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A series of the title dicyanopyrazinoquinoxaline derivatives have been prepared and characterized by using single-crystal X-ray structure
analysis and redox potential measurements. They have strong electron-accepting properties due to the pyrazinopyrazine skeletons as well as

the cyano groups. Substituents can be easily introduced at the benzene ring and control the HOMO-LUMO energy gap and the molecular
packing. They show clear n-type transistor properties in the FET devices.

Recently, there has been increased interest in organic andextended units that work as p-type semiconductors. This fact
polymeric thin-film field-effect transistors (FETS) due to their suggests that modification afconjugated systems used for
potential application to low-cost electronic devices and their p-type transistors would afford novel n-type ones.

circuits! To date, there are many reports on FETs with p-type  Pentacene shows the highest hole mobility because its
characteristics such as pentacene and thiophene oligomer§inear fused ring structure with extendeeconjugation and

with high hole mobilities on Si/Sig}® whereas a limited  rigid planarity is suitable for intermolecular—s overlap
number of compounds have been found to function as n-typeand face-to-edge interactions in the solid sfa@everal
semiconductors. Air-stable n-type semiconducting materials analogues of pentacene have been developed to improve the
are important components of the-p junction diodes and  properties® However, acene compounds showing n-type
bipolar transistoré.Diimide derivatives, oligothiophenes

possessing fluorinated substituehisetallophtharocyanin€s, (4) () Crone, B.; Dodabalapur, A.; Lin, Y.-Y.: Filas, R. W.; Bao, Z.:
and hetero-tetracyanoquinodimethanage prominent ex-  Laduca, A.; Sarpeshkar, R.; Katz, H. E.; Li, Wature 2000, 403, 521—

_ ; ; 523. (b) Dimitrakopoulos, C. D.; Malenfant, P. R. Adv. Mater.2002,
amples of n-type materials. These molecules contain 14, 99-117. (c) Wiirthner, FAngew. Chem., Int. EQ001. 40, 1037—

1039.
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transistor properties are still rare. This is probably due to reaction of phenanthrene-9,10-dione with 2,3-diamino-5,6-
the weak electron-accepting properties of pentacene ano-dicyanopyrazine. Phenanthrene derivafiwgas prepared for
logues. On the other hand, nitrogen-containing heterocyclescomparisort? These compounds exhibited high decomposi-
such as pyrazines are known as electron-accepting com+on points at 248—365°C and could be purified by
pounds. sublimation.

In this context, novel unique acene molecules containing According to the PM3 calculatiori8,the LUMO of di-
nitrogen atoms, dicyanopyrazinoquinoxaline derivatives, have cyanopyrazinoquinoxaline is localized on the pyrazino-
now been designed as n-type transistor materials. They haveyrazine ring, and the HOMO is localized on the benzene
the following advantages: (1) They containra&onjugated ring as shown in Figure 1. Therefore, the introduction of
system that would lead to efficient intermolecular interac-
tions. (2) They have strong electron-accepting properties duciijj N N
to the pyrazinopyrazine skeletons as well as the cyano
groups. (3) The cyano groups may be useful for negative-
charge injection as suggested in a compound possessing
pentafluorobenzene groufs(4) Substituents can be easily
introduced at the benzene ring to control the HOM@MO
energy gap and the molecular packing. Introduction of
electron-donating groups would lead to a donacceptor

HOMO

compound, where a highly polarized structure is considered Figure 1. HOMO and LUMO oflacalculated by the PM3 method.

LUMO

to be favorable for ther—sr stacking. Ambipolar properties
are also expected in such dor@cceptor compoundsVe
report herein the synthesis and characterization of dicyano-substituents on the benzene ring is considered to affect the
pyrazinoquinoxalinela—d and r-extended analogueke, f. HOMO. As the result, introduction of electron-donating
FETs using them have been fabricated, and their perfor- groups would increase only the HOMO, resulting in reduced
mances as n-type semiconductors are presented. The comHOMO—LUMO gaps. This is supported by the absorption

Scheme 1. Dicyanopyrazinoquinoxaline Derivatives
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poundsla,b were prepared in 95% and 93% yields by
treating diamino precursor8a,b'! with 2,3-dichloro-5,6-
dicyano-p-benzoquinone (DDQ). Diamino compoudgd
bearing methoxy groups an8e were prepared by the
nucleophilic reaction of the corresponding diamines with 2,3-
dichloro-5,6-dicyanopyrazine in 70%, 51%, and 61% yields,
respectively. Their oxidation reactions using DDQ gagee

in 79%, 80%, and 84% vyields, respectively. Phenanthrene
derivativelf was prepared in 94% yield by the condensation

2008

spectra. Compountia exhibits the absorption maxima at 398
nm, whereas the absorption maxima of methyl and methoxy
derivatives1b,c are observed at longer wavelengths as a
result of the electron-donating subsititutents. Interestingly,
compoundld having methoxy groups shows a weak intra-
molecular CT band at 628 nm. The similar weak CT band
(631 nm) is observed in compoudéwith an extra benzene
ring. In the case of phenanthrene derivatifethe absorption
maximum is observed at a wavelength ca. 50 nm longer than
that of the comparison compour®?] indicating the low
LUMO energy of the pyrazinopyrazine unit. These absorption
maxima are summarized in Table 1.

