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Fused-Ring Pyrazine Derivatives for n-Type
Field-Effect Transistors
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ABSTRACT Three new fused-ring pyrazine derivatives end-functionalized with trifluoromethylphenyl groups have been synthesized.
The effect of a fused-ring pyrazine core on the thermal, electronic, optical, thin film morphology, and organic field-effect transistor
(OFET) properties was investigated both experimentally and theoretically. Electrochemistry measurements and density functional
theory calculations suggest that the pyrazine core plays a significant role in tuning the electron affinities of these compounds. The
optical absorption and fluorescence properties are also sensitive to the pyrazine core. The OFET devices based on the fused-ring
pyrazine compounds exhibit electron mobilities as high as ca. 0.03 cm2 V-1 s-1 under nitrogen, and their performance is sensitive to
the pyrazine core. The larger pyrazine core leads to a lower LUMO level and lower reorganization energy, to more ordered thin film
morphology with larger grain size, and finally to higher mobilities.
KEYWORDS: n-type organic semiconductor • field-effect transistor • fused-ring pyrazine • synthesis • density functional theory
• structure-property relationship

INTRODUCTION

O

rganic field-effect transistors (OFETs) based on
organic semiconductors have attracted great attention because of their potential applications in lowcost, lightweight, and flexible large-area plastic circuits, such
as flat display, radio-frequency identification tags, electronic
papers, and smart memory/sensor elements (1). Since the
first report on OFETs in 1986 (2), there has been great
progress in both organic semiconductors and device fabrication techniques. The performance of p-type OFETs is comparable to that of the amorphous silicon-based FETs (3). On
the other hand, n-type organic semiconductors are important for the fabrication of organic p-n junctions, ambipolar
transistors, and complementary circuits (1). However, excellent n-type organic semiconductors with high electron affinity (EA), high electron mobility, and good environmental
stability still remain rare (1, 4). To achieve high-performance
n-type OFETs, the organic semiconductors should have
strong intermolecular interactions and a proper lowest unoccupied molecular orbital (LUMO) energy level near to the
work function of the source/drain electrodes (4). In recent
years, to lower the LUMO levels of organic semiconductors,
electron-withdrawing groups, such as fluorine, cyano, or
carbonyl groups, were introduced into pentacene and oligothiophene derivatives (5), which are known as hole-transporting systems. Although these compounds usually have
proper LUMO energies for n-type OFETs, some of them do
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not have sufficient intermolecular interactions (5d, 6), which
could limit intermolecular electron hopping and, therefore,
decrease the performance of n-type OFETs.
Recently, Yamashita et al. reported that several N- and
S-containing heterocyclic oligomers with trifluoromethylphenyl groups exhibited low LUMO levels, tightly packing
structure, and good n-type OFET performance (7). The
heterocyclic units, such as thiazole (7a, 7g), thiazolothiazole
(7b, 7c), and benzothiadiazole (7d-7f), can improve the
intermolecular interactions due to π-π stacking as well as
heteroatom contact. As another kind of heterocyclic derivative, N-containing oligoacenes have also been proven to be
promising candidates for n-type semiconductors (8). The
existence of electron-withdrawing imine nitrogen atoms
(dN-) increases the EA. The CH-N hydrogen bonding and
polar-polar interactions induce strong intermolecular interactions and facilitate the formation of a highly ordered
and dense packing structure, which is helpful to the electrontransport and kinetic stability to oxygen and moisture (9).
Moreover, replacing the CH moieties with nitrogen atoms
can improve stability toward photooxidation or Diels-Alder
dimerization (two major degradation pathways in pentacene
semiconductors) (9). As one of the typical nitrogen-rich
heterocycles, pyrazine is used as a building block in the
design and synthesis of n-type organic semiconductors (10);
some pyrazine derivatives exhibit high electron mobilities
(11).
We have interest in fused-ring pyrazine derivatives endfunctionalized with trifluoromethylphenyl groups based on
the following considerations: (a) molecules containing fusedring systems tend to maximize the π-orbital overlap by
restricting intramolecular rotation in the oligomer and possibly to induce highly ordered π stacking (12); (b) trifluowww.acsami.org
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FIGURE 1. Chemical structures of 1-3.

Scheme 1.

