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Two asymmetrically substituted dicyanovinyl heterotetracenes are synthesized and characterized.
Single-crystal X-ray diffractions indicate both intermolecular hydrogen bonds and s-stacking
existing in the solid-state structures. The solvatochromic behaviors of the two heterotetracenes were
investigated in a variety of solvents. Both experimental and computational results suggest that the
two heterotetracenes have low-lying lowest unoccupied molecular orbitals and thus may be potential

n-type or bipolar organic semiconductors for organic electronics.

Introduction

Linearly fused acenes and heteroacenes occupy a promi-
nent position of research in s-conjugated organic small
molecules because of their attractive electronic and optical
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properties.' In particular, many heteropentacenes have been
reported owing to the benchmark of pentacene for thin film
organic field-effect transistors (OFETs). Among these
heteroacenes, sulfur’ or/and nitrogen*’ atoms are intro-
duced widely to tune the solid-state structure and electronic
structure of the organic semiconductors and meanwhile
overcome the shortcomings of acenes such as low solubility
and instability. We found that the reported molecules mainly
introduced sulfur or nitrogen as the bridging atom, and
most of them behave as p-type organic semiconductors.®’
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However, n-type or bipolar materials® needed for complemen-
tary circuits present a challenge for chemists. On one side, it is
difficult to find a suitable electrode for the injection of electrons
into the lowest unoccupied molecular orbital (LUMO) levels
of the n-type semiconductors because the LUMO levels
(>3.0 eV)’ of most n-type semiconductors are incompatible
with the work function of gold (4.8—5.1 eV). Low work function
electrodes such as Ca, Mg, and Al are not environmentally
stable.®® On the other side, the susceptibility of organic semi-
conductors to water and oxygen'® under ambient conditions
makes them technologically unattractive. One strategy to over-
come the problems is to increase the electron affinity of a
semiconducting material, which could not only lower the
LUMO levels but also improve its sensitivity to oxygen and
water. It has been reported that adding strong electron-with-
drawing groups such as fluorine, cyano, or diimide moieties to a
semiconducting core could lower the electron affinity.®* As we
know, acenes'' and heteroacenes'? with strong electron-with-
drawing substituents are scarcely studied.

As an analogue of pentacene, tetracene'> and its heterocycle
derivatives received less attention due to their limited 7 systems.
For the reported heterotetracenes, Takimiya and co-workers
introduced two sulfur and selenium atoms in the backbone of
tetracene and obtained a series of derivatives of heterotetracene
and also constructed high-performance OFET devices.'* Bao’s
group” and Tao’s group'” reported anthra[2,3-b]thiophene, an
analogy of tetracene, and its device application simultaneously.
Bunz’s group reported the synthesis, solid-state structures, and
aromaticity studies of two dialkynylated diazatetracenes and
their parent diazatetracenes.'® To the best of our knowledge,
the introduction of sulfur or/and nitrogen and also an electron-
withdrawing group together in the tetracene-like system has not
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been reported. Functionalization of tetracene with electron-
withdrawing groups is intriguing for the development of stable
n-type or bipolar semiconducting materials because these
functionalized acenes may possess lower LUMO levels than
their correlative parent acenes. This strategy can also help to
create molecular materials with low energy electronic transi-
tions based on donor—acceptor interactions.'”

Dicyanomethylene- and tricyanovinyl-substituted'® oligo-
thiophenes with high electron mobilities have been reported.
However, dicyanovinyl-substituted oligomers'® usually intro-
duce bulky substituent spacers such as triarylamine, and dicya-
novinyl-substituted acenes and heteroacenes have not been
considered. Here, we selected the dicyanovinyl group as the
substituent and heterotetracene with sulfur or/and nitrogen as
core because of the following advantages: (a) The long, platelike
molecular shape of heterotetracene can retain the conjugation of
the whole sr-system and thus facilitate carrier transport. (b) The
heteroatom affects not only on the electronic structures but also
on the solid-state structures led to easy control of the highest
occupied molecular orbital (HOMO)—LUMO energy gap and
an increase the air stability of the materials. (¢) The cyano
groups have strong electron-accepting properties and may be
useful for lower electron affinity.

In this paper, we report the synthesis, solid-state structures,
and photophysical properties of novel indolo[3,2-b]benzo-
[b]thiophene or indolo[3,2-b]naphthalene-based heteroacenes
asymmetrically end-capped with a dicyanovinyl group, i.e.,
BTCN and NCN. To the best of our knowledge, this is the first
report of tetracene-like compounds with an electron-withdraw-
ing group. The target compounds are characterized in detail.
Their electronic properties are studied by using UV —vis/fluor-
escence spectroscopy, cyclic voltammetry, and density func-
tional theory (DFT). The solid-state structures of BTCN and
NCN have been investigated, and the solvatochromic behaviors
of the two compounds in different solvents were studied.

