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1. Introduction

n-stacking is a non-covalent interaction caused by the over-

Structures and electronic states of trimer radical
cations of coronene: DFT—ESR simulation study+

Hiroto Tachikawa ('@ and Anders Lund {2 *°

Coronene (Cz4H12), a charge transfer complex with low-cost and high-performance energy storage, has
recently attracted attention as a model molecule of graphene nano-flakes (GNFs). The stacking
structures of the trimer radical cation correlate strongly with the conduction states of the GNFs. In the
present paper, the structures and electronic states of the monomer, dimer and trimer radical cations of
coronene were investigated by means of density functional theory calculations. In particular, the proton
hyperfine coupling constants of these species were determined. The radical cation of coronene*
(monomer) showed two structures corresponding to the 2A, and °Bs, states due to the Jahn-Teller
effect. The 2A, state was more stable than the ?Bs, state, although the energy difference between the
two states was only 0.03 kcal mol™. The dimer and trimer radical cations took stacking structures dis-
torted from a full overlap structure. The intermolecular distances of the molecular planes were 3.602 A
(dimer) and 3.564 and 3.600 A (trimer). The binding energies of the dimer and trimer were calculated to
be 8.7 and 13.3 kcal mol™?, respectively. The spin density was equivalently distributed on both coronene
planes in the dimer cation. In contrast, the central plane in the trimer cation had a larger spin density,
p = 0.72, than the upper and lower planes, both with p = 0.14. The proton hyperfine coupling constants
calculated from these structures and the electronic states of the monomer, dimer, and trimer radical
cations of coronene were in excellent agreement with previous ESR spectra of coronene radical cations.
The structures and electronic states of (coronene),™ (n = 1-3) were discussed on the basis of the theo-
retical results.

utilized as a model of graphene nano-flakes.'*™** As a piece of

important information, it is known that Coro takes a stacking
structure.’*® The stacking and electronic structures in neutral

lapping of m-orbitals between m conjugated systems.' This
interaction plays an important role in structural arrangements
and molecular assemblies in biology,> chemistry,* and materials
science. The degree of m-stacking is an important factor in
controlling the efficiency of photovoltaic power generation.’
Chou et al investigated the effect of the molecular stacking
orientation on the open-circuit voltage of pentacene-based
organic solar cells.” They demonstrated that a significant
increase in the voltage from 0.28 to 0.83 eV occurred, owing to
the n-n stacking of pentacene molecules.

Coronene (C,4H;,, denoted as Coro) has recently attracted
attention as a charge transfer complex® with low-cost and high-
performance energy storage.”” In particular, Coro is widely
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and ionic states are strongly correlated with the conduction
state of the graphene nano-flakes."”” However, the stacking
structure of Coro was not accurately determined. In particular,
the structures at the ion radical (cation) state, controlling the
conduction state, are scarcely known, although several experi-
ments were performed for the cation state.

The electron spin resonance (ESR) technique is one of the
powerful tools to determine the structure and electronic states
of ion radicals. The ESR measurements of the radical cation of
Coro have a long history."®"® In 1968, Willigen et al. reported
the possibility of the formation of the trimer radical cation of
Coro, (Coro);", in SO, with BF;.>° However, the observed ESR
spectrum was not sufficiently resolved to establish the existence
of the trimer unambiguously. Ohya-Nishiguchi et al. measured
the ESR spectra of the trimeric radical cation of Coro generated
by the electrochemical oxidation technique.>’ The proton-
hyperfine coupling constants (hfec’s) in the observed spectrum
were composed of 0.117 mT due to 12 equivalent protons (12H)
and 0.020 mT due to 24 equivalent protons (24H), where mH
denotes the number of equivalent protons. They proposed a full
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overlapped stacking structure of (Coro);". Komaguchi et al.
measured highly resolved ESR spectra of the monomer, dimer
and trimer radical cations of Coro in a solution of 1,1,1,3,3,3-
hexafluoro-2-propan-2-ol (HFP) containing thallium(m) trifluoro-
acetate (oxidant) at room temperature.>” The spectra, consisting
of multiple lines of 0.0766 mT (24H) and 0.013 mT (6H), were
attributable to a mixture of the dimer with the trimer radical
cations. For the dimer radical cation, the hfcc’s were measured
to be 0.077 mT. Based on an analysis of the previously published
data,”® a staggered sandwich structure was proposed for the
“global” minimum of the trimer cation with hfcc’s of 0.122
(12H) and 0.015 (24H), respectively.”> Thus, the experimental
data have been accumulated gradually. However, a structure that
satisfies the previous experimental findings has not been
determined yet.