Synthesis of Compounds 1-3

romethylphenyl groups could further increase the EA and
are favorable for molecular alignment (7). Here, we report
the synthesis, characterization, and OFET properties of three
fused-ring pyrazine derivatives functionalized with four trifluoromethylphenyl groups (1-3, Figure 1). In addition, we
investigated the impact of the core structure on the electronic and optical properties, thin film morphology, and
OFET performance.

RESULTS AND DISCUSSION
Synthesis. The synthetic routes to 1-3 are described
in Scheme 1. All compounds were easily synthesized in high
yields from commercial starting materials. At first, the
reaction between 1,4-dimethylpiperazine-2,3-dione and a
lithium reagent, which was generated in situ from 1-bromo4-(trifluoromethyl)benzene and a n-BuLi reagent at -78 °C,
gave rise to 4,4′-bis(trifluoromethyl)benzil (I) in 52% yield.
The benzil was treated with benzene-1,2,4,5-tetraamine
tetrahydrochloride, biphenyl-3,4,3′,4′-tetraamine, and 2,5dibromopyridine-3,4-diamine in n-butanol to give 1, 2, and
II in 70%, 90%, and 83% yield, respectively. 3 was synthesized by Stille coupling between II and tributyl[4-(trifluoromethyl)phenyl]stannane in 70% yield. The three compounds are soluble in common organic solvents such as
www.acsami.org

FIGURE 2. TGA curves of 1-3.

dichloromethane, tetrahydrofuran (THF), and chloroform,
which allowed us to purify them conveniently through
column chromatography and recrystallization. The thermal
properties of the compounds were determined by thermogravimetric analysis (TGA). They possess good thermal
stability with onset weight-loss temperatures of over 300 °C
(Figure 2).
Photophysical Properties. The UV-vis absorption
and photoluminescence (PL) properties of the compounds
in solution and in the thin film have been investigated (Figure
3), and the spectral data are summarized in Table 1. The
absorption and emission spectra are closely associated with
the different core structures of the pyrazine derivatives. 1-3
exhibit two absorption bands at 276-309/405-419, 285/
377, and 270/353 nm, respectively. Clearly, the absorption
spectra in solution red shift upon expansion of the fusedring core. Absorption in the solid state for 1-3 is similar to
that in solution with only modest red shifts. The optical
energy gaps of 1-3 are estimated from the absorption edge
of the thin films; they are 2.73, 3.00, and 2.84 eV, respectively. It is well-known that, of all of the organic semiconductor materials reported so far, pentacene is currently a
benchmark with the highest mobility (13). However, it
suffers from oxidation instability with an energy gap of
around 1.85 eV (14). The energy gaps of these materials are
much larger than that of pentacene, suggesting that 1-3 are
relatively stable toward photooxidation. Among these compounds, 1 has the smallest energy gap. It is generally
recognized that increasing the planarity and conjugation of
aromatic systems leads to a decrease in the energy gap.
1-3 show blue luminescence at 460, 410, and 405 nm,
respectively, paralleling the changes in the absorption spectra. The Stokes shifts for 1-3 in solution are 54, 33, and 51
nm, respectively. The relatively large Stokes shifts suggest
that the molecules undergo considerable molecular rearrangement upon photoexcitation, leading to a big structural
difference between the excited and ground states (15). Thin
films of 2 and 3 emit fluorescence peaked at 440 and 486
nm, while no emission was observed for 1 in the solid state,
probably because of aggregation-induced PL quenching (16),
caused by the larger coplanar fused-ring core and stronger
intermolecular interaction.
Electrochemistry. Figure 4 shows cyclic voltammograms of 1-3. All compounds exhibit one (3) or two (1 and
VOL. 1 • NO. 5 • 1122–1129 • 2009
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FIGURE 3. UV-vis and PL spectra of 1 (dashed line), 2 (dotted line), and 3 (solid line) in a dichloromethane solution (left) and in the solid
state (right).

Table 1. Absorption and Emission Characteristics
for 1-3
absorption maxima (nm)
compounds
1
2
3
a

a

solution

309, 406
285, 378
270, 354

film
312, 412
284, 377
273, 360

emission maxima (nm)
a

solution
460
411
405

HOMO

film
440
486

In CH2Cl2.

