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Abstract: Increasing the length of N-heteroacenes or their
analogues is highly desirable because such materials could
have great potential applications in organic electronics. In this
report, the large m-conjugated N-heteroquinone 6,10,17,21-
tetra-((triisopropylsilyl)ethynyl)-5,7,9,11,16,18,20,22-octaaza-

nonacene-8,19-dione (OANQ) has been synthesized and
characterized. The as-prepared OANQ shows high stability
under ambient conditions and has a particularly low LUMO
level, which leads to it being a promising candidate for air-
stable n-type field-effect transistors (FETs). In fact, FET
devices based on OANQ single crystals have been fabricated
and an electron mobility of up to 0.2 cn® V' s~ under ambient
conditions is reported. More importantly, no obvious degra-
dation was observed even after one month. Theoretical
calculations based on the single crystal are consistent with the
measured mobility.

Organic field-effect transistors (OFETSs) have attracted
a lot of attention because of their applications in flexible and
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large-area organic electronics such as radio frequency iden-
tification (RFID) tags!'! optical displays,” electronic
papers,®! various sensors,®! and so on. Although OFETs
have several advantages, including device flexibility and low
fabrication cost, the poor operational stability (sensitivity to
oxygen, moisture, or light) of certain OFETs has imposed
a limitation on their practical applications. Such problems are
particularly true for electron-transport (n-type) OFETs.! To
address this issue, various organic semiconducting materials
have been designed and synthesized, including fullerene-
based acceptors,”! oligoacenes modified with electron-with-
drawing substitutes,” imide- or amide-functionalized small
molecules and polymers,”®! 7,7,8,8-tetracyanoquinodimethane
(TCNQ) and its analogues,” etc. However, up to now, few of
them have fulfilled the requirement of being the ultimate
FET material (air-stable, easy to process, owning high
electron mobility, and good stability). Thus, it is highly
desirable to search for novel organic materials to fill the gap.
Recently, large N-heteroacenes have proven to be prom-
ising ambipolar or n-type semiconducting materials."” A
series of novel N-heteroacenes have been explored and high
electron mobility under vacuum or inert atmosphere was
achieved. However, it is still challenging to find a suitable N-
heteroacene with good air-stable performance.'! To our
knowledge, lowering the LUMO level of the materials is the
most effective way to prevent electron trapping by either O,
or H,O, and realize high electron transport in air. To achieve
these features, introducing more-electron-withdrawing sp® N
atoms into the backbone of N-heteroacenes or building up
large conjugated systems has been investigated.'"™!?
Unfortunately, larger azacenes have poor stability and can
be degraded either by moisture or oxygen, as well as through
Diels—Alder reactions.®! Compared to the parent N-hetero-
acene, large linearly-fused N-heteroquinones with relatively
moderate conjugation levels could be a solution to breaking
the deadlock because 1) large mt-conjugated backbones in N-
heteroquinones could lead to more efficient electron trans-
port because of strong t—m interactions; 2) the lower LUMO
level could be achieved by introducing more sp* N atoms into
the backbone of N-heteroquinones; and 3) good air stability
could be realized because of their moderate conjugation.
Given these factors, we were interested in preparing a large,
stable N-heteroquinone, 6,10,17,21-tetra-((triisopropylsilyl)-
ethynyl)-5,7,9,11,16,18,20,22-octaazanonacene-8,19-dione
(OANQ), having eight sp* N atoms in the backbone. The as-
prepared OANQ shows very good electron-transport ability
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Scheme 1. Synthetic route to OANQ. Boc =tert-butoxycarbonyl, TFA=
trifluoroacetic acid, THF =tetrahydrofuran.

with high operational stability when open to air. Such N-
heteroquinone systems could provide novel insight into
synthesizing large, stable conjugated systems for air-stable
n-type transistors.

Scheme 1 shows the synthetic route to OANQ. The
compound 5 was prepared according a literature proce-
dure.'"® The intermediate 6,10,17,21-tetra-[(triisopropylsily-
Dethynyl]-5,9,18,22-tetrahydro-5,7,9,11,16,18,20,22-octaaza-
nonacene-9,10-dione (THNQ) was obtained as a dark-blue
powder in 21.7% yield through a one-step condensation
reaction between 5 and hexaketocyclohexane octahydrate
(HKCO). In a previous study, when HKCO reacted with o-
phenylenediamine derivatives, hexaazatrinaphthylene deriv-
atives were obtained as the main product.'¥ However, herein
we believe that the steric effect of (triisopropylsilyl)ethynyl
(TIPS) substitutes allows 5 to attack HKCO from the para-
position. The hypothesis was verified when THNQ was
obtained as the main product and the compound 6 was not
observed. The hydrogen atoms attached to the nitrogen atoms
of the pyrazine rings are located at the 5-, 9-, 18-, and 22-
positions, and are confirmed by '"H NMR spectroscopy, thus
indicating that this arrangement would make THNQ more
stable. Further oxidation of THNQ with MnO, gave OANQ
as a dark-green powder in 91.1 % yield. Both THNQ and
OANQ are characterized by high-resolution mass spectros-
copy (HRMS), 'H and “CNMR spectroscopy (see the
Supporting Information), and single-crystal analysis.

