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a b s t r a c t

A new soluble n-type material based on the 2,9-bis(triisopropylsilylethynyl)triphenodiox-
azine (TIPS-triphenodioxazine) has been designed as a quinonoid equivalent of TIPS-penta-
cene and synthesized using an innovative synthetic pathway. Both materials showed
identical electronic affinities, intermolecular arrangements and thin film topographies.
However, the TIPS-triphenodioxazine led to better performances than TIPS-pentacene in
n-channel organic field-effect transistors (OFETs) evidencing the potentialities of this p-
conjugated core in the field of organic electronics.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Over the past decade, organic electronics have attracted
growing interest due to the potential and demonstrated
advantages of organic materials compared to conventional
inorganic analogs such as light weight, low-cost produc-
tion, flexibility and large area coverage [1–3]. One of the
main issues in this field is to elaborate organic electronic
circuits, which require complementary p-channel and n-
channel organic field-effect transistors combined with
complementary metal-oxide semiconductor layouts in or-
der to reduce the power consumption [4–6]. Although
numerous works thoroughly report on the performances
of p-type semi-conducting materials, the instability of n-
channel OFET has delayed their integration in OFET archi-
tectures [7–10]. Thus, electron-withdrawing groups such
. All rights reserved.
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as carbonyls [11] and halogenated functions [12–14] have
been often added to the p-structure to reduce the LUMO
energy level and stabilize the negative charges [15,16]. De-
spite recent results [17,18], the design of soluble n-type
materials still remains an important challenge in organic
electronics [19–23].

On the other hand, the TIPS-pentacene architecture has
been described as a soluble and efficient p-type organic
semiconductor [24]. TIPS-pentacene combines the penta-
cene core that ensures charge delocalization, and triisopro-
pylsilylethynyl (TIPS) groups on the central ring, which
confers solubility to it. Both components lead to a 2-D
brick-layer arrangement of p-stacking [25] and mobility
higher than 1 cm2 V�1 s�1 for solution-processable transis-
tors [26]. In order to design soluble n-type materials, a re-
cent strategy has consisted in lowering the LUMO energy
level by the replacement of carbon and hydrogen atoms
of TIPS-pentacene by nitrogen atoms [27,28]. The concept
hereafter described, is also based on the stabilization of
the anionic form, by substituting the pentacene core by
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the triphenodioxazine core. Indeed, unlike the aromatic
core of pentacene, triphenodioxazines exhibit a quinonoid
structure at the center of the pentacycle that is expected to
enhance the stability of the anion. Thus, insoluble triphe-
nodioxazines substituted by trifluoromethyl groups have
shown good air-stability [29]. As a consequence, we report
on the synthesis of a new soluble triphenodioxazine bear-
ing TIPS groups and the characterization of its structure
and electronic properties in solution and thin film. To en-
sure minimal changes in the supramolecular organization
when replacing the pentacene by the triphenodioxazine
core, the TIPS bulky groups were maintained in the center
of the molecule. Then, the semiconducting properties of
TIPS-triphenodioxazine were studied by using an OFET
architecture and its transport properties were compared
to those of TIPS-pentacene. Triphenodioxazine core ap-
peared to be a promising material for n-channel OFET.
2. Experimental section

2.1. Synthesis

Diethyl ether and THF were distilled from sodium ben-
zophenone ketyl prior to use. Other chemical reagents
were purchased from Sigma–Aldrich, Alfa Aesar or TCI Eur-
ope and were used as received without further
purification.