LUMO

compounds

experimentalb

B3LYP/
6-31g(d)

experimentalc

B3LYP/
6-31g(d)

1
2
3

-6.29
-6.11
-6.20

-6.60
-6.44
-6.53

-3.50
-3.02
-3.22

-3.24
-2.69
-3.02

a
All energies are in electronvolts. b Calculated from the LUMO and
optical energy gap estimated from the absorption edge in solution.
c
Estimated from the reduction potentials E1/2, assuming the absolute
energy level of ferrocene/ferrocenium to be 4.8 eV below vacuum.

FIGURE 4. Cyclic voltammograms for 1-3 in CH2Cl2/0.1 M
[nBu4N]+[PF6]- with ferrocenium/ferrocene as an internal standard,
at 50 mV s-1. The horizontal scale refers to an anodized Ag wire
pseudoreference electrode.

2) perfectly reversible reduction waves, suggesting that they
have excellent electrochemical stability. No oxidation peaks
were observed, indicating that they are intrinsic n-type
organic semiconductors. The LUMO energies were estimated
from the reduction potentials E1/2, assuming the absolute
energy level of ferrocene/ferrocenium to be 4.8 eV below
vacuum. The LUMO levels of 1-3 are -3.5, -3.0, and -3.2
eV, respectively (Table 2), which are suitable for n-type
OFET. The lower LUMO of 1 is probably due to its larger core
with higher pyrazine density.
The calculated highest occupied molecular orbital (HOMO)
and LUMO wave functions of compounds 1-3 are depicted
in Figure 5. The coefficients in the LUMO are mostly localized
on the N-containing oligoacene, indicating the feasibility for
intermolecular electron transfer (ET). Estimates of the HOMO
and LUMO levels are shown in Table 2. The calculated
HOMOs for the three compounds are similar, resembling the
trend in HOMOs calculated from LUMOs and optical energy
1124

Table 2. Experimental Estimates and DFT
Calculations of HOMO and LUMOa
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gaps estimated from the absorption edge in solution. As for
the LUMOs, 1 is more easily reduced than 2 and 3, consistent
with the electrochemical data.
Reorganization Energies. At room temperature, the
charge transport in organic solids can be well described as
a hopping mechanism because the thermal fluation and
dynamic disorder effects can localize the carrier. At each
step of hopping, the charge-transfer rate between two
adjacent molecules can be calculated by the Marcus theory
(17) in the following equation:

W)

( )

V2 π
h λkBT

1/2

(

exp -

λ
4kBT

)

(1)

There are two major parameters that determine the selfexchange charge-transfer rate: the intermolecular transfer
integral (V) and the reorganization energy (λ). It has been
shown that the molecular reorganization energy upon accepting/donating a charge can strongly influence the charge
mobility (18). The total reorganization energy λ can be
expressed as the sum of two relaxation energy terms (19):
(i) the difference between the energies of the neutral molecule in its equilibrium geometry and in the relaxed geometry characteristic of the ion (λ1) and (ii) the difference
between the energies of the radical ion in its equilibrium
geometry and in the neutral geometry (λ2). Table 3 displays
the reorganization energies calculated at the density functional theory (DFT) level using the B3LYP functional and
6-31g(d) basis set.
The charge-transport process is considered as a crossbarrier classical mechanics motion, with a barrier height of
λ/4. Here, we focus on the ET reorganization energy due to
the n-type behavior of the compounds. The reorganization
Wang et al.
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FIGURE 6. XRD patterns of evaporated thin films of 1 (bottom) and
2 (top) on OTS-treated SiO2/Si substrates at room temperature.

FIGURE 5. HOMOs (left) and LUMOs (right) of 1-3 obtained by DFT
calculations.

Table 3. DFT-B3LYP/6-31g(d) Estimates of Hole and
ET Relaxation Energies: λ1, λ2, and λ (in eV) from the
Adiabatic Potential Surfaces of the Neutral and
Charged Species
hole

