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Abstract

Toroidal conjugation is a unique way of charge and exciton delocalization via through-
space overlap among circularly stacked m-orbitals, but the examples have been limited to
intramolecular phenomena where m-planes are arranged around a hub molecule. In this
study, we extend this concept to intermolecular phenomena and demonstrate the first

example of intermolecular toroidal conjugation in designed systems, in which a circular
n-stacked array is formed by molecular self-assembly. X-ray single-crystal analysis
unequivocally revealed a toroidal array of 16 m-planes formed by the supramolecular
dimerization of phthalocyanines substituted with eight pillar-like diazapentacenes
interdigitating their n-pillars. The experimentally determined interplanar distances in the
toroidal m-stacking array were close enough to realize through-space conjugation. We
investigated the existence of charge and exciton delocalization in the toroidal m-stacking
array using various steady-state and time-resolved spectroscopies and found that the
positive charge migrated in the toroidal n-stacking array in the cationic and photoexcited

states.

Introduction

Electronic conjugation is one of the most important concepts in the field of chemistry
owing to its relationship with a diverse range of chemical phenomena. The concept of
electronic conjugation was originally developed to describe the delocalization of
electrons in successive p-orbitals, that is, m-conjugation.! Its scope was later extended to
much wider systems, including other types of orbitals, except for the delocalization

among p-orbitals, such as 6-conjugation,'>’! o,n-conjugation, and n,d-conjugation,>®!
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and so forth. In addition to these electronic communications through chemical bonds,
through-space orbital interactions are also important, particularly in relation to charge and
energy transport phenomena.l”’ In 2005, Kochi proposed a unique type of conjugation
called toroidal conjugation,® in which through-space orbital interactions between
cofacially stacked m-planes continue circularly; that is, a toroid of successive m—
7 interactions (Figure 1a). In the first report on toroidal conjugation, a hexaarylbenzene
skeleton was used as a hub unit for a toroidal array composed of six w-planes (Figure 1b).
They generated the radical cation of a hexaarylbenzene substituted with six electron-
donating diethylamino groups (A) and concluded that the positive charge was delocalized
over all six donor groups through spatial overlaps of the © orbitals of the carbon atoms
attached to the central benzene ring.[* 1% Although the situation of toroidal conjugation is
similar to the concept of -aromaticity observed in the dications of hexaiodobenene!'!l or
hexakis(phenylselenyl)benzene,'2)  Kochi et al. distinguished them from the
dimensionality of the interactions; the orbital overlap in c-aromaticity is essentially
circular, but that in toroidal conjugation has three-dimensional fashion owing to face-to-

(891 Prior to the proposal of the concept of toroidal conjugation, Warman and

face overlap.
Meijer et al. studied the excited-state dynamics of hexacarbazolylbenzene (B) and
concluded that excimer-like interactions between carbazole units rapidly migrated around
the six-carbazole array (more than 1000 round trips within an excited-state lifetime of
approximately 5 ns).[**!

The possibility of toroidal conjugation around enlarged scaffolds larger than a

benzene ring, such as perarylated acenes or more flexible perarylated polyacetylenes, was

mentioned in the first proposal of the concept of toroidal conjugation.!® In 2019, Béuerle
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et al. reported the synthesis of deca(2-thienyl)biphenyl, in which through-space electronic
interactions can occur among 10 thiophene units around the biphenyl core;!'* however,
such examples are very limited. In addition, to the best of our knowledge, the concept of
intermolecular toroidal conjugation, that is, toroidal conjugation in which a n-stack array
is formed by the assembly of more than one molecule, has not yet been proposed.
Intermolecular toroidal conjugation is an attractive target from the viewpoints of physical
organic chemistry and supramolecular chemistry, as well as functional materials and
biochemistry, because the light-harvesting antenna complex (LH2) from a purple
photosynthetic bacterium contains a toroidal array composed of 18 bacteriochlorophyll a
(Bchl a) molecules, which might be regarded as a natural example of intermolecular
toroidal conjugation.['>!®! The development of design principles for artificial systems
with intermolecular toroidal conjugation will lead to a deeper understanding of
photosynthesis mechanisms and the emergence of novel applications.

