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Abstract: A novel tetrabenzo[a,f,j,o]perylene, namely “biste-
tracene” in which two tetracenes are connected side by side
with two bonds, was synthesized and characterized. An optical
energy gap of about 1.56 eV is derived from the UV/Vis
absorption spectrum, showing the low optical gap feature of
such zigzag-edged polycyclic aromatic hydrocarbons (PAHs).
Theoretical calculations and physical property investigations
manifest that such a PAH possesses a prominent biradical
character in the ground state, which is the first example among
bistetracene derivatives. However, the bistetracene can easily
undergo oxidation to tetrabenzo[a,f,j,o]perylene-9,19-dione
(diketone) under ambient conditions. Thereby, such zigzag-
edged PAH provides insight into understanding the edge state
of other expanded homologues, such as peri-tetracenes or peri-
pentacenes.

Polyacenes display fascinating electronic and optoelectronic
properties resulting from the spin-polarized state at the zigzag
edges.[1] To date, a number of reports have been published on
organic field-effect transistors (OFETs) or organic light-
emitting diodes (OLEDs) that use tetracene, pentacene, and
their derivatives.[2] However, the longer acenes, such as
hexacene, and higher homologues, are susceptible to oxida-
tion under ambient conditions and photolytic degradation,
which causes difficulties in their synthesis.[3] On our way to
pursue the synthesis of peri-fused acene molecules
(Scheme 1), which represent a series of conjugated systems
with two rows of acenes peri-fused together, we must meet
similar challenges. Theoretical calculations predict that the
energy gap drastically decreases upon increasing the length of

the peri-fused acenes.[4] The synthesis of higher homologous,
such as peri-tetracene (Scheme 1), is expected to face low
solubility, a small energy gap and high reactivity under
ambient condition.[5] The smaller analogues, perylene and
bisanthene, have been known for a long time. However, the
attempts to synthesize the next generation of peri-fused
acenes, namely peri-tetracene, have not been successful yet,
probably due to the extremely high reactivity as well as the
lack of proper synthetic protocols.[6]

Recently, polycyclic aromatic hydrocarbons (PAHs) with
singlet biradical feature have been intensively explored.[7]

Several representative types of stable open-shell PAHs have
been reported, including bisphenalenyls,[8] indenofluorenes,[9]

anthenes,[10] and zethrenes,[11] which allow a glimpse of their
peculiar properties arising from the singlet biradical charac-
ter. Theoretical and experimental results have demonstrated
that the major driving force for a singlet biradical ground state
is the gain of additional Clar sextet rings in the biradical
resonance form in comparison to the closed-shell resonance
form, as a result of gaining the aromatic stabilization
energies.[11c,12] In this regard, the tetrabenzo[a,f,j,o]perylene
(TBP 1), namely “bistetracene” in which two tetracenes are
connected side by side with two bonds, has two aromatic
sextets in the closed shell form and a maximum of five
aromatic sextets in the biradical form (Figure 1), regardless of
the positions of the radicals. From the resonance structures,
we can see that the most reactive sites (C5 and C6) are located
at zigzag edges within the two central benzene rings. To obtain
stable and soluble materials, our design is to kinetically block
the reactive sites with bulky mesityl groups (such as 1-1). On
the basis of the resonance structures, more aromatic sextets
for the bistetracene TBP 1-1 or 1-2 will help to stabilize the
biradical resonance form, and thus it is expected to show more
biradical character in the ground state.

In this work, we demonstrate the synthesis of TBP 1,
which has a low optical energy gap and exhibits a singlet
biradical character in the ground state[11c,e] (Scheme 2). First,
selective Suzuki coupling between 1,4-dibromo-2,5-diiodo-
benzene (2) and commercially available o-tolylboronic acid
gave the 2’,5’-dibromo-2,2’’-dimethyl-1,1’:4’,1’’-terphenyl (3)

Scheme 1. Structure of typical peri-fused acenes.
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in 75% yield. Then compound ((4,4’’-di-tert-butyl-2’,5’-di-o-
tolyl-[1,1’:4’,1’’-terphenyl]-2,2’’-diyl)bis(ethyne-2,1-diyl))bis(-
triisopropylsilane) (5) was prepared by Suzuki coupling of 3
with (4-(tert-butyl)-2-((triisopropylsilyl)ethynyl)phenyl)bor-
onic acid (4) in 69% yield. Desilylation of 5 under basic
conditions afforded the diethynylterphenylene 6 in 85%
yield. Next, compound 3,10-di-tert-butyl-7,14-di-o-tolylben-
zo[k]tetraphene (7) (for the crystal structure see Figure S4 in

