of X-ray diffractograms (XRDs) have revealed that the film of 4 and 5 is composed of
two kinds of crystal grains with different phases, so-called “single-crystal phase” and “thin film phase”, and
that the proportion of the thin film phase increases with an increase of the substrate temperature. In the
thin film phase the assembled molecules stand nearly upright on the substrate in such a way as to be
favorable to carrier migration.

Introduction

In the past decade organic field-effect transistors (OFETs)
have achieved remarkable progress by optimizing the fabrication
of transistor devices and/or developing new organic semicon-
ductors.1 Device improvements have been exclusively conducted
using superior semiconductors, such as pentacene,2 oligo-
thiophenes,3 and regioregular polythiophenes,4 but it seems that
the improved performances of these devices nearly reach
individual upper limits as far as the mobilities are concerned.1

On the other hand, synthetic challenges to new organic
semiconductors are still promising by virtue of the fact that
versatile molecular systems have recently been found, which
involve substituted pentacenes,5 thienylene-phenylene co-
oligomers,6 oligoselenophenes,7 anthracene oligomers,8 thiophene-
containing acene-type compounds,9 oligothienylenevinylenes,10

benzo[1,2-b:4,5-b′]dichalcogenophenes,11 carbazole deriva-
tives,12 and tetrathiafulvalene derivatives.13

In search of good semiconductors fused or extended het-
eroarenes are recognized as one of the most promising molecular
systems.1,3,9As a part of our efforts to explore novel heteroarenes
possessing very intriguing structures and physical properties,
we previously developed two isomeric naphtho[1,8-bc:4,5-b′c′]-
dithiophene (syn-NDT) and naphtho[1,8-bc:5,4-b′c′]dithiophene
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(anti-NDT) and their dithienyl derivatives,14,15which served as
good donor components for molecular-based conductors and
conducting polymers. These fused heteroarenes are formally
isoelectronic with pyrene, but their aromatic characters are
greatly reduced by loss of Kekule´ benzene rings in the skeletons
owing to the introduction of two thiophene rings. As a result,
the HOMO energy levels of theseπ-systems are markedly raised
whereas the LUMO energy levels are lowered. It is thus
expected that the NDT systems might possess semiconducting
character. In a preliminary experiment we found that the device
fabricated with anti-di(2-thienyl)naphthodithiophenes (anti-
DTh-NDT 1) showedp-type FET characteristics while that with
the syn isomer (syn-DTh-NDT) did not respond.16 Although
the mobility is not so high (10-4 cm2 V-1 s-1), this result
suggests that theanti-NDT system is a potential prototype for
a new superior semiconductor, and its chemical modifications
are worth examining. In this article we report the synthesis,
electrochemical and spectroscopic properties, and solid-state
structures of variousanti-NDT derivatives2-6 bearing 5-hexyl-
2-thienyl, 2,2′-bithiophen-5-yl, phenyl, 2-naphthyl, and 4-bi-
phenylyl substituents at the 2- and 6-positions as well as their
FET characteristics, Chart 1.

Experimental Section

Synthesis.2,6-Diaryl-NDTs (2-6) were synthesized according to
Scheme 1 in which the palladium-catalyzed Suzuki-Miyaura coupling
was employed as a key step to introduce various aryl substituents.17

Thus, readily available aryl boronic acids or aryl boronic acid pinacol
esters18 were reacted with 2,6-dibromonaphtho[1,8-bc:5,4-b′c′]dithiophene
(7)14b,c to give the corresponding 2,6-diaryl-NDTs (2-6) in 67-80%
yields after purification (see Supporting Information for details). All
these new compounds were characterized by1H NMR spectra, mass
spectra, and elemental analysis, except the 4-biphenylyl derivative (6),
which was too insoluble to measure its1H NMR spectrum. In addition,
the molecular structures of the diphenyl (4), di(2-naphthyl) (5), and
bis(4-biphenylyl) derivatives (6) were fully elucidated by X-ray
crystallographic analyses.

