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ABSTRACT: The synthesis and properties of two highly stable K-conjugated
dibenzoazahexacenes are reported. Single-crystal X-ray, optoelectronic, and electro-
chemical characterization combined with theoretical studies show a favorable molecular
packing and an optimal energy alignment of their frontier orbitals for charge transport.
Electrical characterization illustrates that the preferential transport of holes or elec-
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N itrogenated polycyclic aromatic hydrocarbons (N-PAHs)
are receiving a great deal of attention as a platform to
design and synthesize organic semiconductors for a wide variety
of applications." In the acene series, it has been both predicted
and demonstrated that the exchange of C atoms for N atoms
in the aromatic framework provides to these otherwise hole-
transporting materials the ability to transport electrons result
ing in ambipolar or purely electron-transporting materials.'™
Whereas charge transport in azaacenes with different numbers
of N atoms and in different positions has been the subject of
systematic investigations, few studies have focused so far on
other N-PAHs. Among these, pyrene-fused azaacenes (PPA)'*”
are receiving great interest as precursors of narrow nanoribbon-
like structures for organic electronic applications because of
their enhanced length/stability relationship. In this paper, we
report the synthesis and properties of K-conjugated dibenzoaza-
hexacenes 1 and 2 (Scheme 1). Single-crystal X-ray, optoelec-
tronic, and electrochemical characterization studies show a
favorable molecular packing and an optimal energy alignment
of their frontier orbitals for charge transport. Indeed, electrical
characterization of field-effect transistors without any device
optimization illustrate that dibenzoazahexacenes 1 and 2
behave as semiconductors. Furthermore, the preferential trans-
port of holes or electrons depends on the number of N atoms
in the aromatic framework. For instance, p-type transport has
been observed for hexacene 1 with two N atoms embedded in
the aromatic framework, while n-type transport has been
observed for hexacene 2 with four N atoms, illustrating the
multiple possibilities for modulating the properties of this Received: August S, 2016

family of N-PAHs. Published: September 7, 2016

Dibenzoazahexacenes 1 and 2 were synthesized following
the route depicted on Scheme 1. Full procedures are given in
the Supporting Information (SI). Pyrene diketone 3 was syn-
the51zed in one step from pyrene followmg the procedure of
Harris.” The corresponding diamines 4* and 5° were syn-
thesized respectively from commercially available compounds
following reported methods. Cyclocondensation of pyrene
diketone 3 with diamines 4 and 5 in CHCl/AcOH (1:1)
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yielded respectively 1 and 2 in moderate yields (37% and S51%,
respectively) as purple compounds. Compounds 1 and 2 are
soluble in chlorinated solvents, including CH,Cl,, CHCl;, and
o-dichlorobenzene (ODCB).

Crystals suitable for X-ray diffraction were obtained by slow
evaporation of solutions of 1 and 2 in CHCI;, respectively
(Figure 1). X-ray analysis not only confirms the structure but

Figure 1. X-ray structures and packing of dibenzoazahexacenes 1 (top)
and 2 (bottom).

also provides information about packing in the solid state.
Remarkably, the difference in the number of N atoms in the
aromatic core have an almost negligible effect on the overall
structure besides the expected differences imposed by the dif-
ferent C=C and C=N distances. In both cases, the aromatic
core of 1 and 2 is essentially flat while the pending ethynyl
groups are out of plane because of the close proximity of the
TIPS substituents to the protons located in positions 1, 2, 7,
and 8 of the pyrene unit. Molecules of 1 and 2 pile-up in a
similar antiparallel fashion so that bulky TIPS groups allow a
face-to-face packing at 3.397 and 3.233 A, respectively. The
existing tight face-to-face packing provides a pathway for charge
transport and suggests that both 1 and 2 can behave as semi-
conductors.