In 2019, we reported the synthesis of phthalocyanines (Pcs) substituted with
eight pillar-like m-units, 6,13-dihydro-6,13-diazapentacene (DHDAP) bearing a hexyl
side chain (1a) (Figure 1c).'”! Compound 1a possesses four pairs of cofacially stacked
DHDAPs connected through an ortho-phenylene group and four voids between the pairs
of DHDAP, and 1a can form a dimeric associate 1az by inserting pairs of pillars into the
voids of the counterpart monomer. As the result of the interdigitation of m-pillars, 1az is
considered to possess a toroidal array composed of 16 DHDAP units. Interestingly, 1a
and 1az were isolated as different chemical species, even though 1az is a van der Waals
complex, and both 1a and 1a2 do not interconvert in THF even at 333 K. In our first report,
we investigated the structures of 1a and 1az using various NMR techniques and mass
spectrometry, in addition to ESR measurements for Cu-analogues of 1a and 1a2.'"") We

4
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also investigated the kinetics of the interconversion between 1a and 1a2 by varying the
temperature and hydrostatic pressure.['®! In the course of our research, we conceived the
idea that the cyclic arrangement of the 16 DHD AP pillars on the periphery of 1a2 may be
a platform for realizing intermolecular toroidal conjugation. However, we have not
succeeded in the single-crystal X-ray analysis of 1az because of its low crystallinity.
Visualization of the toroidal m-stacking array is essential for proving the concept of
intermolecular conjugation; therefore, we aimed to confirm the structure of the dimeric
associate unequivocally using single-crystal X-ray analysis by synthesizing an analogue
with increased crystallinity. In this study, we report the first structural analysis of a
designed intermolecular toroidal m-stacking system based on single-crystal X-ray analysis
and demonstrate the existence of intermolecular toroidal conjugation, that is, the circular
delocalization of the charge and exciton in supramolecular associates, using various

spectroscopic methods in combination with theoretical calculations.

Results and discussion

Synthesis and structure analysis of toroidal n-stacking array

Based on the hypothesis that the low crystallinity of 1az is caused by the flexible n-hexyl
side chains, we synthesized various analogues of 1a with different side chains. As the
introduction of shorter alkyl chains (methyl or n-propyl) decreased the solubility too low
to yield good crystals, we synthesized ZnPc with phenethyl groups (—-CH2CH2Ph) on
DHDAP units (1b), expecting a balance between the solubility and intermolecular
interactions. Similar to 1a and 1az, 1b and 1b2 were interconvertible by heating in specific
solvent (See the next section for details), and 1b and 1b2 were isolated as different
chemical species. Although the solubilities of 1b and 1b2 were lower than those of 1a and

5
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1az2, they were moderately soluble in THF, dichloromethane, and aromatic solvents. The
"H NMR spectra of 1b and 1bz were consistent with those of 1a and 1a2, except for the
differences in the side chains, indicating that 1b2 had the same association mode as 1a2
(Figures S5 and S7). Dimeric associate 1bz crystalized in the tetragonal space group P4/n
with unit cell lengths of @ = b = 33.9544(3) A and ¢ = 19.1808(3) A by slow evaporation
of the THF solution in saturated ethyl acetate vapor (Figure 2a). As expected from the
NMR spectra, 1b2 has a crystallographically four-fold symmetric structure where the two
1b molecules densely bound to each other. It was unambiguously determined that the
pairs of DHDAP units of one monomer penetrated the voids between the pairs of DHD AP
units of the other monomer. The Pc planes of each 1b monomer are stacked cofacially,
and the shortest intermonomer atomic contacts between Pcs are 3.25 A. The space-filling
model of 1b2 without ZnPcs (Figure 2b) clearly shows a toroidal array of 16 DHDAP
units. A number of short contacts existed among the DHDAP units belonging to different
monomers. As only two DHDAP units in each 1b are crystallographically independent,
there are two types of m-stacks between the DHDAP units belonging to different
monomers, whose shortest atomic distances between the DHDAP units were 3.13 A and
3.44 A in the crystalline state. Because the inequivalence of the distances was thought to
be averaged in solution, all DHDAP units can be in close proximity to their neighbors to
realize through-space charge and energy transfer. The crystal structure suggested that the
tightly interlocked structure maximized the contact area between the monomers and
prevented their sliding motion, explaining the unusually high stability of 1a2 and 1bz as
van der Waals dimers. To visualize interactions in the dimeric associate, we performed
the non-covalent interaction (NCI) analysis!'*2!! based on the crystal structure of 1b2

