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ABSTRACT: In two steps from commercially available
starting materials, four novel hexazapentacene derivatives
have been synthesized through cyclocondensation reaction
between tetraamines and 1,2-diketones. The observed
optical bandgaps for 2,3,9,10-tetramethyl-1,4,6,8,11,13-
hexaza-pentacene (TMHAP, 1), tetraethyl-1,4,6,8,11,13-
hexaza-pentacene (TEHAP, 2), 1,2,3,4,10,11,12,13-octahy-
dro-5,7, 9,14,16,18-hexazaheptacene (OHHAH, 3), and
tetra(2-thioyl)-1,4,6,8,11,13-hexazapentacene (TTHAP, 4)
are 2.55, 2.55, 2.45, and 2.25 eV, respectively. The cyclic
voltammetry measurements show that all compounds
exhibit one revisable reduction waves. The calculated
bandgaps through DFT calculations for TMHAP (1),
TEHAP (2), OHAH (3), and TTHAP (4) are 2.41, 2.41,
2.34, and 2.15 eV, respectivly, which are close to the
experimental results. Our success in synthesizing hex-
azapentacene derivatives might offer a promising strategy
to challenge larger azaacenes with more N atoms.

n past decades, there has been significant interest in

developing larger acenes'™® because of their potential
applications in semiconductin§ devices such as organic field
effect transistors (OFETs),*” organic light-emitting diodes
(OLEDs),” and photovoltaic cells. However, without any
exception, the parent acenes always display p-type character-
istics and the hole mobility of thin films can go as high as 4.28
cm? V7! s713* As the counterparts, n-type materials, which are
the required active materials in semiconducting devices to
complete p—n junctions or complementary logic behaviors, are
obviously lagged.” Currently, pursuing high-performance n-type
materials has become the focus of materials research. One
strategy suggested by Houk et al. is that N-substituted acenes
could exhibit promising electron-transport behaviors because of
their high electron affinities.® Moreover, N-substituted acenes
are believed to be less sensitive to degradation through
oxidation or dimerization.” Furthermore, the number, position,
and valence states of N atoms in backbones make the
properties of N-substituted acenes more diverse.*'® All these
exciting features highlight the resurgence of research on N-
substituted acenes.

Because of their strongly enhanced electron affinities, N-
heteroacenes as n-channel organic semiconductors have been
widely observed.'"'? Some of them have already shown
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reasonable electron mobilities. More importantly, the replace-
ment of CH groups with sp* N atoms will offer many chances
to manipulate stability, photophysical and electrical properties,
and diverse structural backbones of N-heteroacenes. To fully
understand the structure/property relationship, it is necessary
to prepare more novel N-heteroacenes to enrich this family.
There are two convenient methods to create N-hetero-
acenes:'> (a) condensation reactions between ortho-diaminoa-
cenes and ortho-diketoacene (or hydroxyl-ketone) and (b)
substituted reactions between ortho-diaminoacenes and ortho-
dihydroxylacenes (or ortho-dihaloacenes or ortho-dicycanoa-
cenes) following oxidation. In our research, we are more
interested in the first method because the formation of C=N
bonds can be readily achieved through simple cyclocondension
reaction from commercially available reagents or easily
prepared immediates. Here, we reported the synthesis,
characterization, and properties of four novel N-substituted
pentacenes (Scheme 1): 2,3,9,10-tetramethyl-1,4,6,8,11,13-
hexazapentacene (TMHAP, 1), tetraethyl-1,4,6,8,11,13-hexaza-
pentacene (TEHAP, 2), 1,2,3,4,10,11,12,13-octahydro-

Scheme 1. Synthetic Route of Four Hexazapentacene
Derivatives: TMHAP (1), TEHAP (2), OHAH (3), and
TTHAP (4)°
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“Reaction condition: (a) acetic acid, IBX, reflux, 48 h.
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5,7,9,14,16,18-hexazaheptacene (OHHAH, 3), and tetra(2-
thioyl)-1,4,6,8,11,13-hexazapentacene (TTHAP, 4).

