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Abstract: A series of 2,6-diaryl-substituted naphtho[1,8-bc:5,4-b' ¢'ldithiophene 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 (OFETSs). 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 104 to 10!
cm? V-1 s71, 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/SiO, 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 cm? 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 search of good semiconductors fused or extended het-

) eroarenes are recognized as one of the most promising molecular

! o L 39
have achieved remarkable progress by optimizing the fabrication system§._ Asa pgrt qf o_ur efforts to explore novel_ heteroaren_es
of transistor devices and/or developing new organic semicon- POSSESSING very intriguing structures and physical properties,

ductorst Device improvements have been exclusively conducted W€ Previously developed two isomeric naphtrjo'[hxc.Bdf.,S-b cl-

using superior semiconductors, such as pentaesligo- dithiophene ¢ynNDT) and naphtho[1,&c.5,44'c'|dithiophene

thiophenes,and regioregular polythiophengbut it seems that
; ; (3) (a) Garnier, F.; Yassar, A.; Hajlaoui, R.; Horowitz, G.; Deloffre, F.; Servet,

the improved performances of these devices nearly reach ™ g% g s Ainor pu. Am. Chem. So2993 115 87168721, (b) Servet,

individual upper limits as far as the mobilities are concerhed. E.; gqrowitz, GS Rli-|es'i S.;_ngo[sse, %.; élnot_, PaﬁYass?Ar, A.;lggfffre,

. . .; Srivastava, P.; Hajlaoui, R.; Lang. P.; GarnierChem. Mater

On _the other hand, _Synthetl_c_ Cha"en_ges o new organic 6, 1809-1815. (c) Hajlaoui, R.; Horowitz, G.; Garnier, F.; Arce-Brouchet,

semiconductors are still promising by virtue of the fact that

versatile molecular systems have recently been found, which

In the past decade organic field-effect transistors (OFETs

A.; Laigre, L.; Kassmi, A. El; Demanze, F.; Kouki, ARdv. Mater. 1997,

9, 389-391. (d) Hajlaoui, R.; Fichou, D.; Horowitz, G.; Nessakh, B.;
) A ) Constant, M.; Garnier, FAdv. Mater. 1997, 9, 557-561. (e) Katz, H. E.;
involve substituted pentaceneshienylene-phenylene co-
oligomers? oligoselenophenésanthracene oligomefshiophene-
containing acene-type compourfdsljgothienylenevinylene¥
benzo[1,2b:4,54'|dichalcogenophenéd, carbazole deriva-
tives2 and tetrathiafulvalene derivativés.
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(anti-NDT) and their dithienyl derivative’}*>which 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 KeKulenzene rings in the skeletons
owing to the introduction of two thiophene rings. As a result,
the HOMO energy levels of thesesystems are markedly raised
whereas the LUMO energy levels are lowered. It is thus

expected that the NDT systems might possess semiconductingR =

character. In a preliminary experiment we found that the device
fabricated with anti-di(2-thienyl)naphthodithiophenesarti-
DTh—NDT 1) showedp-type FET characteristics while that with
the syn isomergynDTh—NDT) did not respond® Although

the mobility is not so high (10" cn? V-1 s71), this result
suggests that thanti-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 variouanti-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 @—6) were synthesized according to
Scheme 1 in which the palladium-catalyzed SuztMiyaura coupling
was employed as a key step to introduce various aryl substittfents.
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Chart 1
R= BHTh-NDT (2)

BBTh-NDT (3)

/Q\Hex
/@\@
CEAN/

DPh-NDT (4)
R =H: syn-NDT R = H: anti-NDT
M o- M OO DNap-NDT (5)
D e D
-DTh-NDT ti-DTh-NDT (1
syn antl. (1) BBPH.NDT (6)
Scheme 1. Synthesis of 2,6-Diaryl-NDT Derivatives

Br
Ar—B(OH),

Thus, readily available aryl boronic acids or aryl boronic acid pinacol
ester¥® were reacted with 2,6-dibromonaphtho[b@5,4-b'c’]dithiophene
(7)*0cto give the corresponding 2,6-diaryl-NDT2+6) in 67—80%
yields after purification (see Supporting Information for details). All
these new compounds were characterizedbNMR spectra, mass
spectra, and elemental analysis, except the 4-biphenylyl derivéive (
which was too insoluble to measure ik NMR spectrum. In addition,
the molecular structures of the dipheny),(di(2-naphthyl) §), 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/SiOsubstrate were obtained with a
Maxscience M18XHF diffractometer with a Cwisource { = 1.541
A) in air. Single crystals ofi—6 suitable for X-ray structural analyses
were obtained by recrystallization or vacuum sublimafiand analyzed
with a Rigaku AFC7R four-circle diffractometer (ModKradiation,.
= 0.710 69 A, graphite monochromatorg,2x = 55.0°) or Rigaku
Rapid-S imaging plate diffractometer (Maokradiation,A = 0.710 69
A, graphite monochromatorf2a.c= 55.C°). The structures were solved
by direct methods (SIR92) and refined by full-matrix least-squares
on |F|? (SHELEX 97)?! Table 1 summarizes the structural parameters.