The electron-accepting properties were investigated by
cyclic voltammetry. All of the voltammograms exhibited
reversible two-stage one-electron reduction waves (Table 1).
The first reduction potential ofa is comparable to that of
chloranil (0 V vs SCE), indicating the strong electron-
accepting property. The reduction potentialsléf—d are
observed at potentials lower than thosé afindicating that
the introduction of electron-donating methyl and methoxy
groups at the benzene ring lowers the reduction potentials.
It should be noted here, however, that the shifted values are

(9) (a) Siegrist, T.; Kloc, C.; Schon, J. H.; Batlogg, B.; Haddon, R. C.;
Berg, S.; Thomas, G. AAngew. Chem., Int. E@001,40, 1732—1736. (b)
Mattheus, C. C.; Wijs, G. A.; Groot, R. A.; Palstra, T. T. .Am. Chem.
Soc.2003, 125, 6323—6330. (¢c) Brinkmann, M.; Graff, S.; Straupé, C.;
Wittmann, J.-C.; Chaumont, C.; Nuesch, F.; Aziz, A.; Schaer, M.; Zuppiroli,
L. J. Phys. Chem. B003,107, 10531—10539.
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Blanchet, G. B.; Nuckolls, Cl. Am. Chem. So@003 125 10284-10287.
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Eur. J.1998,4, 2315—2323.
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Table 1. Redox Potentiafsand Optical Propertiés

Eyred (V) Eored (V) E1% (V) Amax (NM); log € (a) /

la —0.03 —-0.87 398; 4.45
1b —-0.12 —0.88 411; 4.45
1c -0.27 —0.98 427; 4.45
1d —-0.07 —-0.93 +1.48 388; 3.71, 628; 3.00 .
le +0.10 —0.66 451; 4.14, 631; 2.96
1f -0.20 —0.98 435; 4.43
2 -1.01 388; 3.94 a

aE/V vs SCE in CHCI,, 0.1 mol dn73 n-BwNPFs, Pt electrode, scan \ \

rate 100 mVsZ. PIn CHyCly. T
Cc

not so large and their electron affinity is still high. This is (b)
attributed to the electronic structure, where the LUMO is
localized on the pyrazinopyrazine unit. In the caseldf

the reduction potentials are highest among the derivatives g
1b—d and even the oxidation peak is observed. This : - _
amphoteric redox property is related to the CT band observed

b

in the absorption spectrum and is interesting for the fabrica-
tion of ambipolar semiconductors. Reduction waves of |
naphthalene derivativée appear at higher potentials. The
flr.St reduction potential (+0.10 V) 'S Compara_lb_le to that of the dihedral angle between the two molecular planes of 55.7(1)
thlopheneTCNQ. Phenanthrene derlvqﬂ.\fgxhlblts reduc- (b) Molecular tape structure with-€H-+-N contacts along thé
tion potentials lower than those dfa, indicating that the axis.
linear acene structure attributes to lowering the LUMO levels.
On the other hand, comparison compouhdhowed only
one reduction peak at a lower potential. This fact shows thatis arranged in a herringbone manner. In the crystal structure
the pyrazinopyrazine unit is essential for the strong electron- of 1d, both types of overlaps of the molecules (face-to-face
accepting properties. and face-to-edge) are observed, in which the cofaciat
X-ray analysi¥* of la—d revealed planar molecular distances are 3.395 and 3.496 A. This may be related to the
structures and herringbone structures with a close face-to-higher HOMO and lower LUMO levels resulting in the
edge (T-shape) packing as shown in Figure 2. In the crystal strong z— interactions. In the neighboring face-to-edge
structure ofla, the molecules are arranged in a typical columns, a methoxy group in this compound is located
herringbone motif like that of pentacene as shown in Figure between the cyano groups of the neighboring molecules,
2a? Interestingly, a molecular tape structure is formed with leading to a close intermolecular distance (3.25 A). X-ray
C—H---N intermolecular contacts along tlheaxis (Figure analysis on phenanthrene derivat®&vas also carried out.
2b), where the €N distances are 3.407(3) and 3.730(3) A one-dimensional columnar structure ®fsuggests that
A. The dimethoxy derivativelc has a similar herringbone  phenanthrene derivatives predominantly form stacking struc-
structure, although the tape-like network is not formed, where tures.
the distances between the cyano-nitrogen and the benzene- FETs using the dicyanopyrazinoquinoxaline derivatives
carbon are 5.98 and 6.83 A, respectively. On the other hand,were fabricated on Sig8i substrates by a high-vacuum
face-to-face packing patterns appear in the derivatiles  evaporation method (18—10"7 Torr) with bottom contact