electron

compound

(1)
λrel

(2)
λrel

λ+

(1)
λrel

(2)
λrel

λ-

1
2
3

0.194
0.146
0.198

0.165
0.140
0.206

0.359
0.285
0.404

0.141
0.147
0.191

0.145
0.139
0.306

0.286
0.285
0.497

energy values of 1 and 2 for ET are similar to that (0.276
eV) calculated at the same level for the well-established
electron-transport material tris(8-hydroxyquinolinato)aluminum (Alq3) (20). For 3, the reorganization energy (0.497
eV) is larger than that of 1 and 2, which indicates a lower ET
rate and unobvious ET behavior.
Thin Film Morphology. To investigate the semiconductor film microstructure and correlate to the FET performance, X-ray diffraction (XRD) and atomic force microscopy
(AFM) experiments were performed for compounds 1-3.
Figure 6 shows XRD patterns of 1 and 2 films deposited on
octadecyltrichlorosilane (OTS)-treated SiO2/Si substrates at
room temperature. The thin film of 1 exhibits multiple
families of diffraction features, suggesting good crystallinity
and ordering of the thin film. 1 shows an interlayer diffracwww.acsami.org

tion peak at 2θ ) 4.7° with a d spacing of 18.7 Å, which
corresponds well to the length (18.9 Å) of the molecule
estimated by theory calculation, suggesting the edge-onsubstrate orientation. For molecule 2, we could not get the
first-order reflection from XRD, probably because of our
equipment limitation and/or weak first-order reflection.
However, 2 exhibits a series of ordered reflection peaks,
suggesting good crystallinity and ordering of the thin film.
Surpringly, the XRD pattern for the thin film of 3 (see Figure
S1 in the Supporting Information, SI) shows only very broad
peaks, suggesting no crystallinity and ordering of the thin
film.
We used AFM to further gain insight into the thin film
morphology of compounds 1-3. Figure 7 shows the AFM
images of the deposited thin films of 1 and 2 at different
substrate temperatures. The films of the two compounds
show different morphologies. For compound 1, a large
piecelike crystalline phase with long ribbonlike islands was
obtained at room temperature, while a smooth layer-bylayer structure was observed at a substrate temperature of
100 °C. Compound 2 formed clusters consisting of small
crystalline grains at room temperature, while at 100 °C, the
clusters are more densely packed with larger crystalline
grains, which reduce the grain boundary. From the AFM
image of 3 at room temperature (see Figure S2 in the SI), no
crystalline domains were observed for the thin film, consistent with the XRD result.
OFET Characterization. OFET devices were fabricated in a top-contact configuration using Ag as the source
and drain electrodes to study charge-transport properties of
these compounds. Because of the relatively smaller EAs of
these compounds than those of reported n-channel semiconductor materials, we chose the relatively low-workfunction metal Ag instead of the high-work-function metal
Au to facilitate electron injection, although Au electrodes are
generally used to fabricate FETs. Even using Ag as the
source/drain electrodes, a relatively large electron injection
barrier and therefore some contact resistance still existed,
evidenced by slight curvatures seen at low VDS in the output
plot of the FET device based on 1 (Figure 8). The mobility of
devices in the saturation regime was extracted by

IDS ) (W/2L)Ci µ(VGS - Vth)2

(2)

where IDS is the drain current, L and W are the channel length
and width, respectively, Ci is the insulator capacitance per
VOL. 1 • NO. 5 • 1122–1129 • 2009
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FIGURE 7. AFM images (3 µm × 3 µm) of 50-nm-thick films of 1 (top) and 2 (bottom) on OTS-treated substrates at room temperature (left) and
at 100 °C (right).

FIGURE 8. Current-voltage characteristics (IDS vs VDS) at several values of the gate voltage (VGS) (left) and IDS and (IDS)1/2 vs VGS plots at VDS of
100 V (right) for a top contact device on a OTS/SiO2/Si substrate with W ) 3000 µm, L ) 50 µm, and 50 nm thickness of 1 at 100 °C.

unit area of the gate dielectric layer, and VGS and Vth are the
gate and threshold voltages, respectively.
Compounds 1 and 2 perform as n-type semiconductors.
Figure 8 shows the drain current (IDS) versus drain-source
voltage (VDS) characteristics at several values of the gate
voltage (VGS) and transfer characteristics (IDS vs VGS plotted
on a logarithmic scale and (IDS)1/2 vs VGS, at VDS ) 100 V) of
the transistors based on 1 at 100 °C. The output curves show
excellent saturation behavior with clear saturation currents
(see Figures S3-S5 in the SI). Table 4 summarizes the effect
of the substrate temperature on the FET performances of 1
and 2 under nitrogen. The electron mobilities of 1 in the
saturation regime were found to be as high as 1.2 × 10-2
cm2 V-1 s-1; the on/off current ratio was as high as 106 (see
Figure S3 in the SI). The device based on 2 exhibits an
electron mobility of 1.5 × 10-3 cm2 V-1 s-1 and an on/off
current ratio of 106 (see Figure S4 in the SI). The higher
mobility of 1 is attributed to its larger fused-ring core
structure and higher EA. 3 did not show OFET characteristics
partially because of its small core structure and deficient
1126
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Table 4. Performance of OFETs Based on 1-3
Deposited at Various Substrate Temperatures (Tsub)
compound