Device Preparation.OFETSs 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 dape&i (100) wafers
with a 230 nm thermally grown SiQand 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 () and width W) are 50um and 1.5 mm, respectively.
Characteristics of a drain curreribg) versus drain voltageVps) of
the OFET devices were measured under vacuum with an ADVANTEST
R6245 power supply. The field-effect mobilities-£r) were calculated
in the saturation regime of thkes using the equatiops = (WG/
2L)urer(Ve — V1)%, whereC; is the capacitance of the Si@nsulator
(Ci = 1.50 x 1078 Fcnm?) and Vs and Vr are the gate and threshold
voltages, respectively. The film deposition was conducted at different
substrate temperature$s(y) in order to examine the dependence of
mobility or morphology onTsn

(18) Andersen, M. W.; Hildbrandt, B.; Ker, G.; Hoffmann, WChem. Ber
1989 122 17771782.

(19) Crystals of2 and 3 suitable for X-ray analysis could not be obtained by
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(21) Sheldrick, G. M.Programs for the Refinement of Crystal Structures
University of Gottingen: Gottingen, Germany, 1997.
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Table 1. Crystal Data for 4—6

4 5 6
formula GaH14S CzoH18S, CzeH22S,
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/m#n 0.25x 0.25x 0.12 0.50x 0.20x 0.02 0.12x 0.10x 0.10
instruments Rigaku RAPID-S Rigaku AFC7R Rigaku AFC7R
type of data collection P 0} w— 260
crystal system orthorhombic orthorhombic monaclinic
space group Pbca Pbca R1
alA 7.3528(1) 7.264(3) 12.965(2)
b/A 8.1884(1) 8.432(2) 7.620(2)
c/A 28.6857(5) 36.215(7) 12.498(1)
pldeg 100.246(10)
VIA3 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[ > 2.00(1)] 1651 1518 1928
R R,P 0.065; 0.182 0.041;0.154 0.040; 0.139
GOF 1.49 0.93 0.88

aR = X (|Fo| — |Fc|)/Z|F,| for observed dat Ry, = {Zw(Fo?2 — FA)¥Zw(F,?)3 2 for all data.

Table 2. Electrochemical and Spectroscopic Properties of NDT effectively elevated byr-conjugation with thienyl substituents
Derivatives (2-6) than with phenyl and naphthyl substituents.

cv UV—is® emission” Absorption spectra 0R—6 also provide information on the
compound EplV  Zaim € emis/nm’ @ extent ofzr-conjugation between the NDT core and the sub-
BHTh—NDT (2) +0.06 532 34000 584 0.14 stituents. Compared to that of the paranti-NDT (Amax= 411
BBTh—NDT (3) ~ +0.02 566 54900 635 0.0B nm)14b.14cthe 7—a* transitions of2 (Amax = 532 nm) and3
Bﬁgp'_\ﬁgé%) Ig:gg ggi 2‘71 52,88 ggg 8:‘512 (Amax = 566 nm.) show 'Iarge.‘ bathochromic shifts. This cor-
BBPh-NDT (6) +0.25 500 c 557 0.32 roborates effectiver-conjugation between the NDT core and

the thienyl substituents, as indicated by the above electrochemi-

# Cyclic voltammetry was recorded at 100 mV'sscan rate with Pt ca| study. On the other hand, the-z* transition of the phenyl
working and counter electrodes and Ag/AgCl reference electrode in

dichloromethane solution containing 0.1 M tetrabutylammonium perchlorate. derivative 4_(/1”‘3?( = 482 nm) ShQWS a less prqnounced
The obtained potentials were calibrated with the standard ferrocene/ bathochromic shift than that d?, evidently supporting that

ferrocenium redox couplé‘.Measure_d in tetrahydrofurafiBecause of the phenyl conjugation is not as effective as thienyl conjugation.
poor solubility, the molar absorption coefficient cannot be determined.