Results and Discussion

The synthesis of the target compounds BTCN and NCN is
outlined in Scheme 1. Suzuki coupling reaction between
4-bromo-3-nitrobenzaldehyde and benzo[b]thiophene-2-
boronic acid or naphthalene-2-boronic acid gave compound
3a or 3b, respectively, in good yields (70—71%). Cyclization of
compound 3a or 3b with an improved Cadogan reaction™*
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SCHEME 1. Synthesis of BTCN and NCN
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using a slight excess of triphenylphosphine in o-dichloroben-
zene afforded compound 2a or 2b. Notably, for compound 3b,
4-(-naphthalene)-3-nitrobenzaldehyde, the a-position of
naphthalene was more favorable to the cyclization, thus giving
bent indolo[3,2-a]naphthalene derivative. The final asymme-
trically substituted heterotetracene derivatives BTCN and
NCN were obtained by condensing the aldehydes 2a or 2b
with excess malononitrile in DMF in the presence of pyridine.
The target compounds BTCN and NCN are soluble in most
common organic solvents, so purification of crude products
was easily performed by recrystallization. All newly synthe-
sized, asymmetrically substituted heterotetracenes were fully
characterized by "H NMR, *C NMR, elemental analysis, and
X-ray single-crystal diffraction and were found to be in good
agreement with their structures.

To estimate the position of the frontier orbital of BTCN and
NCN, density functional theory (DFT) calculations were per-
formed using Gaussian 03*' at the B3LYP/6-31G(d) level. For
BTCN and NCN, as shown in Figure 1, the largest coefficients
in HOMO are mainly located on the heteroacene backbone. As
expected, the coefficients in LUMO are mostly located on the
dicyanovinyl groups. The calculated results indicate that there
may be intramolecular charge transfer, which has been con-
firmed by the optical spectra discussed in the following section.
The energy values of the HOMO and LUMO orbital of BTCN
and NCN were also calculated by using DFT (the HOMO
valuesare —5.81, —5.80eV; the LUMO values are —2.75, —2.74
eV the band gap values are 3.06, 3.06 ¢V for BTCN and NCN,
respectively). The DFT results show that BTCN and NCN both
have low-lying HOMO and LUMO levels which may be helpful
for oxidative stability.

Solid-State Structure of Compounds BTCN and NCN. The
solubility of compounds BTCN and NCN is good in common
solvents, and they can form crystals easily. We obtained a red

(21) Frisch, M. J. et al. Gaussian 03, revision C.02; Gaussian, Inc.:
Wallingford, CT, 2004.
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FIGURE 1. HOMO and LUMO orbitals of BTCN (top) and NCN
(bottom) obtained by DFT calculations.

IS e

FIGURE 2. Solid-state structure of BTCN and a variety of instances
between layers viewed down the b axis; all values in angstroms.

plate single crystal of BTCN by slow evaporation of THF
solution. An X-ray diffraction was performed on the BTCN
single crystal to determine its solid-state structure; see the
Supporting Information. As shown in Figure 2, molecules of
BTCN are nearly planar with the dicyanovinyl end group
deviated only 9.39° from the plane. Interestingly, from the
solid-state interactions we can observe that there are two kinds
of hydrogen-bond-like short contacts existing in the molecule
structure: (a) The imino H atom of pyrrole ring and the N atom
of the cyano group of the adjacent molecules are involved with
an interatomic distance of 2.276 A for N—H- - -N. (b) The
other type of C—H---N short contact involves one of the
hydrogens of the benzene ring carbon and N atom of the other
cyano group, with a slightly longer interatomic distance of
2.649 A. Head-to-tail dimeric pairs formed in order to optimize
the dipole—dipole electrostatic interactions, which alternate
induced layer structures. Furthermore, t—a contacts occurred
between an antiparallel pair with three kinds of short distances
of 3.339, 3.385, and 3.397 A, respectively, while distances
between the pairs are 3.42 A and distances between the head
molecules of two pairs are 6.83 A.

Crystals of compound NCN suitable for single-crystal
X-ray diffraction studies were grown from cold dichloro-
methane and hexane solution (volume ratio, 1:2). As shown
in Figure 3, the molecule of NCN adopted a configuration
similar to that of BTCN except that the dicyanovinyl end
group deviated 12.62° from the backbone plane. However,
unlike BTCN, there was only one kind of hydrogen-bond-
like existing between two adjacent molecules with an intera-
tomic distance of 2.314 A for N—H - - - N. Similarly, head-to-
tail dimeric pairs induced layer by a layer stacking structure.
Also, short distances of 3.36 and 3.39 A existed within
the antiparallel pairs, while distances between the pairs are
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FIGURE 3. Solid-state structure of NCN and variety of instances
between layers viewed down the b axis; all values in angstroms.