Tsub (°C)

1

25
100
25
100
25
100

2
3

mobility
(cm2 V-1 s-1)

on/off
ratio

threshold
voltage (V)

1.2 × 10-2
3.1 × 10-2
1.5 × 10-3
1.1 × 10-2
no

106
106
106
106

62
23
19
37

π-conjugated system. On the other hand, the device performance is strongly related to the film morphology. For OFETs,
the charge carrier transport is influenced by the boundary
density, which could trap a large amount of charge carriers.
As a result, larger grains usually lead to a lower boundary
density, efficient charge transport, and better device performance. In this case, the large continuous piecelike crystalline
phase of 1 leads to a lower boundary density of the thin film.
As a result, OFET based on 1 exhibits a higher electron
mobility. For 2, some gaps among crystalline clusters as well
Wang et al.
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CONCLUSION
To probe the thermal, electronic, optical, thin film structure, and charge-transport consequences of the cores in
fused-ring pyrazine derivatives end-functionalized with trifluoromethylphenyl groups, three compounds with different
pyrazine cores have been synthesized. The trifluoromethwww.acsami.org

ylphenyl groups increase the solubility and EA of the pyrazine molecules and could be favorable for molecular alignment, although they cause a relatively large reorganization
energy for ET. Compound 1 with a larger fused-ring core
exhibits lower LUMO, red-shifted absorption and emission
spectra compared to 2 and 3. Furthermore, compounds 1
and 2 with larger fused-ring cores exhibit relatively small
reorganization energy and highly ordered crystalline morphology, while compound 3 with a smaller fused-ring core
exhibits a large reorganization energy and disordered and
amorphous morphology. The OFET devices based on compounds 1 and 2 exhibit electron mobilities as high as ca. 0.03
and 0.01 cm2 V-1 s-1 under nitrogen, respectively, while 3
does not show FET characteristics. The larger pyrazine core
leads to a lower LUMO level and reorganization energy, to
more ordered thin film morphology with larger grain size,
and finally to higher mobilities.

EXPERIMENTAL SECTION
Materials. Unless stated otherwise, starting materials were
obtained from Aldrich or Acros and were used without further
purification. 1,4-Dimethylpiperazine-2,3-dione (22), 2,5-dibromopyridine-3,4-diamine (23), tributyl[4-(trifluoromethyl)phenyl]stannane (24), and 9,11,20,22-tetrazatetrabenzo[a,c,l,n]pentacene (4) (25) were prepared according to published
procedures. THF and toluene were distilled from sodium benzophenone under nitrogen prior to use.

SYNTHESIS
4,4′-Bis(trifluoromethyl)benzil (I). To a solution of
4-bromobenzotrifluoride (110 mmol, 24.75 g) in 200 mL of
dry THF was added dropwise 110 mmol (44 mL) of n-BuLi
(2.5 M in hexanes) at -78 °C under nitrogen. After stirring
at -78 °C for 1 h, to the mixture was added 1,4-dimethylpiperazine-2,3-dione (50 mmol, 7.1 g) as a powder under
a nitrogen flow. The reaction mixture was gradually warmed
up to room temperature and stirred at room temperature
overnight. The mixture was then hydrolyzed with 300 mL
of 10% HCl and extracted with CH2Cl2. The organic layer
was dried over anhydrous MgSO4, and the solvent was
removed under reduced pressure. The product was purified
by recrystallization from methanol to give a yellow solid (9.0
g, 52%). 1H NMR (400 MHz, CDCl3): δ 8.12 (d, J ) 7.8 Hz,
4H), 7.81 (d, J ) 8.3 Hz, 4H). 13C NMR (100 MHz, CDCl3): δ
191.89, 136.17 (q, 2JCF ) 32.9 Hz), 135.18, 130.34, 126.15
(q, 3JCF ) 3.7 Hz), 123.25 (q, 1JCF ) 273.1 Hz). HRMS (EI).
Found: m/z 346.0432. Calcd for C16H8F6O2: m/z 346.0428.
Elem anal. Calcd for C16H8F6O2: C, 55.50; H, 2.33. Found:
C, 55.46; H, 2.33.