In the present study, density functional theory (DFT) calcula-
tions were performed for the monomer, dimer, and trimer radical
cations of Coro in order to elucidate their electronic states and
stacking structure. Furthermore, simulations of ESR spectra based
on the DFT calculations were carried out for the stacking struc-
ture. The stacking structures of radical cations of Coro were
determined based on the ESR spectra and the DFT calculations.

2. Computational method

2.1. DFT calculations

The geometries of the neutral Coro, the monomer, dimer and
trimer radical cations of coronene were fully optimized at the
CAM-B3LYP/6-311G(d,p) level of theory.>*>* In the geometry
optimizations, thresholds of maximum force, root-mean square
(RMS) force, maximum displacement of the geometrical para-
meter and RMS of displacement of the geometrical parameter
were set to 4.50 x 10~ * (a.u.), 3.00 x 10~ * (a.u.),1.80 x 10~%, and
1.20 x 10~° (hartrees bohr ' and hartrees radians '), respec-
tively. A quadratically convergent (QC) Hartree-Fock method
was used in all self-consistent field (SCF) calculations.>® SCF
convergence on energy was set to 1.00 x 10> (a.u.). Open-shell
systems (i.e., radical cations) were calculated using the unrest-
ricted method. The vibrational frequencies of the coronene
radical cation (monomer) were calculated to verify the energy
minima on the potential energy surface. Frequency calculations
for the dimer and trimer radical cations were not possible with
the available computer resources. The dimer and trimer radical
cations observed by ESR**"*> had hfcc’s in excellent agreement
with the calculated structures, however, indicating that those
structures are the stable ones observed experimentally. The
standard Gaussian 09 program package was used for the DFT
calculations.>®

2.2. ESR simulation method

The isotropic ESR spectra of the trimer radical cation of
coronene were simulated exactly using the EasySpin software
available at https://www.easyspin.org/. The proton hyperfine
coupling constants in Table 3 were used to simulate the spectra
predicted by the DFT calculations in this work, by an experimental
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Table 1 C-C bond lengths (in A) of optimized structures of the neutral
molecule, and the 2A, and 2Bs, states of the coronene radical cation
calculated at the CAM-B3LYP/6-311G(d,p) level

State

C-C bond Neutral 2A, 2B,y

R1 1.423 1.416 1.411

R2 1.423 1.409 1.418

R3 1.361 1.379 1.360

R4 1.420 1.400 (shortened) 1.432 (elongated)
R5 1.420 1.436 (elongated) 1.398 (shortened)
R6 1.361 1.351 (shortened) 1.388 (elongated)

analysis,*! and by an interpretation®* of the spectrum obtained by
Wwilligen et al.*®

3. Results

3.1. Radical cations of coronene (Coro")

First, the structure of the neutral coronene (denotes as Coro)
was optimized at the CAM-B3LYP/6-311G(d,p) level. The opti-
mized structure and geometrical parameters are given in Fig. 1
and Table 1, respectively. The C-C bonds of the benzene ring
in the central region of Coro were calculated to be R1 = R2 =
1.423 A. In the edge region, the bond lengths for R3-R6 were
1.361, 1.420, 1.420, and 1.361 A, respectively.

Next, the radical cation of coronene (denoted as Coro*) was
optimized by considering the Jahn-Teller (JT) effects. The
energy diagram of the coronene radical cation (Coro") is given
in Fig. 2. Two energy levels were degenerated under Dgy
symmetry (*E,, state). These energy levels were split into two
states (A, and ’Bs, states) in D,, symmetry due to the Jahn-
Teller effect.'”>”*® Therefore, Coro" has two low-lying electro-
nic states. In the present study, the structure and electronic
state of Coro” at the *A, and B, states were investigated.