(Figure 2¢). Green surfaces, representing regions where van der Waals interactions exist,
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were observed between the DHDAP units belonging to different monomers, clearly

visualizing the existence of continuous n—m interactions in the toroidal array.

Steady-state spectroscopies and DFT calculations

UV-Vis—NIR absorption spectra of 1b and 1b2 in THF were completely matched with
those of 1a and 1az in the wavelength region greater than 350 nm (Figure 3a). The Q-
band of 1b2 (652 nm) was blue-shifted by 588 cm™! compared to that of 1b (675 nm),
owing to the H-aggregation of two Pcs. Both 1a2 and 1b2 exhibited long-wavelength tails
of up to 1200 nm, which were not observed for the monomers. The solvent dependencies
of the interconversion behaviors of 1b and 1b2 were the same as those of 1a and 1a2. Both
1b and 1b2 were not interconvertible in THF solutions. In ethyl acetate at 60 °C, 1b
gradually associated and was completely converted to 1b2 after 120 min (Figure S14). In
o-dichlorobenzene at 50 °C, 1b2 gradually dissociated and was completely converted to
1b after 120 min (Figure S15). In dichloromethane at room temperature, 1b2 dissociated
very slowly and was converted to 1b over one month (Figure S16).

DFT calculations were performed for the model compounds of the monomeric
and dimeric species whose side chains were replaced with hydrogen atoms (1¢ and 1c2).
In 1¢, the HOMO was distributed on the four pairs of DHDAP units, and the LUMO and
LUMO+1 were doubly degenerate and localized on the Pc moiety (Figures 2b). In 1c2,
the HOMO was delocalized over 16 DHDAP units, and cyclic overlaps of MOs among
the DHDAP units were formed (Figures 2¢). The LUMO and LUMO+1of 1¢2 were also
doubly degenerate and localized on the stacked Pcs, similar to 1c. The HOMO of 1¢2 was
energetically higher than that of 1¢ by 0.306 eV, suggesting that toroidal MO interactions

of the 16 donor units elevate the HOMO level. The LUMO of 1¢2 decreased from that of
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1c by 0.244 eV, which could be attributed to the through-space interaction between the
original LUMOs localized on the Pc planes. The highest 16 occupied MOs (HOMO to
HOMO-15) of 1¢2 were mainly composed of the original HOMOs of DHD AP, reflecting
the higher electron donor property of DHDAP than Pc (Figure S24). The HOMO—16 was
mainly distributed on stacked Pcs but was also distributed on the DHD AP moieties to a
certain extent. From TD-DFT calculations, the lowest energy transition of 1c was
predicted at 681 nm with a large oscillator strength (= 0.5007). In contrast, for 1¢z, the
lowest energy transition was predicted to be the NIR absorption at 1083 nm with a small
oscillator strength (f = 0.0166). This lowest-energy excitation was composed of the

following transitions: HOMO—LUMO and LUMO+1 (45%) and HOMO—-16—LUMO

and LUMO+1 (52%). Considering the distributions of these MOs, this excitation has a
charge-transfer characteristic from the toroidal DHDAP array on the periphery to the
central stacked Pc moiety.

To investigate the details of the non-covalent interactions in the associate, we
performed energy decomposition analysis (EDA) for the optimized geometry of 1¢2. EDA
decomposes the interactions between two molecules into the following terms:
electrostatic (AEELEc), dispersion (AEpisp), Pauli repulsion (AEpauLi), induced electron
polarization (AEpoL), and charge transfer (AEct). Table 1 summarizes the results of EDA.
The largest contribution to stabilizing the dimer was the dispersion interaction (AEpisp =
—1390 kJ mol '), and the electrostatic interaction was the second largest contributor
(AEpLEc = —1195 kJ mol™!). The total stabilizing energy was 714 kJ mol !, which was
nearly twice the covalent bonding energy of the C—C single bond (~400 kJ mol ™),

indicating that the interdigitated dimeric structure tremendously enhanced attractive
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noncovalent interactions.