5,8-Dibromo-2,3-bis(4-trifluoromethylphenyl)pyrido[3,4-b]pyrazine (II). A mixture of 4,4′-bis(trifluoromethyl)benzil (10 mmol, 3.46 g) and 2,5-dibromopyridine-3,4-diamine (10 mmol, 2.89 g) in n-BuOH (40
mL) was refluxed under nitrogen for 16 h. After cooling to
room temperature, the solvent was removed under reduced
pressure, and the residue was purified by column chromatography on silica gel using 2:1 hexanes/dichloromethane
as the eluent to give a pale-yellow solid (4.76 g, 83%). MS
(EI): m/z 577 (M+). 1H NMR (400 MHz, CDCl3): δ 8.83 (s, 1H),
VOL. 1 • NO. 5 • 1122–1129 • 2009
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as higher boundary density should be responsible for the
decrease of the device performance. For 3, the amorphous
and disorder structure of the thin film is probably the main
origin for no field-effect behavior.
Upon an increase in the substrate temperature, the OFET
performances of 1 and 2 were improved; the mobilities of 1
and 2 are 3.1 × 10-2 and 1.1 × 10-2 cm2 V-1 s-1 at 100 °C,
respectively. The phenomenon is simply due to a lower
boundary density as a result of larger grains at higher
substrate temperatures compared with that at room temperature. The electron mobilities obtained for 1 and 2 are
comparable to that reported for other pyrazine-containing
derivatives (11). At room temperature, the device based on
1 exhibited a relatively high threshold voltage (Vth), probably
due to the relatively poor film quality of 1 as evidenced by
the AFM image (Figure 7). Vth exhibits device-to-device
variations, which can be influenced by many factors including materials purity, operation atmosphere, film morphology, surface dipoles, film thickness, dielectric layer thickness, and light exposure (21). However, at 100 °C, Vth of 1
is lower than that of 2, consistent with the higher EA of 1.
We have also investigated the air stability of the devices.
Unfortunately, the device performance degraded quickly in
air, probably because the EAs of these compounds are too
small to stabilize organic anions against water and oxygen.
To probe the effect of the trifluoromethylphenyl groups
on the n-type OFETs, we synthesized 9,11,20,22-tetrazatetrabenzo[a,c,l,n]pentacene (4; Figure S6 in the SI), similar to
1 but without trifluoromethyl groups. Because compound 4
is insoluble in organic solvents, we could not estimate its
LUMO by electrochemistry. DFT calculations suggest that the
LUMO (-2.94 eV) of 4 is higher than that (-3.24 eV) of 1,
probably because of the electron-withdrawing trifluoromethyl groups in 1. On the other hand, the trifluoromethylphenyl
substituents are probably twisted from the core. Therefore,
the trifluoromethylphenyl groups are considered to disturb
effective intermolecular interactions. We tried to grow single
crystals of compounds 1 and 2, but unfortunately both of
them were not good enough for X-ray crystallographic
analysis. Thus, we cannot discuss how intermolecular interactions take place in 1 and 2 in detail. However, DFT
calculations suggest that the fully fused-ring system 4 has A
much lower reorganization energy for ET (0.153 eV), compared to those for 1 and 2 (ca. 0.286 eV). The device based
on 4 exhibited no n-channel field-effect behavior. The
distinct difference between 1 and 4 suggests that in these
pyrazine systems trifluoromethylphenyl groups could be
essential for the n-type OFET behavior. The trifluoromethylphenyl groups increase the EA of the pyrazine molecules
and could be favorable for molecular alignment (7), although
they cause A relatively large reorganization energy for ET.
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7.91-7.74 (m, 4H), 7.73-7.57 (m, 4H). 13C NMR (100 MHz,
CDCl3): δ 156.60, 154.33, 147.91, 146.42, 142.50, 140.06,
135.93, 132.32 (m), 130.61, 130.51, 127.69 (q, 1 JCF ) 273.1
Hz), 125.78, 125.74, 120.08. Elem anal. Calcd for
C21H9Br2F6N3: C, 43.70; H, 1.57; N, 7.28. Found: C, 43.54;
H, 1.62; N, 7.08.