d Excited at 350 nm unless otherwise stateHxcited at 560 nmf Calcu- Extension of ther-system from phenyl to naphthyl substitution

lated based on quinine bisulfate in 0.5 M$0,; as a standard unless  (5) or to biphenyl substitutiong) causes a bathochromic shift

otherwise stated! Calculated based on Rhodamine 101 as reference. by ca. 20 nm, which is much smaller than that (34 nm) from
thienyl to bithiophenyl substitution. In accordance with the shifts

in THF solution were recorded on a Shimadzu UV-3100 spectropho- toff;r:relu?:tl‘)lslgilpg;gnwt;?/g(lj;]gt;?he rz;nilssm=bggg§§5aﬁ$?;£
tometer and a Perkin Elmer LS45 luminescent spectrophotometer, . ('1”_‘ 14b.c
respectively. Fluorescence quantum yield was comparatively determinedtn@t of the parentant-NDT (imax = 427 nm):*>¢ The
using quinine bisulfate in 0.5 M #$0, or Rhodamine 101 in ethanol ~ fluorescence quantum yields af (®f 0.14) and3 (®f 0.01)

as standar@® Cyclic voltammograms were measured in dichlo- bearing thienyl substituents are more markedly reduced than
romethane containing 0.1 M tetrabutylammonium perchlorate at room those (pf 0.32-0.50) of 4—6 bearing phenyl or naphthyl
temperature using a Hokuto Denko HA-301 potentiostat and a Hokuto substituents. This suggests that the photoexcited state is ef-

Denko HB-104 function generator. The oxidation potentials were ficiently quenched by interactions involved with the sulfur atoms
recorded against a Ag/AgCI reference electrode and were calibratedof the attached heterocyclic rings.

with the standard ferrocene/ferrocenium redox couple. AFM images
of the evaporated thin films on Si/SiGubstrate were obtained by using

a Shimadzu SPM-9500 microscope in air.

Other Instrumental Measurements.UV —vis and emission spectra

X-ray Structural Analysis. Figure 1 shows molecular
structures o#—6. The central NDT cores of these compounds
are almost flat, but the aryl substituents are not in the same
Results and Discussion plane, as expected from the above electrochemical and spec-
troscopic studies. Mean torsion angles between the NDT core
and the aryl substituents are 27.30.5, and 24.5 for 4, 5,
and 6, respectively. These large torsion angles are in sharp
contrast to that of DTRNDT (1, 14.7) previously analyzedc
A systematic study of FET devices using these compounds
would thus give some information on how molecular deviation
from coplanarity influences their semiconducting properties.

Electrochemical and Spectroscopic PropertiesThe oxida-
tion potentials of the NDT derivatives measured by cyclic
voltammetry together with the spectroscopic data are sum-
marized in Table 2. The oxidation potentials2dénd3 bearing
thienyl substituents40.06 and+0.02 V, respectively, vs Fc/
Fct) are lower by ca. 0.2 V than those 4f-6 with phenyl or
naphthyl substituents. This means that the highest occupied

molecular orbital (HOMO) of theanti-NDT core is more The crystal structures of the three derivatives are shown in
Figure 2. The phenyl and naphthyl derivativésand 5 have
(22) Eaton, D. FPure Appl. Chem1998 60, 1107-1114. basically the same molecular packings in which the molecules

J. AM. CHEM. SOC. = VOL. 127, NO. 10, 2005 3607
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and (c) BBPh-NDT §): (top) top view of the molecule; (bottom) side view
along the molecular long axis.

(@)

c
| 181 A
o O

Figure 2. Crystal structures of—6: (a and b):a-axis projection o# and
5, respectively, representing “layer-by-layer” structure along dfexis
direction. The half of the-axis corresponds to the layer width. lfeAxis
projection of6. For clarity, only one sheetlike array of molecules (&.%
< 1.0) is depicted.

are crystallized in a “layer-by-layer” structure. The unit cell
contains two layers along theaxis direction, and thus one-
half of the c-axis length, 14.3 and 18.1 A fo# and 5,

3608 J. AM. CHEM. SOC. = VOL. 127, NO. 10, 2005

(b}

& &
Y

Figure 3. Packing diagram o#l in the molecular layer. For clarity, the
NDT part and phenyl substituents are depicted separately in a and b,
respectively, and their superimposition givesaxis projection. The dotted

line represents short-SS intermolecular contacts (3.35 A) through the sulfur
atoms in the NDT core.