Spectroscopic studies for radical cation species

After that the toroidal m-stacking array has been successfully visualized, the greatest
interest is whether the charge or energy can migrate in the toroidal n-stacking array. To
answer this question, we performed various spectroscopic measurements of the
monomeric and dimeric species in their neutral and oxidized states. To this end, we used
1a and 1a2 with n-hexyl side chains, because of the limited solubility of 1b in THF. First,
we observed changes in the electronic absorption spectra of 1a and 1az upon stepwise
electrochemical oxidation in dichloromethane using an electrochemical cell (light pass
length = 1 mm). Upon increasing the applied voltage, weak absorption bands in the NIR
region below 8000 cm ! (1250 nm) gradually appeared in both 1a and 1a2, accompanied
by some isosbestic points (Figures 4a and 4b and S17). These newly appeared NIR bands
could be attributed to the radical cations of 1a and 1az2. The NIR bands were observed
more clearly for higher concentration solutions oxidized by 1 equiv. of tris(4-

bromophenyl)aminium hexachloroantimonate (magic blue, MB)?*!

per 1a and 1az using
a thicker cell (light pass length = 10 mm) (Figure S18). However, the peak tops of these
NIR bands were outside the measurement range of this spectrometer (< 5000 cm V).
Therefore, we attempted to observe the whole structures of the NIR bands using
an FT-IR spectrometer. Figure 4c shows the FT-IR spectra of dichloromethane solutions
of 1a and 1a2 oxidized with 1 equiv. of MB. As a reference, the radical cation of 2a, which
is the precursor of 1a, was also measured. The NIR band of 2a™* exhibited its maximum
at 3440 cm ! (2900 nm). The NIR band of the cation of 1a was broadened compared to

that of 2a™, but its peak was located at approximately 4000 cm ' (2500 nm) and did not
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shift to a lower-energy region. In contrast, the peak of the cation of la2 exhibited
significant low energy shift to approximately 2500 cm™! (4000 nm). This low-energy shift
aligns with the results for the radical cations of hexadonor A compared with bidonor and
monodonor compounds.'® The NIR band at approximately 2500 cm ' was also observed
for 1az oxidized with 2 equiv. of MB, but after the addition of 4 and 8 equiv., the lowest-
energy bands were shifted to approximately 3300 cm !, which were close to that of 2a™*
(Figure S19). These results suggest that the band at approximately 2500 cm™! can be
attributed to the charge-transfer band, where the positive charges and spins migrate in the
toroidal m-stacking circuit of 1a2 in its mono- and dicationic species.

Next, we measured the ESR spectra of the radical cations of 1a and 1a2 generated
by chemical oxidation in dichloromethane. We used 0.2 equiv. of MB per 1a and 1az as
an oxidant to minimize the disproportionation. Both the radical cations of 1a and 1az
exhibited broad structureless ESR signals, but their g-values were different: 2.0038 for
1a™ and 2.0029 for 1a2* (Figure 4d). The g-value of 1a™ increased from that of 2a™ (g =
2.0028) and was larger than the typical values for organic radicals composed of C, H, and
N, suggesting that a certain spin density existed on Zn. In contrast, the g-value of 1az™*
was very close to that of 2a™, indicating that almost no spin density existed on Zn. The
peak-to-peak widths (AHpp) at 293 K were 5.4 and 4.8 G for 1a and 1az, respectively,
which were significantly decreased form that of 2a™* (13.5 G). Because the ESR linewidth
becomes narrower when the spin can be delocalized over multiple units compared to the
radical localized on a single unit,'**! the spectral narrowing of 1a™* and 1a2* compared to
2a* can be attributed to spin delocalization over multiple DHDAP units, and the spin in
1az is thought to be more delocalized than that in 1a. Considering the larger g-value of
1a™ (2.0038) than that of 2a (2.0028), the spin generated in 1a is thought to migrate

10
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among four pairs of DHDAP via the central ZnPc plane in a through-bond manner. In
contrast, the similarity between the g-values of 1a2™ (2.0029) and that of 2a strongly
suggests that the spin generated in 1a2z is hopping among the eight pairs of DHDAP in a
through-space manner instead of passing through the central ZnPc planes. The linewidth
of 1a2* was narrower than that of 1a™ at all measured temperatures (293-183 K),
although the linewidths became broader with decreasing temperature, owing to the

decrease in the rates of spin migration (Figure S20).