Platelike single crystals of THNQ and OANQ were
obtained through slowly diffusing acetonitrile into a toluene
solution. The molecular structures and stacking patterns are
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Figure 1. Single-crystal structures™ of a) THNQ (left: top view; right:
side view) and c) OANQ (left: top view, right: side view). Molecular
stacking patterns of b) THNQ and d) OANQ.

shown in Figure 1. All hydrogen atoms and solvent molecules
are omitted for clarification. No obvious difference could be
observed from the top views of the THNQ and OANQ
structures, however, in the side views, THNQ displays
a perfect plane conformation while OANQ shows a slightly
twisted configuration with one tetraazaacene unit bent up and
the other one bent down relative to the quinone center at
a dihedral angle at 8.16°. Such a twisted configuration of the
OANAQ backbone is probably important for the enhancement
of the stability of the long linear molecular structure and
stacking by releasing molecular strain generated from the
winteractions and bulky substituents. The neighboring
THNQ molecules adopt a face-to-face two-dimensional
(2D) “bricklayer” arrangement with unsymmetrical overlap-
ping areas, and the interplanar distances are 3.26 and 3.32 A,
thus suggesting the existence of strong m—sm interactions. A
similar molecular stacking mode is observed in OANQ, but
with slightly longer - distances (3.29 A and 3.41 A), which
might be due to the twisted configuration. Compared to the
spatial arrangement of THNQ molecules, OANQ molecules
have more areas overlapping with each other (see cycle
region), thus leading to stronger m— interactions. Since the
2D face-to-face stacking and strong m—sm interactions are
favored for large transfer integrals and 2D electron transport,
good electron transporting properties of OANQ in the solid
state can be expected.!'”]

Figure 2a shows the normalized UV-vis absorption spec-
tra of THNQ and OANQ in CH,Cl,. THNQ has three
absorption bands at 1 =494, 551, and 599 nm. The strong and
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Figure 2. a) UV/Vis absorption spectra of TANQ and OANQ in CH,Cl,.
b) Cyclic voltammetric (CV) curves of THNQ and OANQ in CH,Cl,/

-1

0.1 ™ nBu,NPF,. Scanning speed: 50 mVs™'.

broad absorption from A=400 to 630 nm suggests the
existence of intramolecular charge transfer. The onset of
absorption (Ay,) at A =632 nm determines the optical band
gap as 1.96 eV. OANQ shows one strong absorption peak at
A =409 nm, and two small peaks at 1 =641 and 694 nm. The
optical band gap is determined to be 1.65eV from the
Aonset Value at 753 nm. Clearly, OANQ has a longer 4, value
than TIPS-pentacene and its analogues, but shorter
Aonset Value than typical hexacene and its N-substituted
counterpart, thus suggesting that it has a relatively moderate
conjugation. !’ 1116l

The electrochemical properties of THNQ and OANQ
were investigated by cyclic voltammetry (CV). As shown in
Figure 2b, THNQ has one irreversible oxidative peak with an
onset potential (E,,) at 0.24V [all the potentials are
illustrated versus FeCp,"/FeCp, (Fc*/Fc) unless otherwise
specified] and one irreversible reductive peak (Egyei=
—1.19V). The HOMO level is determined from the
E . value of the oxidative peak to be 5.04 eV and the
LUMO is calculated to be —3.08 eV from the difference
between the HOMO and optical band gap. OANQ displays
no oxidative peak, but three small reversible reductive peaks
with a half-wave potential (E,,) at —0.48V, —0.77V, and
—1.05V, and one irreversible reductive peak (FEyi=
—1.33V) were clearly observed. The LUMO level of
OANQ is determined to be —4.32 ¢V from the E,, value of
the first reversible reductive peak. Accounting for the differ-
ence in the optical band gap and LUMO level, the HOMO
level is determined to be —6.01 eV. Table 1 summarizes the

Table 1: The summarized energy levels for THNQ and OANQ.

Molecule HOMO LUMO Gap HOMO LUMO Gap g

N Tl A
THNQ —5.04 —3.08 1.96 —4.96 —3.08 1.87 632
OANQ —6.01 —4.32 1.65 —5.68 —-3.92 1.75 753

[a] Experimental results. [b] DFT calculated results (B3LYP/6-31G%).

experimental and calculated energy levels of THNQ and
OANQ. The calculated HOMO and LUMO levels of THNQ
are in good agreement with the experimental results, while
those of OANQ are about 0.4 eV higher. The optical band gap
deduced from calculations shows only a slight difference
compared to the experimental results. The electron density
distributions of THNQ and OANQ are illustrated in Fig-
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ure S6 (see the Supporting Information). The HOMO levels
of THNQ and OANQ are delocalized throughout the whole
molecule. The LUMO of THNQ is mainly located at the
quinone center, while that of OANQ is delocalized through-
out the whole molecule. In addition, high electron density can
be observed in the quinone center of OANQ, and implies that
the quinone moiety possibly also plays an important role in
lowering the LUMO level together with the sp> N atoms. The
lower LUMO energy level and well-delocalized m electrons
suggest that OANQ might have great potential for use in
FETs as an air-stable n-type material.