MDT derivatives
Sioz

< 15 -80V
48

s B0V

-40V

20V
ov

0 -20 -40 60 -80 -100
Vps !V

Figure 4. Drain-source currentlfs) versus drain-source voltag®/s)
characteristic fod (Tsup= 60 °C) and schematic picture of an OFET device.

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 DPR-NDT (4); neither intermolecular “face-to-face”
nor “face-to-edge” interaction of-orbitals is observed, but one-
dimensional ribbonlike interactive arrays exist throughSs
contacts (3.35 A) 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 BPh
NDT (4).

In contrast to the crystal structures4fnd5, 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 thac plane in which no short SS
contact is observed. The molecular sheets are piled up in the
b-axis direction, but neitherr-stack interaction nor intermo-
lecular S-S interaction exist in this direction.

OFET Device Characteristics.All the OFET devices using
the NDT derivatives showeg-type transistor responses; the
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Table 3. Field-Effect Mobility and On/Off Ratio for Transistors of 2—6 Prepared at Different Substrate Temperature (Tsub)

Taup = 1t(25 °C) T = 60 °C Tep = 100 °C Tep = 140 °C
compound mobility/cm?V-ts~t on/off ratio mobility/cm?V-ts~t on/off ratio mobility/cm?V-1s 1 on/off ratio mobility/cm?V-ts~t on/off ratio
BHTh—NDT (2) 1.0x 10 <10 no FET no FET
BBTh—NDT (3) 6.0x 1073 600 4.1x 1072 108 3.8x 102 106
DPh—NDT (4) 6.1x 1073 108 1.7x 1072 10t 5.7x 1072 3 x 10 5.2x 1072 100
DNap—NDT (5) 53x 1073 4 x 10 5.3x 1072 6 x 10* 1.0x 10* 100 1.1x101? 100
BBPh—NDT (6) 2.9x 1072 2 x 10 3.6x 1072 3 x 104 2.9x 102 4 x 10*

source-drain currentifs) scales up as the gate voltagés)
becomes more negative. As an exampie,versusVps curves
for the DPR-NDT (4) film deposited afls,, = 60 °C is shown
in Figure 4. Field-effect mobility{re7) was determined using
the saturation regime and an on/off ratio of the 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- [
istics1:3:6b.eq comparison of the FET characteristics of BHTh
NDT (2) (uret 1.0 x 1074 cm? V~1 s71 and on/off ratio< 10)
with those of DTR-NDT (1) (urer 3 x 104 cn? V-t stand
on/off ratio 30}¢ indicates that the-hexyl groups are, in our
case, of no use for improvement of OFET performance. On the
other hand, extension af-conjugation from thienyl to bithio-
phenyl substitution quite effectively improves not only the
mobility but also the on/off ratio. The device of BBFHNDT
(3) fabricated afTsy, = rt showed an enhanced mobilityrer
6.0 x 103 cn? V1 s71) and on/off ratio (600), both of which
are 20 times higher than those of DFYNDT (1). An increase
of the substrate temperatufeg,, to 60 °C or more resulted in
an enhancement of the mobility by 1 order of magnitude.

Replacement of the thienyl groups bfwith phenyl groups
also serves to improve FET characteristics. An OFET device
based on DPRNDT (4) showed nearly the same high mobility
(uret 6.1 x 1073 c? V-1 s71) with an on/off ratio of 18 at
Tsup = 1t as BBTh-NDT (3). In a similar manner, mobility
and on/off ratio are enhanced by 1 order of magnitude with an
increase ofTsy, Furthermore, on/off ratios of DPHNDT (4)
based OFETs are always higher than those of BBNIBT (3)
based OFETSs for allsy, This is attributed to the lower HOMO
of DPh—NDT (4) than that of BBTh-NDT (3) as discussed
above, reducing the off currerit€) of the device$P23A more Figure 5. AFM images of thin films on Si/Si@evaporated aTs, = rt:
pronounced dependence of the FET characteristickgmwas (@) BHTh=NDT (2), (b) BBTh—NDT (3), (c) DPh—NDT (4), (d) DNap-
observed for the device based on the naphthyl derivatiTde NDT (5), and (e) BBPR-NDT (6).
mobility (uret 5.3 x 1073 cn? V1 s71) recorded affsyp = 1t
was enhanced by 2 orders of magnitude tox.00~1 cnm? V1
statTseu=100°C and to 1.1x 10 tcnmPV-1istat Top=
140 °C. The on/off ratio was also drastically improved from
10 to 1. This FET performance is of a top class among thin
film organic semiconductors. The biphenyl derivatié élso
showed a good OFET characteristicugfr = 2.9 x 1072 cn?

