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Cycloreversion of diheptacenes, the covalently bound dimers of hepta-
cene, in the solid state produces heptacene. In addition, diheptacendiyl
diradical can be detected by ESR spectroscopy. The diradical has a small
singlet—triplet energy gap of —0.02 kJ mol* (—4.8 x 10~ kcal mol™Y) in
favor of the singlet state and is persistent in solid heptacene.

Heptacene is an organic semiconductor that can rival the well-
established pentacene standard.! The problems associated with
the inherently higher reactivity of heptacene can be mitigated
by using a protected heptacene precursor that is transformed
into heptacene in situ." Currently, two suitable precursors are
known for this purpose: 7,16-dihydro-7,16-methanoheptacen-
19-one A"* and the mixture of diheptacenes B (Scheme 1).
Heptacene can be obtained from A by photochemical or ther-
mal CO extrusion in the solid state."”* The covalent heptacene
dimers B undergo cycloreversion to heptacene as shown by
solution phase UV/vis and solid state NMR spectroscopy as well
as UV/vis and IR spectroscopy under matrix isolation condi-
tions after sublimation of the generated heptacene.® This
approach allowed deposition of heptacene on coinage metal
surfaces and its characterization by a multitude of surface
science techniques, including “orbital tomography” and scan-
ning tunneling microscopy, as well as action spectroscopy in
helium nanodroplets.®>”

While the cheletropic extrusion of CO is allowed by the
principle of orbital symmetry conservation, the [4s + 4]
cycloreversion of diheptacenes B is forbidden under thermal
conditions.® A stepwise cycloreversion is thus likely, and this is
expected to involve a diradical intermediate, diheptacendiyl
diradical (DHD) (see Scheme 1). This assumption was
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substantiated by the computational investigation of heptacene
dimerization.’

Recall that the photochemical [4s + 4] dimerization is an
allowed reaction and an important photoreaction of acenes.'®™> In
a broader context, the thermal dimerization of acenes (and by the
principle of microscopic reversibility their cycloreversion) is of
substantial interest in the context of the pressure induced transi-
tion of graphite to diamond as well as the shock compression of
aromatic systems.'>"*

We here report the ESR spectroscopy detection of a dihepta-
cendiyl diradical DHD in the solid state synthesis of heptacene
by the cycloreversion of diheptacenes. The diradical has a very
small singlet-triplet energy gap and is persistent in the hepta-
cene solid. This is the first instance of the observation of
an intermediate in the orbital symmetry forbidden thermal
[:4s + n4;5] cycloaddition/cycloreversion of heptacenes. The
corresponding diradical was previously suggested to be
involved in the photolysis of 1,2,3,4,5,6,7,8-octamethylan-
thracene.'®
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Scheme 1 Synthesis of heptacene from bridged monoketone precursor
A or from mixture of diheptacenes B. For ease of representation, only one
possible isomer of diheptacendiyl DHD, namely 7,7',16,16'-tetrahydro
[7,7'-diheptacen]-16,16’-diyl (7,7’-DHD), is shown.
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Fig. 1 (a) Temperature dependent EPR signal of 7,7'-diheptacenyl diradi-
cal; signal intensity increases with decreasing temperature. (b) Plot of the
product of integrated signal intensity and temperature T vs. T; the red line
is the fit to the data using the Bleaney—Bowers equation.

The diheptacene powder sample obtained after synthesis is
diamagnetic and shows no ESR signal between 5-298 K. After
heating the diheptacene precursor at 315 °C for 15 min, we
were able to detect a signal at room temperature (Fig. 1, see
ESLt Fig. S1 for an enlargement). Keeping the sample at room
temperature, the signal intensity increases until it has reached
its maximum after 5-6 hours. The next day and even several
weeks later, no change in intensity was observed. We assign
this signal to an organic diradical based on the chemical shift
and the observed temperature dependence of the signal inten-
sity (Fig. 1a and b).'® Note that the signal intensity of doublet
radicals is not temperature dependent.’® The observed signal
does not show zero-field splitting (ZFS), which is explained by
the expected small |D| value of the most stable rotamer of the
diradical (see below and ESIf). Due to the small |D| value also
no half-field signal could be detected (see ESIf for a more
detailed discussion and simulated ESR specta).

The signal intensity shows pronounced temperature depen-
dence (Fig. 1a) that was reversible in the temperature range
4-298 K. Mathematically, the temperature dependence of the
ESR signal intensity of triplet diradicals can be described using
the Bleaney-Bowers equation (see ESIT)."®'” The signal inten-
sity increases at low temperatures (Fig. 1a) and when plotting
the product of intensity and temperature (Int*7) against T for
temperatures between 4-100 K, we obtained non-linear beha-
vior (Fig. 1b). This is evidence of a singlet ground state with a
very small energy gap between triplet and singlet states.
Through a fit procedure we determined a value of AEsy =
—0.02 kJ mol™" (—4.8 x 10~° kcal mol ") for the singlet-triplet
energy gap in favor of the singlet state (see ESIt).