Single-crystal FETs, which can better stand for the
intrinsic property of molecules considering the smaller
number of grain boundaries and defects in crystals than in
films, were fabricated to investigate the electron-transport
ability of THNQ and OANQ. The microcrystals suitable for
device fabrication were prepared through a drop-casting
method on a self-assembled octadecyltrichlorosilane (OTS)
treated SiO,/Si surface. Because THNQ has no detectable
mobility under our research conditions, it will not be
discussed. Micrometer-sized sheetlike crystals of OANQ
were obtained with a width ranging from several to hundreds
of micrometers and thicknesses at around several tens of
nanometers (Figure 3a).
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Figure 3. a) Image of the as-casted OANQ crystal sheet. b) XRD
patterns of as-casted OANQ crystal sheets. c) Transfer and d) output
curves of a typical device based on OANQ (for typical device setup see
inset in (c)).

Powder X-ray diffraction (XRD) patterns of the as-casted
crystal sheets are shown in Figure 3b. Strong Bragg reflec-
tions with intensities of up to 10°~10* could be observed at
5.20°, 10.35°, and 15.50°, which were indexed as (001), (002),
and (003), respectively. The sharp diffraction peak at 5.20°
corresponded to the d-spacing of 1.68 nm, thus suggesting that
OANQ nearly adopted an edge-on molecular orientation on
the substrate, and crystallized into a 2D architecture with w—m
and van der Waals interactions as driving forces. Transmission
electron microscopy (TEM) and selected-area electron dif-
fraction (SAED) were conducted to further investigate the
packing orientation of OANQ. Figure S7 shows the SAED
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patterns of a microcrystal grown on an amorphous carbon-
coated TEM grid. The patterns of the crystal at different spots
showed identical diffraction characteristics, thus indicating its
high crystalline quality.

Bottom-contact FETs were fabricated with Ag as the
source and drain electrodes to align its work function
(4.2 eV) with the LUMO level of OANQ (—4.32¢V). A
copper grid with a patterned gap of 20 um was used as
a shadow mask. All the devices exhibited typical n-type
behavior under ambient air, and the representative transfer
and output characteristics are shown in Figure 3¢ and d.
Based on the transfer curves, the highest electron-transport
mobility (u,) is determined to be 0.2 cm*V~'s™! with an on/off
ratio up to 10°. Here u was calculated in the saturation regime
by using the equation: I, =uC(W/2 L)(Vs—Vy)?, where I is
the drain-source current, « is the field-effect mobility, C; is the
gate dielectric capacitance, V; is the gate voltage, V7 is the
threshold voltage, and W and L are the channel width and
length, respectively. It should be mentioned that all FETs
based on OANQ exhibited excellent air stability and no
obvious degradation was observed even after storage for one
month under ambient conditions.

To understand the structure—property relationship of
OANQ, theoretical calculations with the Marcus electron-
transfer theory and an incoherent Brownian motion model
were employed to deduce the hole and electron mobility!'”!
(see the Supporting Information) based on the single-crystal
structure. The hole and electron reorganization energies are
calculated to be 125.3meV and 110.2meV at the DFT/
B3LYP/6-31G* level.™ The room-temperature hole and
electron-diffusion mobilities were obtained to be
0.19cm*V~'s™" and 2.50 cm®V~'s™!, respectively. The simu-
lated electron mobility is inconsistent with the measured
mobility of 0.2 cm*V~'s™!, and ni—m stacking directions (1, 2
and 3, 4 in Figure S8) showed the largest transfer integrals for
electron transport of 33.73 and 15.32 meV, which is even close
to the well-known perylene diimide (PDI) type n-type
semiconductors with transfer integrals of about 50 meV.!""!

In summary, the large m-conjugated N-heteroquinone
OANQ has been successfully synthesized and characterized.
The as-prepared OANQ displays a particularly low LUMO
level and good environmental stability. The existence of
a slight twist on the backbone was believed to have an
important contribution to stabilizing the molecular packing.
The single-crystal FETs of OANQ showed electron-transport
mobilities of up to 0.2 cm*V~'s™' under ambient conditions
and maintained good performance stability. Our results
suggest that the design and synthesis of large m-conjugated
N-heteroquinones could be a promising way to develop new
air-stable n-type materials for FET devices.

Keywords: conjugation - density functional calculations -
electron transport - heterocycles - X-ray diffraction
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