2.1.1. Synthesis of 3,6-bis(2-nitrophenoxy)-2,5-dibromo-2,5-
cyclohexadiene-1,4-dione (1)

Under a N2 atmosphere, potassium tert-butoxide
(3.67 g, 32.7 mmol) was added to a solution of 2-nitrophe-
nol (4.55 g, 32.7 mmol) in THF (100 mL) leading to the for-
mation of a red solid. After stirring for 1 h, the mixture was
poured into 400 mL of diethyl ether. Then, the precipitate
was filtered under a N2 atmosphere, rinsed with pentane
and dried in vacuum oven to yield potassium 2-nitrophen-
oxide (5.66 g, 31.9 mmol). A 100 mL 2-necked round-bot-
tom flask containing a stir bar was then charged with
bromanil (6.25 g, 14.8 mmol) and dry dimethylacetamide
(40 mL) under a N2 atmosphere. Potassium 2-nitrophenox-
ide (5.16 g, 29.1 mmol) was added at room temperature.
After stirring for 2 h, the mixture was poured into 1 N
HCl solution (500 mL). The yellow precipitate was filtered
and rinsed successively by water, 2% NaHCO3 solution,
water and diethylether. After drying in vacuum oven, com-
pound 2 (7.31 g, 13.5 mmol, yield = 93%) was isolated as a
yellow solid. 1H NMR (300 MHz, (CD3)2CO) d: 7.44 (m, 4H),
7.69 (td, 2H), 8.15 (dd, 2H). 13C NMR (300 MHz, (CD3)2CO)
d: 173.6, 153.6, 149.6, 135.6, 126.9, 125.75, 125.67, 119.7,
116.1. MS (ESI-TOF) calculated for C18H8Br2N2O8 [M�]:
537.9, found 537.9. Elemental microanalysis:
C18H8Br2N2O8 (540.07) calculated: C 40.0, H 1.5, N 5.2;
found: C 39.0, H 1.5, N 5.0.

2.1.2. Synthesis of 2,9-dibromotriphenodioxazine (2)
In a 2-necked round-bottom flask containing a stir bar,

compound 1 (1.34 g, 2.48 mmol), Fe (4.5 g, 80.7 mmol) and
THF (50 mL) were heated at reflux. Acetic acid (12 mL,
210 mmol) was then added dropwise during 1 h and the
mixture was stirred for a further 2 h. After filtration to re-
move the excess of iron, chloranil (4.5 g, 18.3 mmol) was
added to the colorless solution. After stirring for 1 night,
the red precipitate was filtered, rinsed successively with
acetone, water, 2% NaHCO3 solution, water, acetone and fi-
nally dried in vacuum oven 2 h. Compound 2 (956 mg,
2.15 mmol, yield = 87%) was obtained as a red solid. 1H
NMR (200 MHz, C2D2Cl4, 130 �C) d: 7,73 (d, 2H) ; 7,8 (m,
6H). The solubility of 2 was too low in common organic
solvent to record suitable 13C NMR data. MS (MALDI-TOF)
calculated for C18H8Br2N2O2 [M+]: 441.9, found 441.9. Ele-
mental microanalysis: C18H8Br2N2O2 (444.08) calculated: C
48.7, H 1.8, N 6.3; found: C 47.2, H 2.0, N 6.0.

2.1.3. Synthesis of 2,9-
bis(triisopropylsilylethynyl)triphenodioxazine (3) (TIPS-
triphenodioxazine)

Under a N2 atmosphere, tetrakis(triphenylphos-
phine)palladium (30 mg, 0.026 mmol), 2-(dicyclohexyl-
phosphino)biphenyl (20 mg, 0.057 mmol),
tetrabutylammonium acetate (330 mg, 1.10 mmol), (triiso-
propylsilyl)acetylene (195 mg, 1.07 mmol), compound 2
(200 mg, 0.450 mmol) and dimethylformamide (25 mL)
were introduced in a Schlenk tube containing a stir bar.
After stirring for 24 h at 90 �C, the mixture was poured into
a solution of 1 N HCl (200 mL) and the product was ex-
tracted into dichloromethane. After drying over MgSO4

and evaporation of the volatiles, the crude product was
purified by column chromatography over silica gel (cyclo-
hexane/toluene: 50/50) then by recrystallization in cyclo-
hexane to give compound 3 (130 mg, 0.201 mmol) as a
red solid in a 45% yield. 1H NMR (250 MHz, CD2Cl2) d:
1.22 (s, 42H), 7.13 (dd, 2H), 7.22 (td, 2H), 7.31 (td, 2H),
7.52 (dd, 2H). 13C NMR (400 MHz, CD2Cl2) d: 149.7, 149.6,
144.2, 135.3, 129.8, 128.8, 125.5, 115.4, 104.7, 101.4,
96.5, 18.5, 11.4. ESI-TOF HRMS: calculated for [MH]+

(C40H51N2O2Si2): 647.3483, found: 647.3477,
d = 1.02 ppm. Elemental microanalysis: C40H50N2O2Si2

(647.01) calculated: C 74.2, H 7.8, N 4.3; found: C 73.8, H
7.7, N 4.2.