2,3,7,8-Tetrakis[4-(trifluoromethyl)phenyl]pyrazoquinoxaline (1). A mixture of 4,4′-bis(trifluoromethyl)benzil (3 mmol, 1.04 g) and benzene-1,2,4,5-tetraamine
tetrahydrochloride (1.5 mmol, 426 mg) in n-BuOH (30 mL)
was refluxed under nitrogen for 16 h. After cooling to room
temperature, the solvent was removed under reduced pressure, and the residue was purified by column chromatography on silica gel using 1:1 hexanes/dichloromethane and
dichloromethane as the eluents to give a yellow solid (0.8 g,
70%). 1H NMR (400 MHz, CDCl3): δ 9.09 (s, 2H), 7.78 (d, J
) 8.2 Hz, 8H), 7.71 (d, J ) 8.3 Hz, 8H). 13C NMR (100 MHz,
CDCl3): δ 153.73, 141.52, 140.49, 132.26 (q, 2JCF ) 32.4 Hz),
130.33, 129.58, 127.84 (q, 1JCF ) 271.1 Hz), 125.63. HRMS
(EI). Found: m/z 758.1350. Calcd for C38H18N4F12: m/z
758.1340. Anal. Calcd for C38H18N4F12: C, 60.17; H, 2.39; N,
7.39. Found: C, 60.38; H, 2.76; N, 7.00.

2,2′,3,3′-Tetrakis[4-(trifluoromethyl)phenyl]6,7′-biquinoxaline (2). A mixture of 4,4′-bis(trifluoromethyl)benzil (2.2 mmol, 0.75 g) and biphenyl-3,4,3′,4′tetraamine (1.0 mmol, 214 mg) in n-BuOH (20 mL) was
refluxed under nitrogen for 16 h. After cooling to room
temperature, the solvent was removed under reduced pressure, and the residue was purified by column chromatography on silica gel using 1:1 hexanes/dichloromethane and
dichloromethane as the eluents to give a pale-yellow solid
(0.75 g, 90%). 1H NMR (400 MHz, CDCl3): δ 8.62 (d, J ) 1.5
Hz, 2H), 8.37 (d, J ) 8.7 Hz, 2H), 8.32 (dd, J ) 8.7 Hz, 1.7
Hz, 2H), 7.72 (d, J ) 8.4 Hz, 8H), 7.68 (d, J ) 8.4 Hz, 8H).
13
C NMR (100 MHz, CDCl3): δ 152.36, 151.94, 141.87,
141.67, 141.51, 141.08, 131.74 (q, 2JCF ) 32.6 Hz), 130.22,
130.17, 127.89 (q, 1JCF ) 270.8 Hz), 127.62, 125.54, 125.51.
MS (MALDI): m/z 835 (MH+). Elem anal. Calcd for
C44H22N4F12: C, 63.32; H, 2.66; N, 6.71. Found: C, 63.58; H,
2.74; N, 6.73.