X-ray Diffraction Measurement. X-ray diffractions of organic thin
films deposited on the Si/SiO2 substrate were obtained with a
Maxscience M18XHF diffractometer with a Cu KR source (λ ) 1.541
Å) in air. Single crystals of4-6 suitable for X-ray structural analyses
were obtained by recrystallization or vacuum sublimation19 and analyzed
with a Rigaku AFC7R four-circle diffractometer (Mo KR radiation,λ
) 0.710 69 Å, graphite monochromator, 2θmax ) 55.0°) or Rigaku
Rapid-S imaging plate diffractometer (Mo KR radiation,λ ) 0.710 69
Å, graphite monochromator, 2θmax ) 55.0°). The structures were solved
by direct methods (SIR92)20 and refined by full-matrix least-squares
on |F|2 (SHELEX 97).21 Table 1 summarizes the structural parameters.

Device Preparation.OFETs were fabricated in a top-contact manner
as follows. A thin film (50 nm thick) of the NDT derivatives as an
active layer was vacuum-deposited on heavily dopedn+-Si (100) wafers
with a 230 nm thermally grown SiO2, and successively, Au films (80
nm) as drain and source electrodes were deposited on the organic layer
through a shadow mask. For a typical device the drain-source channel
length (L) and width (W) are 50 µm and 1.5 mm, respectively.
Characteristics of a drain current (IDS) versus drain voltage (VDS) of
the OFET devices were measured under vacuum with an ADVANTEST
R6245 power supply. The field-effect mobilities (µFET) were calculated
in the saturation regime of theIDS using the equationIDS ) (WCi/
2L)µFET(VG - VT)2, whereCi is the capacitance of the SiO2 insulator
(Ci ) 1.50× 10-8 Fcm-2) andVG andVT are the gate and threshold
voltages, respectively. The film deposition was conducted at different
substrate temperatures (Tsub) in order to examine the dependence of
mobility or morphology onTsub.
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Chart 1

Scheme 1. Synthesis of 2,6-Diaryl-NDT Derivatives
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Other Instrumental Measurements.UV-vis and emission spectra
in THF solution were recorded on a Shimadzu UV-3100 spectropho-
tometer and a Perkin Elmer LS45 luminescent spectrophotometer,
respectively. Fluorescence quantum yield was comparatively determined
using quinine bisulfate in 0.5 M H2SO4 or Rhodamine 101 in ethanol
as standard.22 Cyclic voltammograms were measured in dichlo-
romethane containing 0.1 M tetrabutylammonium perchlorate at room
temperature using a Hokuto Denko HA-301 potentiostat and a Hokuto
Denko HB-104 function generator. The oxidation potentials were
recorded against a Ag/AgCl reference electrode and were calibrated
with the standard ferrocene/ferrocenium redox couple. AFM images
of the evaporated thin films on Si/SiO2 substrate were obtained by using
a Shimadzu SPM-9500 microscope in air.

Results and Discussion

Electrochemical and Spectroscopic Properties.The oxida-
tion potentials of the NDT derivatives measured by cyclic
voltammetry together with the spectroscopic data are sum-
marized in Table 2. The oxidation potentials of2 and3 bearing
thienyl substituents (+0.06 and+0.02 V, respectively, vs Fc/
Fc+) are lower by ca. 0.2 V than those of4-6 with phenyl or
naphthyl substituents. This means that the highest occupied
molecular orbital (HOMO) of theanti-NDT core is more

effectively elevated byπ-conjugation with thienyl substituents
than with phenyl and naphthyl substituents.

Absorption spectra of2-6 also provide information on the
extent ofπ-conjugation between the NDT core and the sub-
stituents. Compared to that of the parentanti-NDT (λmax ) 411
nm),14b,14c the π-π* transitions of2 (λmax ) 532 nm) and3
(λmax ) 566 nm) show large bathochromic shifts. This cor-
roborates effectiveπ-conjugation between the NDT core and
the thienyl substituents, as indicated by the above electrochemi-
cal study. On the other hand, theπ-π* transition of the phenyl
derivative 4 (λmax ) 482 nm) shows a less pronounced
bathochromic shift than that of2, evidently supporting that
phenyl conjugation is not as effective as thienyl conjugation.
Extension of theπ-system from phenyl to naphthyl substitution
(5) or to biphenyl substitution (6) causes a bathochromic shift
by ca. 20 nm, which is much smaller than that (34 nm) from
thienyl to bithiophenyl substitution. In accordance with the shifts
of the absorption bands, the emission bands of2-6 appear in
the much longer wavelength region (λmax ) 530-635 nm) than
that of the parentanti-NDT (λmax ) 427 nm).14b,c The
fluorescence quantum yields of2 (Φf 0.14) and3 (Φf 0.01)
bearing thienyl substituents are more markedly reduced than
those (Φf 0.32-0.50) of 4-6 bearing phenyl or naphthyl
substituents. This suggests that the photoexcited state is ef-
ficiently quenched by interactions involved with the sulfur atoms
of the attached heterocyclic rings.