the Supporting Information, SI) was obtained through the
intramolecular cyclization of 6 in 27% yield. The dimethyl
groups of 7 were then transformed into dialdehyde functions
to afford 2,2’-(3,10-di-tert-butylbenzo[k]tetraphene-7,14-
diyl)dibenzaldehyde (8) through a bromination/esterifica-
tion/hydrolysis/oxidation sequence in a yield of 32%. Sub-
sequently, compound 8 was treated with mesitylmagnesium
bromide to give diol compound ((3,10-di-tert-butylbenzo[k]-
tetraphene-7,14-diyl)bis(2,1-phenylene))bis(mesitylmetha-
nol) (9), which was subjected to Friedel–Crafts alkylation
promoted by BF3·OEt2 to afford 2,12-di-tert-butyl-9,19-dime-
sityl-9,19-dihydrotetrabenzo[a,f,j,o]perylene (10) in 70%
yield in two steps. Finally, the oxidation of 10 with p-chloranil
in dry toluene at room temperature under argon afforded the
target compound TBP 1 as green powder in 85% yield. The
chemical identity of TBP 1 was unambiguously confirmed by
MALDI-TOF MS analysis in the solid state, as depicted in
Figure S5. There is only one dominant peak in the respective
mass spectra of TBP 1, revealing its defined molecular
composition. The isotopic distribution pattern of the mass
peak is in good agreement with the calculated one.

Then, TBP 1 was further investigated by variable temper-
ature 1H NMR spectra. A well-resolved 1H NMR spectrum in
CD2Cl2 solution was obtained at 213 K. The NMR peaks
could be assigned to the structure of TBP 1 with the help of
2D-COSY NMR spectroscopy (Figure S7). Interestingly,
when the temperature was increased, the peaks became
weaker and disappeared at room temperature. The 1H NMR
spectra of the aromatic region of TBP 1 are depicted in
Figure 2. This process was reversible as cooling the sample
back to 213 K gave the same spectrum (Figure S9). This result
suggests a possible radical feature of TBP 1 at room temper-
ature. A similar phenomenon has been observed in phena-

Figure 1. Resonance structures of TBP 1.

Scheme 2. Synthetic route toward TBP 1.
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lenyl-, zethrene-, and teranthene-based biradicals, resulting
from a thermally excited triplet species which is slightly
higher in energy than the singlet biradical state.[8, 10,11]

Therefore, an electron paramagnetic resonance (EPR)
measurement was carried out both in solution and the solid
state to further confirm the biradical nature of TBP 1
(Figure 3). A freshly prepared solution of TBP 1 in toluene

gave unresolved EPR spectra for a biradical with a broad
peak at g-value 2.0035. At the center of the broad peak a tiny
low intensity peak was also observed which was attributed to
a monoradical impurity. The powder sample of TBP 1 was
also EPR-active indicating its biradical feature (Figure S16).
Upon increasing the temperature, the EPR signal intensity
increased which is in agreement with the variable temper-
ature 1H NMR measurements. The Bleaney BowerÏs fit of the
intensity change in EPR signals with temperature in the solid
state gave a singlet-triplet energy gap of 3.4 kcal mol¢1. This
phenomenon again supports the borderline character of
TBP 1 between a Kekul¦ structure and a biradical structure.
Based on the NMR and EPR results we can safely conclude
the biradical feature of compound TBP 1. The biradical
structure of TBP 1 can be described by three resonance forms,

1-1, 1-2, and 1-3 (Figure 1). Whereas in 1-1 the two radical
centers are protected by a bulky mesityl group, these two sites
are unprotected in 1-2. Thus, TBP 1 was found to be unstable
under ambient conditions. The time-dependent EPR mea-
surement in toluene solution at room temperature indicated
that the peak intensity decreased with the time, and that the
signal almost disappeared after 72 h.

Next, the UV/Vis absorption of precursor 10 and TBP 1
were characterized. The absorption spectra of 10 and TBP 1
in dichloromethane (DCM) solution are compared in Fig-
ure 4a. Compound 10 exhibits a well-resolved absorption

maximum at 423 nm along with a small shoulder band
peaking at 492 nm. Interestingly, the solution of TBP 1 in
DCM shows a green color and the absorption spectra yield
a maximum in the near-infrared region (NIR) at 727 nm.
Thus, a low optical energy gap of 1.56 eV for TBP 1 is derived
from the onsets of its UV/Vis absorption spectra. Moreover,
TBP 1 does not show any photoluminescence, which is
a common behavior of biradicaloids.[10b, 11c] This result again
supports that both the Kekul¦ and biradical forms contribute
similarly to the ground state.