The optimized structures and singly occupied molecular
orbitals (SOMOs) of Coro" are illustrated in Fig. 2 (lower), and
the geometrical parameters are given in Table 1. Typical
differences of Coro" from neutral state Coro clearly appeared
in the C-C bond lengths of R4, R5 and R6. Compared with the
neutral state (R4 = 1.420, R5 = 1.420, and R6 = 1.361 A), R4 and
R6 were significantly shortened at the A, state (R4 = 1.400 and
R6 = 1.351 A), whereas they were elongated at the ?Bs, state
(R4 = 1.432 and R6 = 1.388 A). In addition, R5 was elongated at
the %A, state (R5 = 1.436 A) and was shortened at the *Bs, state
(R5 = 1.398 A). These structural changes are easily interpreted
in terms of the phase of the SOMO. If the orbital of the C-C

Table 2 Relative energies (AE in kcal mol™) and binding energies (Eging in
kcal mol™?) of stacking forms ABA, ABC, and full overlap, and optimized
interplane distances d(A-B) and d(A-C) (in A) calculated at the CAM-
B3LYP/6-311G(d,p) level

Form AE Eping d(A—B) d(A—C)
ABA 0.00 —13.29 3.600 3.600
ABC 0.10 —13.20 3.622 3.629
Full 2.44 —10.85 3.901 3.901

Phys. Chem. Chem. Phys., 2022, 24,10318-10324 | 10319
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Table 3 Proton-hyperfine splitting constants (hfcc's in mT) of monomer,
dimer, and trimer radical cations of coronene (Coro),™ (n = 1-3). mH
denotes the number of equivalent protons. The calculations were carried
out at the CAM-B3LYP/6-311G(d,p) level. Theoretical hfcc's were adjusted
by a scaling factor (f = 1.092). Different sign conventions were employed
for the hfcc's in ref. 18—-22. This ambiguity did not affect the ESR spectral
shapes

No. of Coro Chemical hfce/mT State or form

n=1 (CoqHyn)™  —0.1560(12H) %A, Present calc.
—0.1556(12H) B, Present calc.
—0.153(12H) Ref. 18 (expl.)
—0.157(12H) Ref. 20 (expl.)
—0.156(12H) Ref. 22 (expl.)
n=2 (Cp4H1z)," —0.0771(24H) Present calc.
0.0770(24H) Ref. 20 (expl.)
0.0766(24H) Ref. 22 (expl.)
n=3 (Cp4H1z)sw —0.1112(12H) ABA Present calc.
—0.0213(12H)
—0.0213(12H)
—0.1110(12H) ABC Present calc.
—0.0211(12H)
—0.0212(12H)
—0.1072(12H) Full overlap  Present calc.
—0.0249(24H)
0.117(12H) Ref. 21 (expl.)
0.020(24H)
0.122(12H) Ref. 20 (expl.)
0.015(24H)

H3

R6

Fig. 1 Optimized structure of coronene at the neutral state calculated at
the CAM-B3LYP/6-311G(d,p) level.

bond is of a bonding or anti-bonding nature, the C-C bond is
shortened or elongated by hole capture, respectively. The
structural change of Coro" occurred according to these rules.
The stabilization energy due to Jahn-Teller effects was 2.29 kcal
mol " (’A, state). These features are similar to the Jahn-Teller
effect in the benzene radical cation: compressed and elongated
structures are obtained after the ionization of benzene.*

In order to elucidate the stability of Coro” on the potential
energy surface (PES), harmonic vibrational frequencies were
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Fig. 2 (upper) Schematic illustration of the energy levels of coronene
radical cations under Dgn, and D, symmetries. The energy levels of the
coronene radical cation (2E,,) are split into A, and ?Bs, states due to the
Jahn-Teller effect. AE(J-T) means stabilization energy (in kcal mol™).
(lower) Optimized structures and SOMOs of the coronene radical cation,
and proton hyperfine coupling constants of the coronene radical cation
(in mT). Relative energies between the A, and 2Bs, states are given
in parentheses (in kcal mol™). Calculations were carried out at the
CAM-B3LYP/6-311G(d,p) level.