3.51A and distances between the head molecules of two pairs
are 6.91 A.

These 7-stacking behaviors that occur between BTCN and
NCN, induced by dipole—dipole interactions, are interesting
for heteroacenes, most of which adopted herringbone pack-
ing and are also different from usual sz-stacking arrange-
ments.”> The double-channel fashion with both hydrogen
bonds and C—H- - -7 contacts may be helpful for establish-
ment of efficient charge-transport systems.

Optical Properties. The photophysical properties of the
two heteroacenes were investigated in dilute solutions and in
thin films. Figure 4 shows their absorption and fluorescence
spectra in CH,Cl, solution. The two compounds both show
two distinct absorption bands, and absorption peaks were at
385, 445 nm for BTCN and 388, 436 nm for NCN, respec-
tively. The two broad absorption peaks indicated that in-
tramolecular charge transfer occurred in the two D—A
molecules, which coincides with the DFT-calculated results.
The maximum absorption wavelengths for BTCN and NCN
in film exhibited significant red-shift compared to those in
solution and located at 527 and 511 nm, respectively, because
of the formation of the aggregates. Such a pronounced
change of the absorption spectrum is a result of the deloca-
lization of the exciton within the stack layers induced by the
m—m interaction.

The maximum emission wavelengths in CH,Cl, solutions
for BTCN and NCN were 544 and 553 nm, respectively. It is
worth noting that the Stokes shift of the fluorescence band of
BTCN and NCN in CH,Cl, solution was much higher with
AL =99 and 117 nm, respectively. The magnitude of the
Stokes shift of the two compounds suggested large differ-
ences between the excited state reached after absorption and
the excited state from which the emission starts.?” Charge-
transfer processes should be fairly effective due to the pre-
sence of a m-donor and a m-acceptor (dicyanomethylene
group).

To gain further insight into the photophysical process
within the two compounds, we investigated their absorption
and emission behaviors in different solvents. The absor-
ption spectra are nearly independent of solvent polarity in
these D—A molecules, indicating a negligible intramolecular

(22) Curtis, M. D.; Cao, J.; Kampf, J. W. J. Am. Chem. Soc. 2004, 126,
4318-4328.
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P.-T. Org. Lett. 2008, 10, 3211-3214.

JOC Article

0.8

06

UV intensity (a.u.)

0.4

PL intensity (a.u.)

o
[}

0.0

! 1 ! ! ! ! ! 1 1
300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

FIGURE 4. UV—vis and emission spectra of BTCN and NCN in
CH,Cl, solution.

TABLE 1.  Optical Properties of BTCN and NCN in Different Solvents
Aabs“/nm llumb/nm
in in in in in Stokes
compd CH,Cl, toluene CH,Cl, THF DMF shift‘/nm
BTCN 445 518 544 547 581 99
NCN 436 517 553 550 594 117

“Measured in a dilute solution (10~° M). *Excited at the absorption
maxima. “Estimated the value in CH,Cl,.

interaction between donor and acceptor chromophores in
the ground states.”> However, their emission spectra exhib-
ited very strong solvent dependence. As shown in Figure 5
and Table 1, the maximum emission peak of BTCN changed
from 518 nm in toluene to 581 nm in DMF, while for NCN
changes occurred from 517 nm in toluene to 594 nm in DMF.
These results suggest that the excited states of our molecules
possess more polar character than the ground state.

The effect of acid on the optical properties of the two
compounds was also studied (Figure 6 and Supporting
Information). Once more, the absorption spectra of BTCN
and NCN showed insignificant changes upon addition of
HCI, HAc, and TFA (see Supporting Information). How-
ever, the emission spectra of the two compounds exhibit red-
shifted wavelength maxima along with a successive decrease
in the fluorescence intensity upon the addition of acid.
Figure 6 (left) showed the change of emission spectrum of
BTCN with increasing HAc concentration. Compared with
other pyrimidine-containing compounds that can be proto-
nated easily,>* the nitrogen atoms of the pyrrole unit in our
compounds seemed not to be protonated as no significant
color change was observed with the addition of acid in the
dichloromethane solutions of these compounds. The
changes of the emission spectra upon addition of acid may
be attributed to solvatochromic behavior as the maximum
emission peak of BTCN in pure HAc was located at 577 nm.
To confirm the explanation, we measured the emission
spectra changes of NCN in CH,Cl, with 1072 M methanol
upon addition of HAc (Figure 6, right). As expected, the
emission spectra of NCN exhibit a successive decrease in the
fluorescence intensity with the increase of HAc content. But
a negligible red-shift of emission spectra was observed
because of the presence of strong polarity methanol before