V~1 s 1 with an on/off ratio of 2x 10* at Tsyp = rt. However,
the performance was not affected by elevation of the substrate

high FET performances of this system. This is in sharp contrast
as preceding high-performance OFET materials such as penta-
cené* and sexithiopherf® have completely or nearly planar
molecular structures enabling extendedonjugation over the
whole molecules and two-dimensional electronic interactions
in typical herringbone-type crystal structurés.

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

temperature. (24) Comil, J.; Calbert, J.-P_; Bias, J.-LJ. Am. Chem. So2001, 123 1250~
i i i 1251.
It should be vvprth noting that introduction of phenyl and (25) (a) Horowiz, G.; Bachet, B.; Yassar, A.; Lang, P.; Demanze, F.; Fave, J.

2-naphthyl substituents, though they are not allowed to fully L.; Garnier, FChem. Mater1995 7, 1337-1341. (b) Siegrist, T.; Fleming,

i H H H H R. M.; Haddon, R. C.; Laudise, R. A.; Lovinger, A. J.; Katz, H. E;
conjugate with the NDT core, is very effective to induce the Bridenbaugh, P.: Davis, D. Ol Mater. Res1995 10, 2170-2173.

(26) (a) Cornil, J.; Calbert, J.-P.; Beljonne, D.; Silbey, R.; d&&®, J.-L.Adv.

(23) Mohapatra, S.; Holmes, B. T.; Newman, C. R.; Prendergast, C. F.; Frisbie, Mater. 2000 12, 978-983. (b) Bromley, S. T.; Mas-Torrent, M.; Hadley,

C. D.; Ward, M. D.Adv. Funct. Mater 2004 14, 605-609. P.; Rovira, CJ. Am. Chem. So2004 126, 6544-6545.
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T,=140°C

sub

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

Si/SiO, substrate afqy, = rt. The AFM images indicate that
these films consist of small grains with sizes of ca. 6:022

um. 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 DPHNDT (4) and DNap-NDT (6)
(Figure 6) increase with increasifig,, and become 0:51.0
um atTsyp = 140°C. Evidently, these morphological changes
correlate closely with marked improvements in the FET
characteristics ot 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 filn3—6

consist of a series of sharply resolved peaks assignable to

multiple (0Q) reflections, indicating high quality for the thin

films. Table 4 summarizes the calculated interlayer spaahg (
together with the molecular length3?¢ and calculated tilt angle

(6i) against the normal to the substrate (Figure 8).

The interlayer spacinglf determined from the first-layer line
of the XRD of2 (Figure 7a) is 23.9 A, which gives a tilt angle
(0xir) of 36°.27 That is, the molecules &in the thin film largely
incline from the normal to the substrate, which makes inter-
molecularz-overlap as well as heteroatomic interactions less
favorable. This accounts for the low mobility-£0~* cn? V1
s 1) of the FET device fabricated with 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 A, which
corresponds to 8y of 35°. A similar large inclined molecular
arrangement g 35°) is estimated in the thin film of the
4-biphenylyl derivative §). As shown in Figure 7e a series of
multiple (0Q) reflections observed in XRD, though there are

(27) Since the molecular structures of BHTNDT (2) and BBTh-NDT (3)

are not obtained by X-ray structure analysis, the lengths of these molecules

are estimated by MOPAC PM3 calculation.
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Figure 7. XRDs of evaporated thin film of (a) BHTANDT (2), (b)
BBTh—NDT (3), (c) DPh—NDT (4), (d) DNap-NDT (5), and (e) BBPk
NDT (6) (Tsub= rt). In the XRDs of4 and5 peaks originating from “thin
film phase” (00) and “single-crystal phase” (0D designated with asterisks
are observed. The peaks with asterisks in the XRB @dnnot be assigned.