calculated for the two electronic states. Coro” (*A,) possessed
all positive frequencies, whereas Coro" (*Bs,) showed an
imaginary frequency, suggesting that Coro* (*B;,) is located at
a saddle point on the PES. This tendency was not dependent on
the calculation methods. The vibrational frequencies are given
in the ESL}

The proton hyperfine coupling constants (H-hfcc’s) were
calculated to be a(H1) = —0.471 mT, a(H2) = 0.099 mT, and
a(H3) = —0.057 mT at the ?A, state, while a(H1) = 0.185 mT,
a(H2) = —0.388 mT, and a(H3) = —0.224 mT at the B3, state.
The average hfcc values are (a(H)) = —0.143 mT at the *A, state,
and (a(H)) = —0.143 mT at the By, state, suggesting that the
two states cannot be distinguished at higher temperatures.
The energy difference between the ?A, and B, states was
calculated to be 0.03 kcal mol ', indicating that the structure at
the ®A, state is slightly lower in energy than that of the *Bj,
state, although the difference is quite small. The hfcc’s of all
protons are given in Table S1 (ESIt).

3.2. Dimer cations of coronene (Coro),"

The optimized structure and the SOMO of the coronene dimer
cation (Coro)," are illustrated in Fig. 3. The interplane distance
was calculated to be 3.602 A. The molecular planes of coro(A)
and coro(B) were almost parallel to each other in the dimer
cation. The structure was distorted from the full overlap
structure by one-half of the C-C bond length. The symmetry
of the structure was C;. The binding energy of Coro' to Coro was
calculated to be 8.71 kcal mol ™. The binding energy is defined
as follows:

This journal is © the Owner Societies 2022
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Fig. 3 Optimized structures and SOMOs of the dimer cation of coronene,
and proton hyperfine coupling constants (in mT). Interplane distance, d(A-
B),isin A, 1A = 0.1 nm. Calculations were carried out at the CAM-B3LYP/6-
311G(d,p) level.

—Eping = E(Coro)," — [E(Coro") + E(Coro)] (1)

where E(X) is the total energy of X. If Ey;,q is positive, the dimer
cation is exothermally formed. The structures of Coro, Coro” and
(Coro);" were fully optimized at the CAM-B3LYP/6-311G(d,p) level.

The hfce’s of (Coro)," were calculated to be a(H1) =
—0.238 mT, a(H2) = 0.116 mT, and q(H3) = 0.117 mT in the
lower coronene, coro(A), while a(H1') = —0.150 mT, a(H2') =
0.064 mT, and a(H3') = 0.065 mT in the upper coronene,
coro(B). The hfcc’s of all protons are given in Table S2 (ESIt).

3.3. Trimer cations of coronene (Coro);"

We examined three stacking forms for the structure of the
trimer radical cation, which are schematically illustrated in
Fig. 4: ABA, ABC and full overlap forms. The ABA and ABC
forms correspond to distorted structures from the full
overlapped form. These three structures were fully optimized
without symmetry restriction. The initial geometries of the ABA
and ABC forms were started from slightly distorted structures
of the full overlap form. The optimized geometrical parameters
and relative energies are given in Table 2. The ABA stacking
form was the most stable in energy. Although the ABC form was
slightly less stable than the ABA form, the energy difference was
quite small. Therefore, both forms are possible to exist by
energy considerations. The full overlap form was 2.34 and

coro(B) [T
RE:)
coro(A)

View Article Online
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2.07 keal mol~" higher in energy than the ABA and ABC forms,
respectively.

The fully optimized structure and spin density distribution
of the trimer cation (Coro);* in the ABA stacking form are
illustrated in Fig. 5. The interplane distances of coro(B) and
coro(C) from coro(A) were 3.600 and 3.600 A, respectively,
which are slightly shorter than for the dimer cation (3.602 A).
(Coro);" had no symmetry. The binding energy of the three
Coro units, Coro" + Coro + Coro — (Coro);', was calculated to
be 13.29 kcal mol . The binding energy is defined as follows:

—Ebing = E(Coro);" — [E(Coro") + 2E(Coro)] 2)

where E(X) is the total energy of X. If Ey;nq is positive, the trimer
cation is exothermally formed. The structures of Coro, Coro" and
(Coro);" were fully optimized at the CAM-B3LYP/6-311G(d,p) level.