The electronic absorption spectra of 1 and 2 were recorded
from ODCB solutions (Figure 2). The spectrum of hexacene 1
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Figure 2. Absorption electronic (top) and photoluminescence
(bottom) spectra of 1 and 2 in ODCB.

shows two sets of bands in the visible region with clear vibronic
features that were assigned to the 8 and p bands® respectively
from lower to higher wavelengths, in analogy to acene deriv-
atives. The longest-wavelength absorption of 1 (4,,,,) appears
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at 652 nm. The spectrum of hexacene 2 (4,,,, = 645 nm) does
not differ much from that of 1, which shows the same £ and
p band structure but with evident energy shifts. For instance,
the £ and p bands of hexacene 2 are clearly shifted toward
lower and higher energies, respectively, when compared with 1.
These differences between 1 and 2 can be attributed to the
presence of the two additional N atoms in 2 and are consistent
with the larger change observed on the § bands.’ The photo-
luminescence spectra of 1 and 2 show an emission band with a
vibronic structure that spans from the red into the near-infrared
with maxima at 683 and at 661 nm, respectively.

We computed the first 12 singlet excitations with time-
dependent density functional theory in ODCB with BMK and
B3LYP Hamiltonians with a 6311+g(2d,p) basis set on B3LYP-
odbc-6-31(d,p) minimized geometries (full details in SI). The
two highest possible transitions are allowed and intense and
correspond to the HOMO — LUMO and HOMO-1 —
LUMO. The HOMO — LUMO wavelength for 1 and 2 with
the BMK Hamiltonian are at 657 and 625 nm respectively
which correlate very well with the experimental values (652 and
645 nm), as previously observed in a similar system.””

Cyclic voltammetry studies were carried out in order to
investigate the most accessible redox states (Figure 3). The cyclic
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Figure 3. Cyclic voltammograms of 1 and 2 in 0.1 M nBu,NPF, in
ODCB.

voltammograms of 1 evidence two consecutive reversible reduc-
tion processes (E;;, = —0.81 and —1.26 V vs SCE) and one
reversible oxidation process (E;/, = +1.18 V vs SCE) consistent
with the electrogeneration of the radical anion, the dianion,
and the radical cation, respectively, in analogy to phenazine
derivatives.” The same reduction pattern was observed on the
cyclic voltammograms of 2, namely, two consecutive reversible
reduction waves (E,, = —0.52 and —0.94 V vs SCE). However,
no sign of the reversible oxidation process was observed.
The small residual current on the oxidation scan was attributed
to some decomposition of the compound or of the solvent-
supported electrolyte during the scans, as a scan on the cor-
responding potential window showed no measurable current
(Figure S9).

The optical HOMO—LUMO gaps (Eg,,*") of 1 and 2 were
estimated from the longest-wavelength absorption and cor-
respond to 1.81 and 1.85 eV, respectively. The electrochemical
LUMO levels or electron affinities (Ejyyo) were estimated
from the potential onsets of the first reduction waves. The
E;umo for 1 and 2 correspond to —3.57 and —3.89 eV,
respectively. The Ejyyo of 2 is 0.3 eV lower than that of 1,
which is consistent with the two additional N atoms embedded
in the aromatic framework. The reversible oxidation redox
process for hexacene 1 allows estimating the electrochemical
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HOMO level (Eyomo®Y = —5.43 eV) from the onset of the
oxidation wave and the electrochemical HOMO—-LUMO gap
(Egp"" = 1.85 V), which is in agreement with that estimated
optically. Similar trends were observed on the energy levels for
1 and 2 estimated theoretically at B3LYP/6-311+g(2d,p) and
at BMK/6-311+g(2d,p) (full details in the SI). Eigenvalues
for B3LYP give a good estimate of the E;yyo (—3.31 and
—3.36 eV) and of the gaps (2.00 and 2.06 eV) in ODCB and
vacuum, as previously noted.”” In all other cases BMK provides
better estimates.