The previous investigation of the solid-state cycloreversion
of diheptacenes could measure a solid state *C cross-
polarization magic angle spinning (CP-MAS) NMR spectrum
of the resulting solid heptacene sample after heating of the
diheptacene sample.? As the ESR method is very sensitive to the
presence of low concentrations of radical species, the NMR
spectrum may not be affected by the presence of diradicals
provided their concentration is low. Indeed, transferring
the sample into a solid-state NMR spectrometer gave the
13C-CP-MAS spectrum of heptacene as reported previously.®

Heptacene itself can be excluded as the detected ESR active
species as heptacene photogenerated from the o-diketone
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Fig. 2 Zero-point vibrational energy (ZPVE) corrected potential energy
diagram (Eo in kcal mol™) for rotation of the two heptacenyl wings of the
triplet state of 7,7/-DHD as computed at the M06-2X/def2-SVP level of
theory. The dihedral angle 0 involving the red atoms is given in degree.

precursor is ESR silent in an argon matrix."® In addition, the
singlet-triplet energy gap of heptacene is expected to be much
larger than 5 cal mol ' based on available computational data
that arrive at gaps ranging between 9-12 kcal mol *.>'972?

A more likely carrier of the diradical signal is the dihepta-
cendiyl diradical DHD. This assumption can be substantiated
using computational chemistry methods with a focus on the
centrosymmetric diheptacene isomer. The data for the lower
symmetry 6,7’-DHD isomer are very similar and can be found in
the ESL7 After breaking of one C-C single bond between
bridgehead carbon atoms, the resulting 7,7’-diheptacendiyl
diradical (7,7'-DHD) was treated in its triplet electronic state
using the M06-2X/def2-SVP method. A scan of the potential
energy surface around the dihedral angle involving the remain-
ing C-C single bond revealed three local minima and three
local maxima (see ESI, T Fig. S8). Their structures were subse-
quently fully optimized (Fig. 2). The most stable minimum has
a large dihedral angle of 173°, while the others have smaller
dihedral angles and are about 3 kcal mol™" (dihedral angle of
29°) and 5 keal mol " (dihedral angle of 59°) higher in energy. A
very small energy barrier of 0.2 kcal mol™" with respect to the
higher energy rotamer interconnects the latter two rotamers.
The most stable rotamer represents the most significant struc-
tural distortion compared to diheptacene as the two heptacene
moieties are in an anti arrangement.

The geometry and the energy of the singlet state of the
diradical computed using the symmetry broken approach
(UMO06-2X/def2-SVP) are quite similar to that of the triplet state.
The difference in energy is merely 0.1 kcal mol ™" in favor of the
singlet state in qualitative agreement with experiment. The
essentially isoenergetic nature of the singlet and triplet state
is confirmed by more sophisticated strongly contracted
N-electron valence state perturbation theory (SC-NEVPT2/def2-
SVP) computations based on a CASSCF(10,10) wavefunction.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Computed (UM06-2X/def2-SVP) spin-density of the most stable
rotamer of 7,7'-DHD.

While the singlet state is lowest in energy for the most stable
conformer with 173° dihedral angle, this ordering is reversed
for the next higher conformer (dihedral angle of 29°). The
energy differences between the electronic states are, however,
less than 0.1 kcal mol *. The computational analysis shows
convincingly that the 7,7’-diheptacenyl diradical (and by ana-
logy the 6,7'-diheptacenyl diradical) are very reasonable carriers
of the observed ESR signal.

Conformers with small dihedral angle are expected to read-
ily collapse to dimer B after intersystem crossing from the
triplet to the singlet state. The barrier for this process was
computed to be less than 1 kcal mol ' by Bendikov et al.® As the
diradical species is persistent at room temperature in the solid
for a long time, we conclude that the conformer with the large
dihedral angle of 173° is the most likely carrier of the ESR
signal. The barrier for rotation about the C-C single bond is
sizeable (about 12 kcal mol ™', see Fig. 2) and the rotation is
likely strongly restricted by the solid state environment of the
diradical causing a much larger barrier than derived from our
gas phase computations.>® The computed spin-density shows
strong delocalization (Fig. 3), and the computed |D| value** for
this rotamer is indeed very low (see ESI, T also for 6,7’-DHD), in
agreement with the lack of ZFS and half-field signal in the
measured spectra.

In summary, the diheptacendiyl diradical was detected by
ESR spectroscopy of the heated diheptacene powder and has a
very small singlet-triplet energy splitting of —0.02 kJ mol™" in
favor of the singlet state based on the temperature dependence
of the ESR signal intensity. The diradical is persistent in the
solid heptacene matrix at room temperature for a long time.
This is the first observation of an intermediate in the orbital
symmetry forbidden thermal dimerization of heptacene, which
confirms previous computational analyses of thermal acene
dimerizations or cycloreversions of acene dimers.’
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