2,3,5,8-Tetrakis[4-(trifluoromethyl)phenyl]pyrido[3,4-b]pyrazine (3). To a solution of II (1 mmol, 577
mg) and tributyl[4-(trifluoromethyl)phenyl]stannane (3 mmol,
1.3 g) in dry toluene (10 mL) was added Pd(PPh3)4 (0.05
mmol, 57.8 mg) under a dinitrogen atmosphere. The mixture was stirred at 110 °C for 48 h. After cooling to room
temperature, a 10 mL aqueous solution of KF (5 g) was
added and stirred for 10 min. The organic layer was extracted with CH2Cl2 and washed subsequently with a 10%
HCl aqueous solution and a saturated NaHCO3 aqueous
solution. The organic phase was dried over anhydrous
MgSO4. The product was purified by column chromatography on silica gel using 1:1 hexanes/dichloromethane and
dichloromethane as the eluents and recrystallized from
methanol to give a yellow solid (0.49 g, 70%). 1H NMR (400
MHz, CDCl3): δ 9.07 (s, 1H), 8.43 (d, J ) 8.12 Hz, 2H), 7.99
(d, J ) 8.07 Hz, 2H), 7.85 (d, J ) 8.17 Hz, 4H), 7.66 (m, 8H).
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13
C NMR (100 MHz, CDCl3): δ 158.52, 154.64, 152.06,
146.79, 141.62, 140.98, 140.84, 140.48, 137.96, 133.87,
132.30, 132.06, 131.98, 131.73, 131.60, 131.31, 131.04,
130.79, 130.47, 130.35, 130.22, 125.76, 125.50, 125.40,
125.37, 125.05, 125.02, 122.80, 122.36, 122.32. HRMS (EI):
m/z 707.1237. Calcd for C35H17N3F12: m/z 707.1231. Elem
anal. Calcd for C38H18N4F12: C, 59.42; H, 2.42; N, 5.94.
Found: C, 59.12; H, 2.78; N, 5.67.
We tried to grow single crystals of compounds 1 and 2
in chloroform, toluene, or mixed solvents (chloroform or
toluene with methanol in different volume ratios) through
slow evaporation of the solvents. The crystals of 1 and 2
were needles, but unfortunately both of them were not good
enough for X-ray crystallographic analysis. For compound
3, we did not try to grow single crystals.
Measurements. The 1H and 13C NMR spectra were
measured on a Bruker Avance 400 MHz spectrometer using
tetramethylsilane (δ ) 0 ppm) as an internal standard. Mass
spectra were measured on a GCT-MS micromass (U.K.)
spectrometer using the electron impact (EI) mode or on a
Bruker Daltonics BIFLEX III MALDI-TOF analyzer using
MALDI mode. Elemental analyses were carried out using a
FLASH EA1112 elemental analyzer. Solution (dichloromethane) and thin-film (on quartz substrate) UV-vis
absorption spectra were recorded on a Jasco V-570 spectrophotometer. Solution (dichloromethane) and thin-film (on
quartz substrate) emission spectra were collected on a
Hitachi F-4500 spectrofluorophotometer. Electrochemical
measurements were carried out under nitrogen on a deoxygenated solution of tetra-n-butylammonium hexafluorophosphate (0.1 M) in dichloromethane using a computercontrolled Zahner IM6e electrochemical workstation, a glassycarbon working electrode, a Pt-wire auxiliary electrode, and
a Ag wire anodized with AgCl as a pseudoreference electrode. Potentials were referenced to the ferrocenium/ferrocene (FeCp2+/0) couple by using ferrocene as an internal
standard. TGA measurements were performed on a Shimadzu thermogravimetric analyzer (model DTG-60) under
a nitrogen flow at a heating rate of 10 °C min-1. The film
morphology was analyzed in air using a Nanoscope III
atomic force microscope (Digital Instruments) operated in
tapping mode. XRD of thin films was performed in the
reflection mode at 40 kV and 200 mA with Cu KR radiation
using a 2 kW Rigaku D/max-2500 X-ray diffractometer.

Fabrication and Characterization of FieldEffect Transistors. OFET devices were fabricated with a
top-contact configuration. A heavily doped n-type Si wafer
with a 500 nm-thick layer of thermally grown SiO2 and a
capacitance of 7.5 nF cm-2 was used as the gate. Octadecyltrichlorosilane (OTS) was used as a self-assembled surface
modifier for SiO2. Thin films of 1-3 (50 nm) were formed
on the OTS-modified substrates by high-vacuum evaporation. After that, the Ag source and drain contacts (50 nm)
were deposited onto the organic layer through a shadow
mask under high vacuum. The channel length (L) and width
(W) were 50 µm and 3 mm, respectively. The samples were
transferred in a vacuum-tight vessel without being exposed
Wang et al.
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to atmospheric conditions into a nitrogen glovebox (O2, H2O
< 1 ppm) for electrical testing. All of the measurements of
electric properties were carried out at room temperature
using a Keithley 4200 SCS semiconductor parameter analyzer. To investigate the effect of the substrate temperatures
on the device performance, the semiconductors 1-3 were
vacuum-deposited onto the substrate with controlled temperatures of 25 and 100 °C.
Computation. DFT calculations were carried out using
Gaussian 03 (26) at the B3LYP/6-31g(d) level (27).