and 1d. Dimethyl derivativelb forms a dimer unit, which

Figure 2. Crystal packing ofLa. (a) Viewed along thb axis with

(14) Crystal data fola: Ci2HaNg, MW = 232.21, orthorhombiPca2;,

a=11.540(4)b = 12.515(5)c = 6.974(2) A,V = 1007.2(6) B, Z = 4, Table 2. Mobilities andloylofr Ratios
Dealcd = 1.531 g/cm, Ry = 0.0531,wR, = 0.1252,S = 1.164. Forlb: — X
CuHgNg, MW = 260.26, orthorhombicPbca, a = 11.9547(9),b = mobilities (cm*/V-s) lon/lort
7.5468(5)c = 26.455(2) AV = 2386.8(6) B, Z =8, Dcarc= 1.448 g/cri, 1 3.6 % 106 10°
Ry = 0.082,wR, = 0.215,S= 2.38. Forlc: CisHgOoNs, MW = 292.26, a 0 X
orthorhombicP2,2:2;, a = 5.964(3),b = 7.229(4),c = 30.65(2) A,V = 1b 1.0 x 1078 10
1321(1) B, Z = 4, Deaca = 1.469 g/crd, R, = 0.055,wR, = 0.125,S = lc 2.1 x 1077 102
1.58. Forld: C14H8N502'(H20)0.25 MW = 29677, monoclinicCZ, a= 1d 25 x 1077 102
27.168(3)b = 9.4308(9)c = 21.837(2) A8 = 99.836(8), V = 5512.7(10) le 22 % 10-5 102
A3, Z = 16, Dearc = 1.430 g/cm, Ry = 0.0699wR, = 0.1814,S= 0.996. e X
For 2: CigHgNs, MW = 280.29, monoclinicP2y/c, a = 10.239(6),b = 1f 9.6 x 1077 102
7.217(5),c = 19.797(8) A8 = 115.17(5)°V = 1323(1) B, Z = 4, Dcayca 2 -
= 1.406 g/cm, Ry = 0.067,wR, = 0.153,S= 0.96. _

(15) The film of 1f did not show the FET property on a Au electrode. 2 Fabricated on Au bottom electrodes exceptifhrwhich was on an Al
The film of 1a showed almost the same FET properties on Au and Al electrode®
electrodes.
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geometries at room temperature. The FET measurementsnay be related to the crystal structures since the steric
were carried out in situ, and the results are summarized ininteractions between molecules are less in the crystaapf
Table 2. No attempts were made to optimize the perfor- forming a tape-like network. Although dimethoxy derivatives
mances through changing substrate temperatures or filmlc and 1d have different electronic and crystal structures,
morphology. Figure 3 shows the output characteristics for the mobilities are almost the same. Introduction of longer
alkyl groups might make a clear difference depending on

s the substituent position. Theextended naphthalene deriva-

tive 1e having the lowest LUMO energy did not improve

0.7 . the mobility significantly. This fact indicates that the
. * electron-accepting ability is not directly related to the
0.6 - ¢ . oe mobility in the FET devices. However, the fact that pyrazine
~ 05l et | derivative2 did not show any FET characteristics indicates
< *° T that some electron-accepting properties are necessary for
g 04| . : * 1 producing the active conducting channel.
g . e In conclusion, novel dicyanopyrazinoquinoxalines with
3 03} - « o o o iy high electron affinity were prepared by a simple method.
§ vl The electronic properties were tuned by introducing substit-
5 02 § AP I i uents at the benzene rings. Unique crystal packings were
0.1 . : e o 0 0 s o e observed in the single crystals. Their active layers showed
! M N clean n-type transistor performances. These are the first
0 o~ $ 83 8333333 examples of n-type FET based on pyrazinoacene-type
20 0 20 40 60 80 100 120 molecules. To improve the FET properties, studies using new
Drain voltage (V) dicyanopyrazinoquinoxaline derivatives with higher sym-

Figure 3. FET characteristics for the film dfa (100 nm) deposited metry and higher polarized structures are now in progress.

at room temperature. Gate voltages wet€100 V from bottom to
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Other derivatived b—f also showed n-type FET character-

istics and the electron mobilities were $6-1078 cn? V1

s ! (Table 2). This result shows that the dicyanopyrazino-
quinoxaline unit plays a fundamental role in establishing the
active conducting channel. The introduction of methyl or
methoxy substituents decreased the mobilities slightly. This 0OL0494010
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mental procedure, UMvis spectra of compoundsa—f and
2, and crystal structures dfb—d and 2. This material is
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