X-ray Structural Analysis. Figure 1 shows molecular
structures of4-6. The central NDT cores of these compounds
are almost flat, but the aryl substituents are not in the same
plane, as expected from the above electrochemical and spec-
troscopic studies. Mean torsion angles between the NDT core
and the aryl substituents are 27.3°, 30.5°, and 24.5° for 4, 5,
and 6, respectively. These large torsion angles are in sharp
contrast to that of DTh-NDT (1, 14.7°) previously analyzed.14c

A systematic study of FET devices using these compounds
would thus give some information on how molecular deviation
from coplanarity influences their semiconducting properties.

The crystal structures of the three derivatives are shown in
Figure 2. The phenyl and naphthyl derivatives4 and 5 have
basically the same molecular packings in which the molecules(22) Eaton, D. F.Pure Appl. Chem. 1998, 60, 1107-1114.

Table 1. Crystal Data for 4-6

4 5 6

formula C24H14S2 C32H18S2 C36H22S2

formula weight 366.50 466.61 518.69
method of crystal growth recrystallization from chloroform vacuum sublimation vacuum sublimation
color and shape of crystal red prism red plate red prism
crystal dimensions/mm3 0.25× 0.25× 0.12 0.50× 0.20× 0.02 0.12× 0.10× 0.10
instruments Rigaku RAPID-S Rigaku AFC7R Rigaku AFC7R
type of data collection IP ω ω - 2θ
crystal system orthorhombic orthorhombic monoclinic
space group Pbca Pbca P21

a/Å 7.3528(1) 7.264(3) 12.965(2)
b/Å 8.1884(1) 8.432(2) 7.620(2)
c/Å 28.6857(5) 36.215(7) 12.498(1)
â/deg 100.246(10)
V/Å3 1717.10(5) 2217(1) 1215.0(4)
temp/K 296 296 296
Z 4 4 2
reflections collected 2264 3626 3604
no. of data [I > 2.0σ(I)] 1651 1518 1928
Ra; Rw

b 0.065; 0.182 0.041; 0.154 0.040; 0.139
GOF 1.49 0.93 0.88

a R ) Σ (|Fo| - |Fc|)/Σ|Fo| for observed data.b Rw ) {Σω(Fo
2 - Fc

2)2/Σω(Fo
2)2}1/2 for all data.

Table 2. Electrochemical and Spectroscopic Properties of NDT
Derivatives (2-6)

CVa UV−visb emissionb

compound E1/2/V λabs/nm ε λemis/nmd Φf

BHTh-NDT (2) + 0.06 532 34 000 584 0.14
BBTh-NDT (3) + 0.02 566 54 900 635e 0.01g

DPh-NDT (4) + 0.29 482 34 200 530 0.50
DNap-NDT (5) + 0.22 501 37 500 552 0.47
BBPh-NDT (6) + 0.25 500 c 557 0.32

a Cyclic voltammetry was recorded at 100 mV s-1 scan rate with Pt
working and counter electrodes and Ag/AgCl reference electrode in
dichloromethane solution containing 0.1 M tetrabutylammonium perchlorate.
The obtained potentials were calibrated with the standard ferrocene/
ferrocenium redox couple.b Measured in tetrahydrofuran.c Because of the
poor solubility, the molar absorption coefficient cannot be determined.
d Excited at 350 nm unless otherwise stated.e Excited at 560 nm.f Calcu-
lated based on quinine bisulfate in 0.5 M H2SO4 as a standard unless
otherwise stated.g Calculated based on Rhodamine 101 as reference.