The spin densities were 0.721 in coro(A), 0.139 in coro(B),
and 0.139 in coro(C), indicating that the unpaired electron is
mainly distributed on coro(A) in the centre plane (72.1%). The
average hfcc’s for coro(A), coro(B), and coro(C) were —0.1019,
—0.0195, and —0.0195 mT, respectively. The central coro(A) has
a larger average hfcc.

The hfcc’s of all protons are given in Tables S3 and S4 (ESI+t).
The hfce’s in six of the protons were close to zero (less than
0.001 mT). These protons are located on coro(B) and coro(C).
The average hfcc was calculated to be (aH) = —0.0513 mT.
All data are given in the ESIL{

The fully optimized structure and spin density distribution
of (Coro);" with the ABC form are illustrated in Fig. S2 (ESIY).
The interplane distances were d(A-B) = 3.622 and d(A-C) =
3.623 A, which are comparable to those of the ABA form. In the
case of full overlap form, the interplane distance was signifi-
cantly longer (d = 3.901 A). In the neutral state of (Coro)s, the
interplane distance was calculated to be 4.308 A (see, Fig. S3 in
the ESIt), meaning that m-stacking takes place after hole
capture of (Coro)s.

3.4. Hfce’s of (Coro)," (n =1-3)

In the present study, the DFT method was applied to obtain the
hfce’s of (Coro)," (n = 1-3) in order to determine the structures
and electronic states. For n = 1 (monomer radical cation), the
average hfcc was calculated to be —0.143 mT (12H). This value
is in good agreement with the ESR experiments (0.153-
0.156 mT), although the theoretical value is slightly under-
estimated (the factor is f=1.092, indicating that the hfcc’s were
estimated to be within 10% by the used DFT method). The

| da-B) | da-B)

dAc) | I d(A-C)
|

[ da-c)
|

coro(C)

ABA stacking

ABC stacking

Full overlap stacking

Fig. 4 Schematic illustration of three types of n-stacking forms in the coronene trimer cation. Notations d(A-B) and d(A-C) mean interplane distances

between coro(A)—coro(B) and coro(A)—coro(C), respectively.
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Fig. 5 Optimized structures and spin density distributions of the trimer
cation of coronene (ABA stacking form). Interplane distances, d(A-B) and
d(A-C), are in A. The spin density values on the coronene molecules are

indicated. Calculations were carried out at the CAM-B3LYP/6-311G(d,p)
level.

hfce’s of (Coro)," (n = 1-3) adjusted by this factor are given in
Table 3 together with previous ESR data.

In the dimer radical cation, the theoretical value was
—0.0771 mT (24H), which is in excellent agreement with the
experiments: 0.077 mT (24H) and 0.0766 mT (24H). The hfcc’s
of the trimer radical cation with the ABA stacking form
[-0.1112 mT (12H), —0.0213 mT (12H), and —0.0213 mT
(12H)] agreed excellently with previous experiments. The hfcc’s
of the ABC form [—0.1110 mT (12H), —0.0211 mT (12H) and
—0.0212 mT (12H)] agreed well with previous experiments,
indicating that the Coro trimer radical cation has structures
distorted from the full overlap form. The hfcc values at the
centre (12H) and outer (24H) Coro units, [—0.1072 mT (12H)
and —0.0249 mT (24H)] of the full stacking form differed
more from the experiment, however, and were considered
inconsistent with the experimental data.

Based on the DFT data, the ESR spectrum of the trimer radical
cation (ABA form) was simulated and is plotted in Fig. 6. The ESR
spectra measured by van-Willigen and Ohya-Nishiguchi are also
given for comparison. As clearly seen in these spectra, the
simulated line shape of (Coro);" with the stacking structure
(ABA form) reproduces excellently the experimental ESR spectra.
The ESR spectra of ABC and full stacking forms were also
simulated, and the spectra are given in Fig. S4 (ESIf). Similar
shapes of the spectra were obtained for both forms. However, the
values of the hfcc’s of the full overlap form were inconsistent with
the experiments. The full overlap form is also less stable with
respect to energy than the ABA and ABC forms. The present DFT-
based ESR simulation demonstrates that the Coro trimer radical
cation is composed of stacking structures (ABA and ABC forms).