(24) Achelle, S.; Nouira, I.; Pfaffinger, B.; Ramondenc, Y.; Ple, N.;
Rodriguez-Lopez, J. J. Org. Chem. 2009, 74, 3711-3717.
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FIGURE 5. Emission spectra of BTCN (left) and NCN (right) in different solvents.
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FIGURE 6. (Left) Emission spectrum changes of BTCN in CH,Cl, with increasing HAc concentration. (Right) Emission spectra changes of
NCN in CH,Cl, with 1072 M methanol upon addition of HAc.

TABLE 2.  Electrochemical Properties and DFT Calculated Results of BTCN and NCN

experimental theoretical®
compd EoIV Ered®/V HOMO"/eV LUMO¢/eV AE‘eV HOMO/eV LUMO/eV AE/eV Egopi/eV
BTCN 1.29 —1.42 —5.46 —3.69 1.77 —5.81 —2.75 3.06 2.12
NCN 1.34 —1.33 —5.42 —3.72 1.70 —5.80 —2.74 3.06 1.97
tetracene® 0.72 —5.40 —3.15 2.25
“Obtained from the potential at peak of oxidation and reduction. “Calculated using the empirical equation: HOMO = —(4.44 + E,,°™). “Calculated
from LUMO = —(4.44 + E,s°™%). “Measured using a glassy carbon electrode as a working electrode, a platinum rod as a counter electrode, and Ag/

AgClas areference electrode in CH,Cl, containing 0.1 M n-BuyNPF as a supporting electrolyte at a scan rate of 100 mV/s under an argon atmosphere.
Obtained from the DFT results using Gaussian 03 at the B3LYP/6-31G(d) level. /Estimated from the onset of absorption spectra of the film of two
compounds. *Obtained from ref 3b.

addition of HAc. This result further indicated that the acid Both BTCN and NCN display quasi-reversible oxidations

effect is due to the increase of polarity other than proton- and reductions under the experimental conditions. The
ation of nitrogen center. oxidation peak maxima of BTCN and NCN were found

As compared with other tricyanovinyl-substituted hetero- at 1.29 and 1.34 V vs A,/A,Cl, respectively. The HOMO
oligomers which have been known to demonstrate in- levels of compound BTCN and NCN were estimated from
tense solvatochromic behavior in absorption spectra,25 our the first oxidation onsets to be —5.46 and —5.42 eV,
compounds showed an atypical trend with only observed respectively, which coincide with the DFT-calculated re-
solvatochromic behavior in the fluorescence spectra. As we sults. In the reduction process, BTCN showed lower reduc-
know, this is the first report of solvatochromic behavior of tion potential (—1.42 V) with respect to NCN (—1.33 V),
dicyanovinyl-substituted heteroacenes. indicating that thiophene unit in BTCN shows larger donor

The redox properties of the two heteroacene derivatives property than benzene unit in NCN. Electrochemical band
were investigated by cyclic voltammetry (CV, see Table 2). gaps (1.77 and 1.70 eV for BTCN and NCN, respectively)

were calculated from the onset potentials of the anodic and
(25) () Pappenfus, T. M.: Burand, M. W Janzen, D. E.; Mann, K. R, CathOdIC processes and coincide well w1th the galculated
Org. Lett. 2003, 5, 1535-1538. (b) Eckert, K.; Schroder, A.; Hartmann, H. optical band gaps. These redox properties indicate that
Eur. J. Org. Chem. 2000, 1327-1334. (c) Wang, Y -K.; Shu, C.-F.; Breitung, electron injection is possible and the target compounds
E. M.; McMahon, R. J. J. Mater. Chem. 1999, 9, 1449-1452. (d) Garcia, P.; 1d b tential n-t ambinol . .
Pernaut, J. M.; Hapiot, P.; Wintgens, V.; Valat, P.; Garnier, F; wou ¢ potential n-type or ambipolar organic semicon-
Delabouglise, D. J. Phys. Chem. 1993, 97, 513-516. ductors.
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In summary, we have synthesized asymmetrical substi-
tuted dicyanovinyl heterotetracene compounds. Interest-
ing C—H---N interactions were found in the solid struc-
tures. Both DFT-calculated results and experimental data
indicated that the two electron-deficient heterotetracenes
have low-lying LUMOs which may facilitate electron injec-
tion. The stable reduction behavior, coupled with their
favorable m-stacking features, makes the heterotetracenes
viable candidates for potential n-channel or ambipolar
organic semiconductors. Experiments are underway to test
this hypothesis.