Four novel hexazapentacene derivatives 1—4 were success-
fully synthesized through the cyclocondensation reaction
between 9,10-diazo-2,3,6,7-tetraaminoanthrance hydrochloride
salt (5)'* and the corresponding commercially available
diketones 6—9 (Scheme 1). All as-prepared compounds
TMHAP (1), TEHAP (2), OHHAH (3), and TTHAP (4)
have been fully characterized by elemental analysis, 'H NMR,
FT-IR, and high-resolution mass spectrometry. Because of their
poor solubility, we only observed the *CNMR spectrum of
TTHAP (4) (see Supporting Information).

The '"HNMR spectra (in CF;COOD, 400 MHz) of four
hexazapentacene derivatives 1—4 are shown in Figure 1. The
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Figure 1. '"H NMR spectra of hexazapentacene derivatives 1—4 in
TFA-d solutions.

aromatic proton signal at 7.49 ppm (s, 4H) in Figure la
belongs to H-a in TMHAP (1). The proton signal for methyl
group in TMHAP (1) can be observed at 2.79 ppm (s, 12H).
Compared to compound 1, the aromatic proton signals of
TEHAP (2, 7.59 ppm, 4H) and OHHAH (3, 7.70 ppm, 4H)
are shifted to relatively lower field. The peaks at 1.48 ppm (t,
12H) and 3.15 ppm (q, 8H) in Figure 2b can be assigned to the
protons in ethyl group of TEHAP (2) while two triplet signals
(327 ppm (8H) and 2.16 ppm (8H)) in Figure lc are
contributed from the protons in cyclohexane groups of
OHHAH (3). Since TTHAP (4) has no alkane groups, all
proton peaks are observed in lower field. Clearly, the peaks at
7.88 ppm (d, 4H), 7.72 ppm (d, 4H), 7.30 ppm (q, 4H) belong
to the protons in thiophene group, namely, H-d, H-b, and H-c,
respectively, and the single peak at 7.79 ppm (4H) comes from
the protons in hexazapentacene backbone.

Using dimethylformamide (DMF) as solvent, TMHAP (1)
and TEHAP (2) form orange solutions, while OHHAH (3)
gives a pink solution and TTHAP (4) generates a red color
(Figure 2a, inset). The phenomena come from two aspects: (1)
the effect of substituted groups and (2) solvent effect. For
TTHAP (4), there might be some intramolecular charge
transfer between thiophene groups and hexazapentacene
backbone, which will cause the red-shifted UV—vis absorption
(Figure 2a). As to OHHAH (3), the tailed, red-shifted UV—vis
absorption might come from synergistic effects resulting from
cyclohexane groups and DMF molecules. It is well-known that
the cyclohexane group is helpful for 77 stacking,"> which
makes the solubility of OHHAH (3) very poor. In addition,
DMEF is a poor solvent to cause aggregation of OHHAH (3).

(a)

0.8 -

0.6+

0.4

Absorbance

0.2+

300 400 S(IJO 660 700 800 90C
Wavelength / nm

0.8+

064

Absorbance

o

0.2+

0.0 T Y T Y T Y T T T Y T 4 T
300 400 500 600 700 800 900
Wavelength / nm

Figure 2. (a) Normalized absorption spectra of four compounds 1—4
in DMF solutions, concentration, 5 X 107> M. (b) Normalized
absorption spectra of four compounds in TFA solutions, concen-
tration, 5 X 107> M. Black line, 1; red line, 2; blue line, 3; pink line, 4.
The insert shows the color changes in DMF (a) and TFA (b).

As shown in Figure 2a, the maximum absorptions of
hexazapentacene derivatives 1—4 (5 X 107> M in DMF) are
485, 486, 507, and 551 nm (see Table 1), respectively. The
corresponding calculated optical bandgaps for TMHAP (1),
TEHAP (2), OHHAH (3), and TTHAP (4) are 2.55, 2.55,
245, and 225 eV. As observed in the previous report,'
trifluoroacetic acid (TFA) could dramatically shift the UV—vis
absorption of four hexazapentacene derivatives 1—4 to 670,
680, 670, and 810 nm, respectively, due to the protonation of N
atoms in haxazapentacene backbones.