Time-resolved spectroscopies after photoexcitation

To investigate how the intermolecular toroidal m-stacking affects the excited-state
dynamics, we performed two different time-resolved spectroscopies: transient absorption
spectra (TAS) and time-resolved-ESR (TR-ESR) for 1a and 1a2. We measured the TAS
using a nanosecond flash photolysis system for N2-saturated THF solutions of 1a and 1a2
after irradiation with a laser pulse at room temperature. The excitation laser pulse was set
to the Q-band of ZnPc (650 nm). For 1a, no transient signal was observed after excitation
(Figure S21), indicating that the excited state deactivated faster than the time-resolution
limit of our experimental setup (< 20 ns). This result is consistent with the result that ZnPc
substituted with eight carbazole units had excited-state lifetimes of ~ 5 ns.[**! In contrast,
1az exhibited clear long-lived transient signals; a rising signal at 450 nm and a bleaching
signal at 650 nm appeared after excitation (Figure 5a). The decay profiles of both signals
were well fitted with single exponential functions with the lifetimes of 1.5 ps, indicating
that these signals originated from the same excited species (Figure 5b). As the air-
saturated solution of 1az gave almost the same result, the observed signals could be
attributed to the charge-separated (CS) state resulting from single-electron transfer from
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the peripheral toroidal m-stacking circuit to the central ZnPcs, rather than the excited
triplet species. The transient signal at 450 nm was close to the radical cation band of a
dihexyl-substituted DHDAP at 446 nm (Figure S22). As the intensity of the Q-band of
ZnPc decreases upon one-electron reduction to the radical anion species,!*>?°! the
observed bleaching at 650 nm could be attributed to the formation of radical anion species
in the central ZnPc moiety. The reason why only 1az exhibited the long-lived TAS
attributable to the CS state can be explained by the smaller HOMO-LUMO gap of 1a2
than that of 1a or the elongation of the lifetime of the CS state in 1a2 owing to the charge
delocalization of the positive charge in the toroidal n-stacking array.[')

TR-ESR can detect excited triplet (T1) states generated by intersystem crossing
from the excited singlet state (S1) and subsequent radical pairs of the CS states and

27281 Figures 6a and 6b show

provide crucial insights into them at the microscopic level.
the TR-ESR spectra of the frozen solutions of 1a and 1az in THF at 10 K. Suddenly after
laser flash (z = 0.4 us), both 1a and 1az exhibited broad ESR spectra with fine structures
stemming from the interaction between electron spins typical for triplet species (Figures
6¢ and 6d), which were well simulated using the spin Hamiltonian of the triplet states
with the following ESR parameters: (D, E) = (710 MHz, 110 MHz) for 1a and (310 MHz,
55 MHz) for 1a2. The D and E values for 1a is consistent with that of the excited triplet
state for the typical ZnPc.!*”) The mean spin—spin distances 7 in the excited triplet states
were calculated to be ~ 4.8 and ~ 6.3 A for 1a and 1a2, respectively. Considering that the
radius of Pc is ~ 7 A and that of the toroidal circuit is ~ 9 A, the spins of the triplet species
were thought to be located in the central Pc moiety for 1a and in the stacked Pcs for 1az.

The triplet signal disappeared within 2 ps for 1a and no signal was observed thereafter

(Figures 6a and 6¢). In contrast, for 1az, the broad triplet signal changed to a narrow signal
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approximately 1 us after the excitation (Figures 6b and 6f). The lifetime of the narrow
signal was much longer than the upper limit of the measurement timescale (¢ = 14 ps)
(Figure S23). Considering the disappearance of the fine structure, the long-lived narrow
signal is attributed to the spatially separated radical pair of the CS state generated by
single-electron transfer from the peripheral DHDAP units to the central ZnPcs.[*5%)
Similar to the results of TAS, only 1az exhibited the long-lived signals attributable to the

CS state, and these results strongly suggest that the generated radical cation rotates in the

toroidal mt-stacked array, resulting in the longer lifetime of the CS state (Figure 6g).