Experimental Section

Synthesis of 8-Dicyanovinyl-6 H-indolo[3,2-b]benzo[b]thio-
phene (BTCN). At room temperature, malononitrile (0.18 g,
2.73 mmol) was added to a 100 mL two-necked flask containing
2a (0.67 g, 2.67 mmol) and 50 mL of DMF. After the mixture
was stirred for 3 min, pyridine (0.5 mL) was added to the
mixture. Then the solution was refluxed for 12 h, after which
the resulting mixture was poured into ice—water and red pre-
cipitate formed immediately. Crude product BTCN was
obtained by filtration as a red solid. Purification of the crude
product by recrystallization in acetonitrile afforded a red crystal
(0.5 g, 63%). 'H NMR (400 MHz, DMSO-d, 9): 7.67—7.71
(t, 1H), 7.74=7.77 (t, 2H), 7.47—7.56 (m, 2H), 7.76—7.78 (d,
1H), 7.98—8.00 (d, 1H), 8.09—8.14 (m, 2H), 8.29 (s, |H), 8.56 (s,
1H), 12.86 (s, 1H). *CNMR (100 MHz, DMSO-d, d): 76.72,
114.84, 115.12, 115.62, 116.80, 120.04, 121.68, 122.06, 125.13,
125.43, 126.12, 126.23, 126.62, 140.35, 143.05, 143.99, 162.09.
Anal. Calcd for C;gH9N3S: C, 72.22; H, 3.03; N, 14.04. Found:
C,72.15; H, 3.16; N, 13.88.

Synthesis of 8-Formyl-6H-indolo[3,2-b]benzo[b]thiophene
(2a). Compound 2a was synthesized with a improved Cadogan
cyclization method. A solution of compound 3a (1.3 g, 4.59
mmol) and PPh; (3 g, 13.77 mmol) in 0-DCB (15 mL) was heated
to reflux with vigorous stirring. After 12 h, the solvent was
stripped under high vacuum, and the resulting dark solid was
purified with column chromatography on silica gel with petro-
leum ether/ethyl acetate (5:1) as the eluent, affording 0.96 g
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(86%) of 2a as yellow solid. EI-MS: m/z 251.3 (M™). '"H NMR
(400 MHz, DMSO-d, 6): 7.39—7.52(m, 2H), 7.76—7.78 (d, 1H),
7.92—7.95 (t, 2H), 8.08 (s, 1H), 8.93 (s, 1H), 10.10 (s, 1H).
BCNMR (100 MHz, DMSO-d, 6): 114.64, 116.22, 119.61,
120.00, 121.44, 125.03, 125.25, 126.03, 126.26, 126.46, 131.65,
140.38, 141.78, 143.49, 192.99. Anal. Calcd for C;sHoNOS: C,
71.69; H, 3.61; N, 5.57. Found: C, 71.45; H, 3.47; N, 5.80.

Synthesis of 4-(Benzo[b]thiophene-2-yl)-3-nitrobenzaldehyde
(3a). Into a mixture of benzo[b]thiophene-2-boronic acid (2.14
g, 12 mmol) and 4-bromo-3-nitrobenzaldehyde (2.76 g, 12
mmol) in freshly distilled THF (20 mL) was added 2 M
K,CO; solution (15 mL), and then Pd(PPhs)4 (100 mg) was
added in one portion under argon. The mixture was refluxed for
24 h. The mixture was cooled to room temperature and then
extracted with ethyl acetate. The organic layers were dried and
evaporated in vacuum. The residue was purified with column
chromatography on silica gel with petroleum ether/ethyl acetate
(2:1) as the eluent to give pure 3a (2.41 g, 71%) as an orange
yellow solid. EI-MS: m/z 283 (M"). '"H NMR (400 MHz,
CDCl3): 6 =7.39—7.44 (m, 3H), 7.82—7.87 (m, 3H), 8.11—8.13
(d, 1H), 8.31—8.32 (d, 1H), 10.10 (s, 1H). "*C NMR (400 MHz,
CDCl;) 6 = 122.18, 124.37, 124.47, 124.66, 124.94, 125.03,
125.61, 132.03, 132.63, 133.18, 133.61, 136.19, 136.22, 139.69,
140.59, 189.15. Anal. Calcd for C;5sH9NO;S: C, 63.59; H, 3.20;
N, 4.94. Found: C, 63.44; H, 3.37; N, 5.30.
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