NDT-based OFETs A R T I C L E S
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are crystallized in a “layer-by-layer” structure. The unit cell
contains two layers along thec-axis direction, and thus one-
half of the c-axis length, 14.3 and 18.1 Å for4 and 5,

respectively, corresponds to the width of each layer. In the layer
the packing arrangement is somewhat different from the typical
herringbone type, especially at the central NDT core. Figure
3a shows the arrangement of the NDT cores in the crystal
structure of DPh-NDT (4); neither intermolecular “face-to-face”
nor “face-to-edge” interaction ofπ-orbitals is observed, but one-
dimensional ribbonlike interactive arrays exist through S-S
contacts (3.35 Å) shorter than the sum of van der Waals radius.
On the other hand, the phenyl subunits take on a herringbone-
type of arrangement, as shown in Figure 3b. The crystal
arrangements of the NDT core and the naphthyl subunits of
DNap-NDT (5) are essentially the same as those of DPh-
NDT (4).

In contrast to the crystal structures of4 and5, BBPh-NDT
(6) does not crystallize in the “layer-by-layer” molecular
arrangement (Figure 2c). The molecules are loosely packed to
form a sheetlike array in theac plane in which no short S-S
contact is observed. The molecular sheets are piled up in the
b-axis direction, but neitherπ-stack interaction nor intermo-
lecular S-S interaction exist in this direction.

OFET Device Characteristics.All the OFET devices using
the NDT derivatives showedp-type transistor responses; the

Figure 1. Molecular structures of (a) DPh-NDT (4), (b) DNap-NDT (5),
and (c) BBPh-NDT (6): (top) top view of the molecule; (bottom) side view
along the molecular long axis.

Figure 2. Crystal structures of4-6: (a and b):a-axis projection of4 and
5, respectively, representing “layer-by-layer” structure along thec-axis
direction. The half of thec-axis corresponds to the layer width. (cb-Axis
projection of6. For clarity, only one sheetlike array of molecules (0.5< b
< 1.0) is depicted.

Figure 3. Packing diagram of4 in the molecular layer. For clarity, the
NDT part and phenyl substituents are depicted separately in a and b,
respectively, and their superimposition gives ac-axis projection. The dotted
line represents short S-S intermolecular contacts (3.35 Å) through the sulfur
atoms in the NDT core.

Figure 4. Drain-source current (IDS) versus drain-source voltage (VDS)
characteristic for4 (Tsub) 60 °C) and schematic picture of an OFET device.
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source-drain current (IDS) scales up as the gate voltage (VG)
becomes more negative. As an example,IDS versusVDS curves
for the DPh-NDT (4) film deposited atTsub ) 60 °C is shown
in Figure 4. Field-effect mobility (µFET) was determined using
the saturation regime and an on/off ratio of theIDS betweenVG

) 0 and -100 V. The FET performances of all the NDT
compounds are summarized in Table 3.

Although introduction of long alkyl chains at the longitudinal
ends of semiconducting molecules has been proved to be a
promising approach to improve thin film OFET character-
istics,1,3,6b,ea comparison of the FET characteristics of BHTh-
NDT (2) (µFET 1.0× 10-4 cm2 V-1 s-1 and on/off ratio< 10)
with those of DTh-NDT (1) (µFET 3 × 10-4 cm2 V-1 s-1 and
on/off ratio 30)16 indicates that then-hexyl groups are, in our
case, of no use for improvement of OFET performance. On the
other hand, extension ofπ-conjugation from thienyl to bithio-
phenyl substitution quite effectively improves not only the
mobility but also the on/off ratio. The device of BBTh-NDT
(3) fabricated atTsub ) rt showed an enhanced mobility (µFET

6.0× 10-3 cm2 V-1 s-1) and on/off ratio (600), both of which
are 20 times higher than those of DTh-NDT (1). An increase
of the substrate temperatureTsub to 60 °C or more resulted in
an enhancement of the mobility by 1 order of magnitude.