2.2. Instrumentation and methods

1H and 13C{1H} NMR spectra were recorded on a DPX-
300 spectrometer (d given in ppm relative to tetramethyl-
silane). Electrospray mass spectra (ESI-TOF HRMASS) were
carried out on a Qstar Elite mass spectrometer (Applied
Biosystems). The electrospray needle was operated at
room temperature. Spectra were recorded in the positive-
ion mode using the reflextron and with an accelerating
voltage of 20 kV (high resolution). MALDI-MS spectra were
carried out on a Voyager mass spectrometer (Applied Bio-
systems) equipped with a pulse N2 laser (337 nm) and a
time-delayed extracted ion source. Spectra were recorded
in the positive-ion mode using the reflextron and with an
accelerating voltage of 20 kV.

Cyclic voltammetry studies were carried out with a
potentiostat/galvanostat Autolab PGSTAT100 using a
three-electrode device (working electrode: Pt disc; refer-
ence electrode: Ag/AgCl calibrated with ferrocenium/ferro-
cene as internal reference; counter-electrode: Pt). UV–Vis
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Scheme 1. Synthetic route towards TIPS-triphenodioxazine.
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absorption studies have been carried out with a UV-1650PC
SHIMADZU spectrophotometer. The spectra of TIPS-penta-
cene and TIPS-triphenodioxazine have been recorded in
CH2Cl2 or as thin films deposited by sublimation on a spin-
coated polystyrene thin film on glass substrates. Ultraviolet
photoelectron spectroscopy (UPS) spectra of TIPS-penta-
cene and TIPS-triphenodioxazine have been performed on
thin films sublimated on 100 nm thin film of gold deposited
on glass substrates. The UPS spectra were collected with
constant 3 eV pass energy at room temperature by a VG Sci-
entific 220 i-XL ESCALAB spectrometer with UV lamp (He
I = 21.22 eV) activated by a helium partial pressure of
10�5 Pa. The spot size was about 150 lm in diameter.

Atomic force microscopy (AFM) images of the material
surface have been recorded on the channel of devices by
a VEECO 3100 Digital Instrument used in tapping mode
with a AC160TS Olympus tetrahedral cantilever. Single
crystals of TIPS-triphenodioxazine were grown by slow
evaporation of a saturated CH2Cl2 solution. A single crystal
was mounted on an Xcalibur equipped with a monochro-
matized Mo-Ka source (0.71073 Å). Data collection, unit
cell refinement, and data reduction were performed using
the CrysAlis, Oxford Diffraction Ltd. software package.
The positions of non-H atoms were determined and refined
by SHELX-97 program. The positions of H atoms were
deduced from coordinates of the non-H atoms and Fourier
synthesis. H atoms were included for structure factor
calculations but not refined. X-ray diffraction (XRD) stud-
ies were carried out with a Bruker AXS diffractometer
(D2 PHASER A26-X1-A2B0D3A) using a Cu anode (Cu Ka
radiation, k = 1.5405 Å). The diffractograms were directly
recorded from OFETs and samples without organic semi-
conducting materials and/or gold layers. The OFET sub-
strates recovered with sublimated gold layer were used
as reference to correct 2h values in function of the sample
height.
2.3. Theoretical calculations

All calculations were performed using the GAUSSIAN 09
package [30].
3. Results and discussion

3.1. Synthesis of TIPS-triphenodioxazine

The synthesis of the 2,9-bis(triisopropylsilylethynyl)tri-
phenodioxazine 3 was achieved in three steps with an
overall yield of 35 % (Scheme 1). As conventional routes
usually involve strong oxidizing procedures limiting the
variety of substituents that can be introduced on the tri-
phenodioxazine core [31], a new synthetic pathway has
been developed to obtain the dibromotriphenodioxazine
2 intermediate using mild conditions. First of all, a double
addition of potassium 2-nitrophenoxide on tetrabromo-
1,4-benzoquinone yielded the 3,6-bis(2-nitrophenoxy)-
2,5-dibromoparabenzoquinone 1. Then, the nitro group
and benzoquinone moiety were reduced into amino and
phenol functions by iron in acetic acid. The resulting unsta-
ble intermediate was then partially oxidized by chloranil to
give a quinone derivative which immediately underwent a



Fig. 1. Spatial distribution of frontier molecular orbitals, HOMO (top left) and LUMO (bottom left) of TIPS-pentacene, HOMO (top right) and LUMO (bottom
right) of TIPS-triphenodioxazine.