Table 4. Interlayer Spacing (d), Molecular Lengths (/), and
Calculated Tilt Angle (6yi) for 2—6

dA molecular length (J/A? tilt angle (6)/deg?
BHTh—NDT ()  23.9 29.6 36
BBTh—NDT (3) 19.3 23.5 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

aDetermined on the basis of the first-layer line in the- 20 scan of
the thin films. b Determined on the basis of the single-crystal X-ray structural
analysis ¢ Estimated by MOPAE PM3 calculationd Calculated byd, =
cos }(d/l).

two unexplainable peaks ab2= 18.53 and 23.33, indicates
a d spacing 20.2 A, resulting in a tilt angle of 3%f the
molecules from the normal to the substrate. Although the tilt
angles of3 and 6 are almost the same as thatdfthe loss of
intermolecularr-overlap caused by inclination is compensated
for by extension of ther-electron system by the long substit-
uents, and as a result, the FET mobilities30and 6 (~1072
cm? V~1s71) are much improved as compared to thaRoThe
inclined molecular orientations are kept in the films deposited
at higherTqy (see Supporting Information for XRDs &fand
6 at Tsyp= 60 and 10C°C), qualitatively agreeing with a small
dependence of the mobilities ARy,

As shown in Figure 7c and d the XRDs 4fand5 can be
understood by superposition of two series of peaks designated
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Figure 8. Schematic diagram of the interlayer spacidy (nolecular length
(), and tilt angle of the molecule®).
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by (0d) and (00) 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 (QD
reflections are 16.2 and 20.2 A, respectively, and very close to
the molecular lengths, indicating that the molecules stand nearly
upright on the Si/Si@substrate. On the other hand, the small
d spacings fod and5 calculated from the (0 reflections are
14.4 and 18.1 A, 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 (DY reflections are similar to those in
single crystals o# and5. In the discussion below the phase
with the (00) reflections is simply called “thin film phase”
whereas that with the (00 reflections is called “single-crystal
phase”.

Figure 9 shows XRDs of thin films o4 and5 deposited at
Tsub = 60 and 140°C. Comparing these diffractograms with (b)
those affsyp = rt shown in Figure 7c and d, one can notice that
high Tsu, markedly reduces the proportion of the “single-crystal
phase”, and only a trace amount of the “single-crystal phase”
is detected a5y, = 140 °C. It is evident that the improved
FET characteristics off and 5 at high Tsy, 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 lowget 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 higleer 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 fitfin addition, the higher
maximumueet Of 5 than that o4 may be caused by the larger
extension ofr-conjugation with naphthalene substituents.

- (003)
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X-ray Intensity / a.u.

TTTTTTTT(003)

* (003)
eeee-o-(004)
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Summary and Conclusions

We successfully developed a series of 2,6-diaryl-NDTs by _ _ _ - _
palladium-catalyzed SuzukMiyaura coupling and found that 5 10 15 20 25 30
they behave as active materials fetype OFET devices. Their 20/ °
FET properties depend on the aryl substituents as well as theFigure 9. XRDs of thin films evaporated dfs, = 60 and 146°C: (a)
temperature of the Si/Si&ubstrate during film deposition, but  pph-NDT (4) and (b) DNap-NDT (5).
the mobilities are relatively good and widely range fronT40
to 10°* cn? V=* 7%, depending on the substituent groups as jncreasing temperature of the Si/SiGubstrate during film
well as the fabrication condition of the device. The mobilities deposition. In particular, the device based on the naphthyl
of the devices using films of andS markedly increase with  qerjvatives, when fabricated at 14T, marked a high mobility
(28) Dimitrakopoulos, C. D.; Brown, A. R.; Pomp, A. Appl. Phys1996 80, of 0.11 cn® V=1 s~ with an on/off ratio of 16, which is a top

2501-2508. class of performance among recently developed thin film organic
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semiconductors. The enhanced FET performancet afd 5 ing molecules but also their systematic structural modifications

at high Tgyp are ascribable to an increase of large grains with are required for developing high-performance FET materials.
the “thin film phase” in which molecules take a nearly vertical

orientation against the substrate. In contrast, the bithiophenyl Acknowledgment. This work was partially supported by the
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from the normal to the substrate. o Yamanaka (Hiroshima University) for the XRD measurements..
The present observation of high FET mobilities for all 2,6-

diaryl-NDT derivatives strongly indicates that tlaati-NDT Supporting Information Available: - Synthetic details 02—,

system is notable as a new type for good organic semiconduc-yrps and AFM images of the thin films &and6 evaporated

torst.l In taddtltlor:, Ir? this Sﬁ;em |t||s vt\)lotr.'E[hy ?[f notice tha;[t 4 atTeu= 60 and 100C, crystallographic information files (CIF)
subtie structural change ot the aryl SUbsttuent group resuts M, g This material is available free of charge via the Internet
a drastic change of the molecular orientation in the thin film, ]

at http://pubs.acs.org.

which is crucial for FET performance. It is thus strongly
suggested that not only the search for prototypical semiconduct-JA043429P
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