Replacement of the thienyl groups of1 with phenyl groups
also serves to improve FET characteristics. An OFET device
based on DPh-NDT (4) showed nearly the same high mobility
(µFET 6.1 × 10-3 cm2 V-1 s-1) with an on/off ratio of 103 at
Tsub ) rt as BBTh-NDT (3). In a similar manner, mobility
and on/off ratio are enhanced by 1 order of magnitude with an
increase ofTsub. Furthermore, on/off ratios of DPh-NDT (4)
based OFETs are always higher than those of BBTh-NDT (3)
based OFETs for allTsub. This is attributed to the lower HOMO
of DPh-NDT (4) than that of BBTh-NDT (3) as discussed
above, reducing the off current (Ioff) of the devices.6b,e,23A more
pronounced dependence of the FET characteristics onTsub was
observed for the device based on the naphthyl derivative5. The
mobility (µFET 5.3 × 10-3 cm2 V-1 s-1) recorded atTsub ) rt
was enhanced by 2 orders of magnitude to 1.0× 10-1 cm2 V-1

s-1 at Tsub ) 100 °C and to 1.1× 10-1 cm2 V-1 s-1 at Tsub )
140 °C. The on/off ratio was also drastically improved from
103 to 105. This FET performance is of a top class among thin
film organic semiconductors. The biphenyl derivative (6) also
showed a good OFET characteristic ofµFET ) 2.9× 10-2 cm2

V-1 s-1 with an on/off ratio of 2× 104 at Tsub ) rt. However,
the performance was not affected by elevation of the substrate
temperature.

It should be worth noting that introduction of phenyl and
2-naphthyl substituents, though they are not allowed to fully
conjugate with the NDT core, is very effective to induce the

high FET performances of this system. This is in sharp contrast
as preceding high-performance OFET materials such as penta-
cene24 and sexithiophene25 have completely or nearly planar
molecular structures enabling extendedπ-conjugation over the
whole molecules and two-dimensional electronic interactions
in typical herringbone-type crystal structures.26

Characterization of Thin Films. Figure 5 show AFM images
of the evaporated thin films of the NDT derivatives (2-6) on

(23) Mohapatra, S.; Holmes, B. T.; Newman, C. R.; Prendergast, C. F.; Frisbie,
C. D.; Ward, M. D.AdV. Funct. Mater. 2004, 14, 605-609.

(24) Cornil, J.; Calbert, J.-P.; Bre´das, J.-L.J. Am. Chem. Soc. 2001, 123, 1250-
1251.

(25) (a) Horowiz, G.; Bachet, B.; Yassar, A.; Lang, P.; Demanze, F.; Fave, J.
L.; Garnier, F.Chem. Mater. 1995, 7, 1337-1341. (b) Siegrist, T.; Fleming,
R. M.; Haddon, R. C.; Laudise, R. A.; Lovinger, A. J.; Katz, H. E.;
Bridenbaugh, P.; Davis, D. D.J. Mater. Res. 1995, 10, 2170-2173.

(26) (a) Cornil, J.; Calbert, J.-P.; Beljonne, D.; Silbey, R.; Bre´das, J.-L.AdV.
Mater. 2000, 12, 978-983. (b) Bromley, S. T.; Mas-Torrent, M.; Hadley,
P.; Rovira, C.J. Am. Chem. Soc. 2004, 126, 6544-6545.

Table 3. Field-Effect Mobility and On/Off Ratio for Transistors of 2-6 Prepared at Different Substrate Temperature (Tsub)

Tsub ) rt (25 °C) Tsub ) 60 °C Tsub ) 100 °C Tsub ) 140 °C

compound mobility/cm2 V-1 s-1 on/off ratio mobility/cm2 V-1 s-1 on/off ratio mobility/cm2 V-1 s -1 on/off ratio mobility/cm2 V-1 s-1 on/off ratio

BHTh-NDT (2) 1.0× 10-4 <10 no FET no FET
BBTh-NDT (3) 6.0× 10-3 600 4.1× 10-2 103 3.8× 10-2 103

DPh-NDT (4) 6.1× 10-3 103 1.7× 10-2 104 5.7× 10-2 3 × 104 5.2× 10-2 105

DNap-NDT (5) 5.3× 10-3 4 × 103 5.3× 10-2 6 × 104 1.0× 10-1 105 1.1× 10-1 105

BBPh-NDT (6) 2.9× 10-2 2 × 104 3.6× 10-2 3 × 104 2.9× 10-2 4 × 104

Figure 5. AFM images of thin films on Si/SiO2 evaporated atTsub ) rt:
(a) BHTh-NDT (2), (b) BBTh-NDT (3), (c) DPh-NDT (4), (d) DNap-
NDT (5), and (e) BBPh-NDT (6).
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Si/SiO2 substrate atTsub ) rt. The AFM images indicate that
these films consist of small grains with sizes of ca. 0.01-0.2
µm. The grain sizes are not apparently related to the structures
as well as the FET performances of the compounds. Concomi-
tantly, the grain sizes of DPh-NDT (4) and DNap-NDT (6)
(Figure 6) increase with increasingTsub and become 0.5-1.0
µm at Tsub ) 140 °C. Evidently, these morphological changes
correlate closely with marked improvements in the FET
characteristics of4 and5 at high substrate temperatures.