As mentioned above 1 and 2 show a similar electronic struc-
ture to acenes. Remarkably, the EgapOpt values of 1 (1.81 eV)
and 2 (1.85 eV) are similar to those of TIPS-pentacene
(1.83 eV),lf‘g’8 TIPS-tetraazapentacene (1.82 eV),” and a sub-
stantially longer dibenzooctaazadecacene (1.86 eV).'® This
implies that the sextets in the lateral rings contribute to the
linear conjugation and provide dibenzoazahexacenes 1 and 2
with an acene character similar to pentacene. This is consistent
with calculations carried out at the BMK-odbc-6311+g(2d,p)/
B3LYP-odbc-6-31(d,p) level that show similar electron den-
sities in the frontier orbitals of 1 and 2 compared to TIPS-
pentacene'*®® and TIPS-tetraazapentacene’ (Figure 4).
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Figure 4. HOMO (bottom) and LUMO (top) of 1 (left) and 2
(right).

To shine light on the charge transport properties of 1 and 2 a
series thin-film field-effect transistors were fabricated and
studied without any device optimization. Thermal gravimetric
analysis of 1 and 2 reveals that both compounds are very stable
even at high temperatures and therefore that they can be
deposited by sublimation. In fact no sign of decomposition was
observed under nitrogen until 388.5 and 381.1 °C for 1 and 2,
respectively (Figure S8). Compounds 1 and 2 were indepen-
dently vacuum-deposited on bottom-contact bottom-gate tran-
sistors fabricated on Si/SiO, substrates on top of which gold
source and drain electrodes had been evaporated. Before the
deposition of the semiconducting layer, the SiO, surface had
been previously modified with octadecyltrichlorosilane (OTS).
Full details on the structure and characterization of the devices
are given in the Supporting Information. The films of 1 show
the typical behavior for p-type semiconductors, and hole
mobilities () of 4.30 X 107* cm® V™! s™" were observed for
the best performing transistor (average y;, = 2.15 X 107 cm®
V~'s7") with moderate on/off currents (I, /o) in the range of
10" (Figure S top). Remarkably the thin films of compound 2
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Figure S. Representative transfer and square root of the absolute
values of current as a function of gate potential (left), and output
(right) curves of thin films dibenzoazahexacenes 1 (top) and 2
(bottom).

that present two additional N atoms in the aromatic framework
show the typical behavior for n-type semiconductors and elec-
tron mobilities (1,) of 6.04 X 10™* cm® V™! s™! were observed
for the best performing transistor (average y, = 1.57 X 107*
cm® V7' s7!) with I, o in the range of 10* (Figure S bottom).
Depositing the semiconductors at higher substrate temper-
atures or annealing of the devices deposited at room tem-
perature result in lower charge carrier mobilities. The mor-
phology of the films was investigated by atomic force micro-
scopy that confirmed a substantial change of morphology with
increasing temperatures that was linked to the lower perform-
ance (Figures S9 and S10).

The transport of different types of charge carriers in the thin
films of 1 and 2 can be rationalized in terms of the intrinsic
stabilization of the HOMO and LUMO with the number of
N atoms present in the aromatic framework. In the case of 1,
the HOMO aligns better with the Fermi level of the gold
electrodes favoring the injection of holes. On the other hand, in
the case of 2, the two additional N atoms stabilize both frontier
orbitals, so the LUMO aligns at a larger extent with the Fermi
energy of gold favoring the injection of electrons.

We have described the synthesis of two K-conjugated dib-
enzoazahexacenes that are remarkably stable (up to ~380 °C
under nitrogen). Even if dibenzoazahexacenes 1 and 2 vary in
the number of N atoms in the aromatic framework (two and
four, respectively), they pack in a similar 7—z face-to-face
fashion in the solid state at virtually the same distance as the
graphite interlayer distance, as observed by X-ray crystallog-
raphy. Their optoelectronic properties, estimated by optical
and electrochemical measurements, reveal HOMO—-LUMO
gaps similar to TIPS-pentacene® and TIPS-tetraazapentacene.’
Charge transport studies carried out on vacuum-deposited thin
films show p-type transport for 1 and n-type transport for 2
with similar mobilities in the range of 10™* cm® V™' s™! without
any device optimization. These differences can be rationalized
in terms of the energy of their HOMO and LUMO levels of 1
and 2 that correlate directly with the number of N atoms.
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