The electrochemical properties of hexazapentacene deriva-
tives 1—4 in THF were studied in a three-electrode
electrochemical cell with tetrabutyl-ammonium hexafluoro-
phosphate (Bu,NPF() (0.1 M) as electrolyte and Ag/AgCl as
reference electrode (Figure 3 and Table 1). All materials exhibit
one reversible reduction wave, suggesting that they have
excellent electrochemical stability. No oxidation peaks (except
for 4, Supporting Information) were observed, indicating that
they are intrinsic n-type organic semiconductors. The half-wave
reduction potentials for TMHAP (1), TEHAP (2), OHHAH
(3), and TTHAP (4) are —0.83, —0.87, —0.82, and —0.81 V,
respectively, which correspond to the lowest unoccupied
molecular orbital (LUMO) energy levels of —3.57, —3.53,
—3.58, and —3.59 eV, using the empirical equation Ejypo =
—[44 + E*] ev."” Thiophene groups in TTHAP (4) have a
big effect on the positions of HOMO and LUMO energy levels
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Table 1. Physical Properties of Four Hexazapentacene Derivatives 1—4

Compounds E*, (V)° LUMO (eV)® HOMO (eV)©
1 —-0.83 —-3.57 —6.12
2 —0.87 —-3.53 —6.08
3 —0.82 —-3.58 —6.03
4 —0.81 —3.59 —6.14

B A (eV)?/nm] LUMO (eV)*© HOMO (eV)* Eg,, (eV)°
2.55/485 —-3.21 —-5.63 241
2.55/486 -3.18 —5.60 241
2.45/507 -3.21 -5.56 2.34
2.25/551 -3.33 —-5.48 2.15

“Obtained from cyclic voltammograms in tetrahydrofuran. Reference electrode: Ag/AgCL bCalculated from cyclic voltammograms. “Calculated
according to the formula Eyomo = ELumo — Egapr dOptical band gap, Eg,, = 1240/, “Obtained from theoretical calculations.

15

1.04
0.5+
0.0+

0.5

Current / pA

-35 —7r r I 1 - 1 1117
-1.6 -14 -1.2 -1.0 -0.8 -0.6 -0.4 0.2 0c
Potential / V vs Ag/ AgClI

Figure 3. Cyclic Voltammetry curves of 1—4 in THF solution
containing 0.1 M Bu,NPF electrolyte. Scanning rate: 50 mV/s.

compared to alkane substituted groups in TMHAP (1),
TEHAP (2), and OHHAH (3).

The highest occupied molecular orbital (HOMO) energy
levels of compounds 1—4 were calculated from the optical
bandgap and LUMO levels, shown in Table 1. Clearly, the
bandgaps of four new compounds were relativelgr largger than
pentacene (1.77 eV) and hexacene (1.57 eV).**™'¥ It was
found that the HOMO levels of as-synthesized four
hexazapentacenes were lower than pentacene (—5.14 eV) and
hexacene (—4.96 eV),* indicating that they could show better
stability in electronic devices. Moreover, LUMO levels of the
four compounds were relatively lower than pentacene (—3.37
eV) but nearly identical with hexacene (—3.56 eV).>*'®

Electronic structures of novel compounds hexazapentacene
derivatives 1—4 are theoretically investigated through calcu-
lation. The molecular geometries of 1—4 were optimized usin
density functional theory (DFT) at the B3LYP/6-31G* level."
The ground state frontier molecular orbitals of the optimized
molecules were also calculated at the same level, as shown in
Figure 4.

The HOMO and LUMO orbitals of compounds 1—3 are all
delocalized on the hexazapentacene backbones. Not only are
the HOMO and LUMO orbitals of TTHAP (4) delocalized on
the hexazapentacene framework, but the thiophene groups also
participated in the orbitals. The calculated band positions for all
four compounds are presented in Table 1, which indicates that
the calculated HOMO, LUMO energies and the bandgaps are
close to the experimental results.

In conclusion, four novel hexazapentacene derivatives 1—4
have been successfully synthesized in efficient two steps from
commercially available compounds. All materials have been
investigated by photophysical and electrochemical methods.
The reduction waves suggest that all materials are n-type
semiconductors, which have potential applications in organic
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Figure 4. Wave functions for the HOMO and LUMO of
hexazapentacene derivatives 1—4.

electronics. To the best of our knowledge, this is the first case
where six N atoms are introduced into the pentacene backbone
to form the conjugated molecules. Our method could offer a
promising strategy to approach larger heteroacenes with more
N atoms.
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Experimental details and supporting figures including, *CNMR
for TTHAP (4), FT-IR, TGA, and high-solution mass spectra.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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