X-ray diffraction analyses of thin films give us information
on the molecular arrangement in the crystal grains. As shown
in Figure 7 the X-ray diffractograms (XRD) of thin films2-6
consist of a series of sharply resolved peaks assignable to
multiple (00l) reflections, indicating high quality for the thin
films. Table 4 summarizes the calculated interlayer spacing (d)
together with the molecular lengths (l)24 and calculated tilt angle
(θtilt ) against the normal to the substrate (Figure 8).

The interlayer spacing (d) determined from the first-layer line
of the XRD of2 (Figure 7a) is 23.9 Å, which gives a tilt angle
(θtilt) of 36°.27 That is, the molecules of2 in the thin film largely
incline from the normal to the substrate, which makes inter-
molecularπ-overlap as well as heteroatomic interactions less
favorable. This accounts for the low mobility (∼10-4 cm2 V-1

s-1) of the FET device fabricated with2. Figure 7b shows XRD
of the thin film 3 consisting of well-resolved peaks with higher
ordering. Itsd spacing is determined to be 19.3 Å, which
corresponds to aθtilt of 35°. A similar large inclined molecular
arrangement (θtilt 35°) is estimated in the thin film of the
4-biphenylyl derivative (6). As shown in Figure 7e a series of
multiple (00l) reflections observed in XRD, though there are

two unexplainable peaks at 2θ ) 18.53° and 23.33°, indicates
a d spacing 20.2 Å, resulting in a tilt angle of 35° of the
molecules from the normal to the substrate. Although the tilt
angles of3 and6 are almost the same as that of2, the loss of
intermolecularπ-overlap caused by inclination is compensated
for by extension of theπ-electron system by the long substit-
uents, and as a result, the FET mobilities of3 and 6 (∼10-2

cm2 V-1 s-1) are much improved as compared to that of2. The
inclined molecular orientations are kept in the films deposited
at higherTsub (see Supporting Information for XRDs of3 and
6 at Tsub ) 60 and 100°C), qualitatively agreeing with a small
dependence of the mobilities onTsub.

As shown in Figure 7c and d the XRDs of4 and5 can be
understood by superposition of two series of peaks designated

(27) Since the molecular structures of BHTh-NDT (2) and BBTh-NDT (3)
are not obtained by X-ray structure analysis, the lengths of these molecules
are estimated by MOPAC PM3 calculation.

Figure 6. AFM images of thin films evaporated atTsub ) 60 and 140°C:
(a) DPh-NDT (4) and (b) DNap-NDT (5).

Figure 7. XRDs of evaporated thin film of (a) BHTh-NDT (2), (b)
BBTh-NDT (3), (c) DPh-NDT (4), (d) DNap-NDT (5), and (e) BBPh-
NDT (6) (Tsub ) rt). In the XRDs of4 and5 peaks originating from “thin
film phase” (00l) and “single-crystal phase” (00l′) designated with asterisks
are observed. The peaks with asterisks in the XRD of6 cannot be assigned.

Table 4. Interlayer Spacing (d), Molecular Lengths (l), and
Calculated Tilt Angle (θtilt) for 2-6

d/Åa molecular length (l)/Åb tilt angle (θtilt)/degd

BHTh-NDT (2) 23.9 29.6c 36
BBTh-NDT (3) 19.3 23.5c 35
DPh-NDT (4) 16.2, 14.4 16.3 6, 28
DNap-NDT (5) 20.2, 18.1 20.8 14, 30
BBPh-NDT (6) 20.2 24.7 35

a Determined on the basis of the first-layer line in theθ - 2θ scan of
the thin films.b Determined on the basis of the single-crystal X-ray structural
analysis.c Estimated by MOPAC-PM3 calculation.d Calculated byθtilt )
cos-1(d/l).

A R T I C L E S Takimiya et al.