3.5. Effects of functionals

The effects of functionals in DFT on the structure, binding
energy and electronic states were examined, and the corres-
ponding results are shown in the ESI,{ Tables S5-S7. First, the
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(A): Hfcc's from DFT calculations by H. Tachikawa

041 1

03 1
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04F J
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3382 3384 3386 3388 339 3392 3394 3396 3398
B/mT

measurements by vanWilligen et al.

(B): Hfcc's from ESR

T

o
~
T
|

o o o
- N w

Amplitude
o

0.5 L . . . . . . . .
338.2 3384 3386 3388 339 339.2 3394 3396 3398

B/mT
05 (C): Hfcc's from ESR measurements by N. Hirota et al.

04 q

03 i

Amplitude
o

338.2 3384 338.6 3388 339 339.2 3394 339.6 3398
B/mT

Fig. 6 Simulated ESR spectra of the coronene trimer radical cation using
the hfcc's in Table 3. (A) Based on the hfcc's calculated at the CAM-B3LYP/
6-311G(d,p) level multiplied by f = 1.092. (B) Based on the hfcc's deduced
from the experimental spectrum by H. Van Willigen et al.2°?? (C) Based on
the experimental hfcc's obtained by Ohya-Nishiguchi et al.?! The peak—
peak line width was 0.005 mT (Lorentzian shape) in all cases.

structure of the benzene dimer cation was calculated using
CAM-B3LYP, xB97XD, LC-wB97XD, M062X, wB97X, and B3LYP
functionals®* 3 in order to test the effects of functionals. The
interplane distances were calculated to be 3.077-3.133 A, except
for B3LYP (Table S5, ESIt), which are in good agreement with
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that of CAM-B3LYP (3.194 A). The B3LYP functional gave a
poor result for the benzene dimer cation: the interplane dis-
tance (3.354 A) was significantly longer than with the other
functionals. These results indicate that long-range dispersion
interactions play an important role in the stacking of radical
cations of polycyclic aromatic hydrocarbons.

Next, the Jahn-Teller stabilization energy (AE(J-T)) was
calculated (Table S6, ESI{): 2.29 (CAM-B3LYP), 2.27 (xB97XD),
and 2.11 kecal mol™' (M062X), which also agreed with each
other. Lastly, the relative energies of ABA, ABC, and full overlap
forms of (Coro);" were calculated (Table S7, ESIt). Single point
energy calculations with the functionals were performed using
the optimized structure obtained at the CAM-B3LYP/
6-311G(d,p) level. The calculations with all functionals except
for B3LYP gave that the ABA and ABC forms were energetically
more stable than the full overlap form. Slightly distorted
structures of the full-overlap form, namely the ABA and ABC
stacking forms, are candidates for the coronene trimer cation
observed in the ESR measurements.

4. Conclusion

The n-stacking of graphene nano-flakes (GNFs) plays an important
role in hole and electron transfer along the layer structure. Coro
is widely utilized as a model molecule of GNFs. However,
information on the stacking structure of Coro has been limited.
In particular, the structure and electronic states of the Coro
trimer radical cation, which is strongly correlated with the
conduction state, were not determined yet, although the experi-
mental data have been gradually accumulated. In the present
study, DFT calculations were carried out for the Coro monomer,
dimer, and trimer radical cations (Coro),” (n = 1-3). The
calculated hfce’s of (Coro),” were in good agreement with
previous ESR data. As for the trimer radical cation, structures
distorted slightly from the full-overlap form were favoured in
energy as the stacking form (i.e., ABA and ABC forms). ESR
simulations based on the hfcc’s predicted using the DFT
method were carried out for the trimer radical cation. The
simulated spectra of (Coro);* (ABA and ABC forms) were in
excellent agreement with previous ESR spectra. It is therefore
concluded that the Coro trimer radical cation has layer struc-
tures (ABA and ABC) slightly distorted from the full overlap
stacking form.
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