Table 1
Electronic properties of TIPS-pentacene and TIPS-triphenodioxazine.

Compd. Solution Thin film

HOMO (eV)a LUMO (eV)a E1/2, ox. (V)b E1/2, red. (V)b Egap (eV)c I.E. (eV)d E.A. (eV)e

TIPS-pentacene �5.02 �3.14 0.35 �1.52 (�1.5g) 1.63 5.92 (5.84h) 4.29
TIPS-triphenodioxazine �5.50 �3.14 0.74 �1.45 2.02 6.29 4.27
Df �0.48 0 0.39 0.07 0.37 �0.02

a B3LYP/6-31G+(d,p) calculations using the IEF-PCM solvation model with CH2Cl2 as solvent.
b First oxidation and reduction potentials (vs ferrocenium/ferrocene Fc+/Fc) measured by cyclic voltammetry in CH2Cl2 containing 0.1 M TBAPF6 as salt

support.
c Optical bandgap determined at the edge of the absorption band by UV–Vis absorption spectroscopy of a thin film deposited on a polystyrene/glass

substrate.
d Ionization energy versus vacuum energy measured by UPS of a 7 nm-thick thin film deposited on gold surface.
e Electronic affinity calculated as the difference between I.E. and Egap.
f Difference between electronic properties of TIPS-triphenodioxazine and TIPS-pentacene.
g Litt. [34].
h Litt. [35].
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condensation and cyclization with the amino groups. Final-
ly, the silylethynyl groups were introduced by a Sonogash-
ira coupling under Cassar conditions [32,33]. As expected,
TIPS-triphenodioxazine was soluble in most organic sol-
vents and could also be sublimated under high vacuum.
3.2. Electronic properties

The structures of TIPS-triphenodioxazine and TIPS-
pentacene were optimized using the density functional
theory (DFT) at the B3LYP/6-31G⁄ level. The wavefunctions
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were further refined at the B3LYP/6-31G+(d,p) level using
the polarizable continuum model in its integral equation
formalism (IEF-PCM) to account for solvent (dichlorometh-
ane) effects. The spatial distributions of the HOMO and
LUMO, depicted in Fig. 1, clearly underline the aromatic
character of TIPS-pentacene versus the quinonoid nature
of TIPS-triphenodioxazine. Strikingly, when going from
TIPS-pentacene to TIPS-triphenodioxazine, the HOMO
shifts by 0.48 eV toward lower energies, while the LUMO
energies are similar (Table 1).

To get a deeper insight into the electronic properties of
the TIPS-triphenodioxazine both in solution and in the so-
lid state, the optical band-gaps were inferred from UV–Vis
spectra (Fig. 2), the reduction and oxidation potentials
have been measured by cyclic voltammetry in CH2Cl2,
and the ionization energies have been determined by ul-
tra-violet photoelectron spectroscopy (UPS) (Fig. 3, see also
Supplementary data).

The electron affinities have been calculated as the dif-
ference between the ionization energies and the UV–Vis
absorption band edge of thin films. The corresponding data
are gathered in Table 1. Whatever the experimental ap-
proach used to estimate the energy levels, the difference
between the HOMO energy levels of TIPS-pentacene and
TIPS-triphenodioxazine was found to be about 0.4 eV
whereas their LUMO energy levels were similar, in very
close agreement with DFT calculations. Furthermore, the
cyclic voltammogram of TIPS-triphenodioxazine revealed
a higher reversibility of the first reduction step evidencing
a higher stability of the radical anion. At last, the absorp-
tion edges underwent a red-shift of 0.25 eV between the
solution and the thin film spectra for both molecules,
which suggests the existence of intermolecular interac-
tions with comparable magnitudes for both compounds.