Notably, the color of TBP 1 changed quickly when
exposed to air, suggesting that the oxidation took place at
the zigzag edge of TBP 1 as the reactive site. Thus, the time-
dependent UV/Vis measurement was further performed
under ambient conditions to examine the stability of TBP 1.

Figure 2. Variable-temperature 1H NMR spectra of TBP 1 in CD2Cl2 in
the aromatic region.

Figure 3. The change in EPR signal intensity with temperature (&) and
the Bleaney–Bower’s fit (cc). Inset: EPR spectra of TBP 1 in toluene
solution at room temperature and after 72 h.

Figure 4. a) The UV/Vis spectra of the compounds TBP 1, 10, and 11.
b) Time-dependent UV/Vis spectra of TBP 1 at ambient conditions.
c) Oxidation procedure from compound TBP 1 to compound 11.
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While the intensity of the absorption maximum in the NIR
region (727 nm) decreased, the absorption peak at high
energy (295 nm) increased with time (Figure 4b). The decay
time (t) was obtained from the least square fitting by using the
following equations;[13]

AðtÞ=Að0Þ ¼ expð¢t=tÞ or ð1Þ

AðtÞ=Að0Þ ¼ aexpð¢t=t1Þ þ ð1¢aÞ expð¢t=t2Þ ð2Þ

in which A(t) is the absorbance of the low-energy lmax at time
t and t is the lifetime, a is the purity of the radical and the
contribution of (1¢a) comes probably from the precursor.
Then the calculated lifetime (t) of TBP 1 is approximately
35 min based on this equation. Finally, a red color was
achieved for the oxidized product, which was identified as
tetrabenzo[a,f,j,o]perylene-9,19-dione (11; Figure 4c), as con-
firmed by NMR spectroscopy and MALDI-TOF MS analysis
(Figures S10–S13). The UV/Vis absorption of 11 is compared
with TBP 1 in Figure 4a. Apparently, compound 11 shows
a significant blue shift (by 156 nm) for the visible-light
absorption band relative to that of TBP 1, resulting in
a relatively large optical energy gap of 2.04 eV compared to
that of TBP 1.

To gain insight into the electronic structure of TBP 1,
DFT calculations were conducted at the B3LYP/6-31G(d,p)
level of theory using the Gaussian 09 program package. There
are two stereoisomers of the compound TBP 1, for which M-
TBP-1 is more stable than P-TBP-1 (Figure S22). The
calculations show that the bistetracene TBP 1 has a moderate
singlet biradical character index (y = 0.615), as calculated by
using the occupation numbers of the spin-unrestricted Har-
tree–Fock natural orbitals. This result is in agreement with the
above NMR and EPR analysis which demonstrates the
biradicaloid nature of TBP 1. The SOMO a and b orbitals
and spin density are highly delocalized (Figure 5). Whereas
the carbons C5 and C6 have the largest spin densities, the
adjacent carbons C4 and C7 show much smaller spin densities
(Figure 5b). These results indicate that the TBP 1 should be
described as a resonance form between the Kekul¦ and
biradical structure shown in Figure 1. Furthermore, it was
found that the energy of the singlet biradical state is lower
than that of the triplet biradical and closed shell state
(Table S1 in SI). From the calculation, the singlet-triplet
energy gap (DES–T) is 6.7 kcal mol¢1, meaning that TBP 1
features a singlet biradical ground state. In addition, the
harmonic oscillator model of aromaticity (HOMA)[14] values,
which are geometry based aromaticity indices, indicates more
benzenoid character for the peripheral and central six-
membered rings (Figure S24). These findings strongly suggest
that the formation of aromatic sextets overwhelms the
penalty for breaking the p-bond and pushes the resulting
unpaired electrons out to the zigzag edges.[10b]

In summary, we have synthesized the tetrabenzo-
[a,f,j,o]perylene, namely “bistetracene” with two tetracenes
connected side by side with two bonds. Such a zigzag-edged
PAH exhibits a remarkable singlet biradical feature as proven
by variable temperature 1H NMR and EPR spectroscopy,
which is well supported by DFT calculations. Such zigzag-

edged PAH can be considered as a short segment of infinite
graphene nanoribbons with exceptionally long zigzag edges.
Therefore, our studies contribute to an understanding of the
edge states of expanded PAH homologues and graphene
nanoribbons, which may possess a localized nonbonding p-
state around the zigzag edges. It is envisioned that these
zigzag-edged PAHs are promising candidates for the develop-
ment of spintronics given that the edge-localized spins can be
polarized by applying external magnetic/electrical fields.

Keywords: biradical · bistetracene · perylenes ·
polycyclic arenes · zigzag-edge
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