3610 J. AM. CHEM. SOC. 9 VOL. 127, NO. 10, 2005



by (00l) and (00l′) reflections. This suggests that the films are
composed of two kinds of crystal grains with different phases.
The larged spacings for4 and 5 calculated from the (00l)
reflections are 16.2 and 20.2 Å, respectively, and very close to
the molecular lengths, indicating that the molecules stand nearly
upright on the Si/SiO2 substrate. On the other hand, the small
d spacings for4 and5 calculated from the (00l′) reflections are
14.4 and 18.1 Å, respectively. These values are almost equal
to the layer widths in their single-crystal structures (see Figure
2a and b); this means that the molecular arrangements of the
phases showing the (00l′) reflections are similar to those in
single crystals of4 and 5. In the discussion below the phase
with the (00l) reflections is simply called “thin film phase”
whereas that with the (00l′) reflections is called “single-crystal
phase”.

Figure 9 shows XRDs of thin films of4 and5 deposited at
Tsub ) 60 and 140°C. Comparing these diffractograms with
those atTsub) rt shown in Figure 7c and d, one can notice that
highTsubmarkedly reduces the proportion of the “single-crystal
phase”, and only a trace amount of the “single-crystal phase”
is detected atTsub ) 140 °C. It is evident that the improved
FET characteristics of4 and 5 at high Tsub are caused by
morphological changes of these thin films to large crystalline
grains of “thin film phase” and that carrier migration favorably
occurs via the “thin film phase” rather than the “single-crystal
phase”.

We understand that the lowµFET in the “single-crystal phase”
is ascribable to small intermolecular overlap in the molecular
arrangement observed in the single-crystal X-ray structures. In
contrast, the highµFET in the “thin film phase” originates from
the perpendicular molecular orientation to the substrate, which
allows efficient intermolecular charge migration, similar to the
case reported for pentacene thin film.28 In addition, the higher
maximumµFET of 5 than that of4 may be caused by the larger
extension ofπ-conjugation with naphthalene substituents.

Summary and Conclusions

We successfully developed a series of 2,6-diaryl-NDTs by
palladium-catalyzed Suzuki-Miyaura coupling and found that
they behave as active materials forp-type OFET devices. Their
FET properties depend on the aryl substituents as well as the
temperature of the Si/SiO2 substrate during film deposition, but
the mobilities are relatively good and widely range from 10-4

to 10-1 cm2 V-1 s-1, depending on the substituent groups as
well as the fabrication condition of the device. The mobilities
of the devices using films of4 and5 markedly increase with

increasing temperature of the Si/SiO2 substrate during film
deposition. In particular, the device based on the naphthyl
derivative5, when fabricated at 140°C, marked a high mobility
of 0.11 cm2 V-1 s-1 with an on/off ratio of 105, which is a top
class of performance among recently developed thin film organic

(28) Dimitrakopoulos, C. D.; Brown, A. R.; Pomp, A.J. Appl. Phys.1996, 80,
2501-2508.

Figure 8. Schematic diagram of the interlayer spacing (d), molecular length
(l), and tilt angle of the molecules (θtilt ).

Figure 9. XRDs of thin films evaporated atTsub ) 60 and 140°C: (a)
DPh-NDT (4) and (b) DNap-NDT (5).
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semiconductors. The enhanced FET performances of4 and 5
at highTsub are ascribable to an increase of large grains with
the “thin film phase” in which molecules take a nearly vertical
orientation against the substrate. In contrast, the bithiophenyl
derivative3 and the biphenylyl derivative6, though they are
extendedπ-conjugated systems favorable for intermolecular
charge migration, show lower FET mobilities and on/off ratios
as well as a smallerTsub dependence. These are explained by
the fact that the molecules in the thin films largely tilt (ca. 35°)
from the normal to the substrate.

The present observation of high FET mobilities for all 2,6-
diaryl-NDT derivatives strongly indicates that theanti-NDT
system is notable as a new type for good organic semiconduc-
tors. In addition, in this system it is worthy of notice that a
subtle structural change of the aryl substituent group results in
a drastic change of the molecular orientation in the thin film,
which is crucial for FET performance. It is thus strongly
suggested that not only the search for prototypical semiconduct-

ing molecules but also their systematic structural modifications
are required for developing high-performance FET materials.
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