3.3. Crystal structure and supramolecular organization

Comparative multi-scale studies of solid state materials
have been performed by single-crystal X-ray crystallogra-
phy, powder X-ray crystallography and Atomic Force
Microscopy (AFM) on thin films. At first, the crystallo-
graphic data of TIPS-triphenodioxazine showed a packing
including a 2D brick-layer structure as found for TIPS-
pentacene (Fig. 4) with very similar cell parameters (Sup-
plementary data). Only a small difference of the mean
interplane spacing was noticed (3.32 Å for TIPS-triphenodi-
oxazine, 3.36 Å for TIPS-pentacene). Consequently, the cell
volume was smaller (926 Å3 vs 961 Å3) and density was
higher for the triphenodioxazine derivative (1.16 g/cm3

vs 1.1 g/cm3).
Secondly, the X-ray diffractograms recorded out on the

OFET samples mainly showed sharp (00c) diffraction peaks
at lower angles over an undulating baseline due to the
polystyrene underlayer, corresponding to interplanar



Fig. 4. TIPS-pentacene (top, redrawn from [25]) and TIPS-triphenodioxazine (bottom) crystal packings (projection onto ac, bc and ab plane from left to
right; atom hydrogens are hidden).
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distances of 1.67 and 1.66 nm for TIPS-triphenodioxazine
and TIPS-pentacene, respectively (Fig. 5). Moreover, the
full width at half maximum of the first peak was 0.134�
for both materials. As previously observed for TIPS com-
pounds [25,36], the pattern showing only (00c) diffraction
peaks along with the corresponding line-width indicates
the formation of oriented polycrystalline films.
Finally, according to topographic AFM images recorded
in the tapping mode, the thin films obtained by sublima-
tion were polycrystalline and made of grains whose size
was about 500 nm in both cases (Fig. 6). Moreover, few ter-
races were observed for TIPS-triphenodioxazine with a
mean height of 1.6 nm (Fig. 7), which corresponds to the
c lattice parameter found in the X-ray structure of TIPS-tri-
phenodioxazine (Supplementary data) and the interplanar
distance obtained by X-ray powder diffraction. As a result,
the 2D p-stacking was oriented parallel to the substrate
that constitutes a key requirement for high efficiency OFET
architectures.

3.4. OFET properties

The semiconducting properties of TIPS-triphenodiox-
azine were examined in bottom-gate top contact OFET de-
vices and compared to those of TIPS-pentacene under
similar conditions. The substrate was composed of a
200 nm thermally grown SiO2 layer on highly N-doped sil-
icon layers. A layer of 150 nm of polystyrene (PS) was spin-
coated over the silica layer after pre-treatment with hex-
amethyldisilazane (HMDS). After sublimation of 35 nm
thick films of organic compounds on the substrate at ambi-
ent temperature, aluminum or gold top electrodes were
evaporated through a shadow mask [37]. The optimization
of device fabrication has encompassed the thickness of or-
ganic semiconductors, the substrate temperature during
the depositions and the choice of the dielectric layer
among the following materials: Self-Assembled Monolayer
(SAM) of octatrichlorosilane (OTS) over 200 nm of SiO2,



Fig. 6. AFM topographic images (15 � 15 lm2) of TIPS-pentacene (left) and TIPS-triphenodioxazine (right).

Fig. 7. AFM topographic images of TIPS-triphenodioxazine (3 � 3 lm2) (left) and line profile (right).

Table 2
Properties of top-contact OFETs based on C60, TIPS-pentacene and TIPS-triphenodioxazine.

Comp. Elect. lh (cm2 V�1 s�1) le (cm2 V�1 s�1) Ion/Ioff Vth (V)

C60 Al – 0.8 106 26

TIPS-pentacene Al – 5 � 10�5 10 5
Gold 7 � 10�3 – 105 �15

TIPS-triphenodioxazine Al – 4 � 10�3 104 9
Gold – – – –
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25 nm of PS over OTS-treated SiO2, and 150 nm of PS over
HMDS-treated SiO2. Additionally, reference OFETs have
been elaborated with TIPS-pentacene following the proce-
dure described by Sheraw et al. [24]. All measurements
have been performed under inert atmosphere.

Reference n-type OFETs based on C60 as organic semi-
conductor showed a mobility of 0.8 cm2 V�1 s�1, which val-
idates the fabrication process since the mobility obtained
fall within the range of that reported for n-type OFETs
involving C60 and aluminum electrodes [37]. Similarly,
the reference TIPS-pentacene OFETs led to classical charac-
teristics (average mobility of 0.49 cm2 V�1 s�1). The dielec-
tric layers containing OTS led to unstable n-type OFETs,
contrary to the layer of PS over HMDS-treated SiO2. The
capacitance per unit area, measured from substrates with-
out semiconducting layer, is equal to 6.9 nF cm�2, which is
close to calculated value (7.8 nF cm�2 with er = 2.4 for
polystyrene). The results obtained for TIPS-pentacene and
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TIPS–triphenodioxazine are reported in Table 2. With gold
electrodes, p-type charge transport was observed for TIPS-
pentacene as previously reported [24], while no field effect
conduction was detected with TIPS-triphenodioxazine.
This behavior can be attributed to the higher potential bar-
rier between the ionization potential of the semiconductor
and the work function of gold for triphenodioxazine deriv-
atives impeding charge injection through the metal/semi-
conductor interface [38].

Using aluminum electrodes, no p-type field effect was
observed in both cases. As previously, the absence of field
effect conduction under a negative gate bias potential
can be related to the high potential barrier between the
work function of aluminum and the ionization potential
of the semiconductor materials that prevents hole injec-
tion. In contrast, n-type field-effect was detected for both
materials (Figs. 8 and 9). Thus, TIPS-triphenodioxazine lay-
ers showed improved n-type OFET performances with an
electron field-effect mobility and a Ion/Ioff ratio of
4 � 10�3 cm2 V�1 s�1 and 104, respectively. By comparison,
TIPS-pentacene layers led to a decrease of the OFET charac-
teristics from p-type to n-type architectures.

3.5. Theoretical modeling

To gain further insight into the enhancement of the n-
type mobility with TIPS-triphenodioxazine compared to
TIPS-pentacene semiconducting layers, we performed
quantum chemical calculations of the main electronic
parameters governing the charge transport efficiency (see
Supporting Information). These calculations demonstrated
that the differences in electron mobility performances
between the two materials cannot be attributed neither to
differences in the strength of intermolecular electronic cou-
plings nor to differences in the reorganization energies. This
suggests that the electron mobility of TIPS-pentacene and
TIPS-triphenodioxazine is not intrinsic, although the X-ray
diffractograms of the two materials are quite similar. As
suggested by a recent theoretical study [39], one possible
origin of the different n-type mobilities might be ascribed
to differences in the intimate morphology of the dielectric
layers interfacing with the insulating layer, which cannot
be grasped by X-ray measurements. Indeed, electrostatic
interactions with the substrate can induce an energetic dis-
order in the first organic dielectric layer, where the majority
of charge carriers get accumulated in the OFETs, which in
turn alters the charge transport performances. In our case,
the larger le value measured using TIPS-triphenodioxazine
might thus be attributed to a smaller dispersion in the site
energies in the interfacial organic layer.
4. Conclusions

An innovative synthetic pathway towards the tripheno-
dioxazine core has been developed to provide soluble
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organic n-type semi-conducting materials. As chemical
structure of organic semiconductor in OFET, TIPS-tripheno-
dioxazine led to electronic mobilities that outperformed by
two orders of magnitude those of TIPS-pentacence mea-
sured under similar conditions. This significant enhance-
ment of the n-type mobility cannot be explained neither
by the electronic structures of the two isolated com-
pounds, which have close electron affinities, nor to the dif-
ferences in their supramolecular packing owing to their
very similar thin film topography and X-ray diffraction
patterns. Quantum chemical calculations of the electronic
parameters driving the charge transport in the framework
of the Marcus–Jortner theory, namely the transfer integrals
and the reorganization energies, did not provide any fur-
ther information. Nonetheless, the two molecules showed
dissimilar spatial distribution of the frontier orbitals and
the anion of TIPS-triphenodioxazine showed a higher sta-
bility regarding its chemical reactivity, which could be at
the origin of the enhanced n-type performances of TIPS-tri-
phenodioxazine-based OFET. As other hypothesis, electro-
static interactions between the substrate and the first
organic layer, which are different in the two materials ow-
ing to the presence of local dipoles in the TIPS-triphenodi-
oxazine core, might generate an energetic disorder
affecting the charge transport performances. Despite these
opened questions, the triphenodioxazine core appears as a
promising candidate to design new organic n-type semi-
conducting materials. The synthesis of new dioxazine
derivatives in that purpose is currently in progress.
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