Geometrical considerations of intermolecular toroidal systems

Finally, we discuss the necessary conditions for forming a toroidal m-stacking array by
molecular assembly from a geometrical perspective. Considering that n m-planes are
aligned in a circle perpendicularly to the circle with an interplanar distance of a, the radius

of the circle r is represented as r = a/(2sin %) The length a must be within an

appropriate range in which n—nr interactions among each n-plane become attractive rather
than repulsive. If we consider the case of a toroidal array of 16 m-planes and the length a
is set as 3.40 A (sum of the van der Waals radii of the sp? carbons), the radius r is
calculated to be 8.71 A. This value is close to the average distance from the fourfold axis
to the center of each DHDAP unit (9.3 A) in the crystal structure of 1bz, indicating that
Pcs have a suitable size as hub-molecules of toroidal arrays of 16 m-planes. Another
important aspect is the X-shaped structure of Pc with four convex regions (benzo

moieties) and four concave regions between them. Owing to this geometrical feature, the

pairs of m-pillars of one Pc are well-accommodated in the concave regions of another Pc.
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Because of the above two reasons, Pcs can be rationalized as unique scaffolds for
constructing toroidal circuits composed of 16 n-planes. Geometrical considerations imply
the possibility of constructing toroidal circuits using Pcs with nt-pillars other than DHD AP
and also provide a hint for realizing novel intermolecular toroidal circuits consisting of

different numbers of m-pillars.

Conclusion

We demonstrated intermolecular toroidal conjugation in cyclic m-stacking arrays of 16 -
planes formed by supramolecular dimerization using phthalocyanines substituted with
eight diazapentacenes. X-ray crystal analysis and theoretical calculations confirmed the
structure of the toroidal m-stacking array of 16 m-planes and the toroidal through-space
interactions among m-planes. Various steady-state and time-resolved spectroscopies
revealed that the positive charges generated by oxidation or charge separation after
photoexcitation migrated around the toroidal array via through-space interactions, and
that the formation of the intermolecular toroidal array resulted in the long-lived charge-
separated state. This study proves that Pcs are suitable platforms for constructing
intermolecular toroidal arrays of 16 m-planes and provides a future design principle for

other systems exhibiting intermolecular toroidal conjugation.
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Figure 1. a) Schematic representation of toroidal delocalization of charge in
hexaphenylbenzene radical cation. Reprinted with permission from ref. 9. Copyright 2005
Wiley-VCH. b) Examples of molecules exhibiting toroidal conjugation in their cationic
or excited states. ¢) Synthesis of phthalocyanines forming toroidal n-stack array upon
supramolecular dimerization. In crystal and model structures, side chains were omitted

for clarity.
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Figure 2. a) ORTEP representations of 1b2. Thermal ellipsoids are set at 50 % probability.
b) CPK models of the toroidal w-stacking array composed of 16 DHDAP units in the
crystal structure of 1b2. Phenethyl groups and hydrogen atoms were omitted in a) and b)
for clarity. ¢) NCI plots for the crystal structure of 1b2. Phenethyl groups and Zn atoms

were replaced by hydrogen atoms to reduce computational costs.
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Figure 3. a) UV-Vis-NIR spectra of 1a, 1b, 1laz, and 1b2 in THF at room temperature.

b) and c) Frontier MOs of model compounds 1c and 1ca.
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Table 1. Results of Energy decomposition analysis (second-generation ALMO-EDA) of

1c2 (kJ mol™) at the B3LYP-D3BJ/6-31+G(d,p) level of theory.

AEELEC AEpauL AEpisp AEpoL AEcT Total

—1195 2068 —1390 =75 —121 —714
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Figure 4. a) and b) Changes in NIR absorption spectra of la and laz during
electrochemical oxidation from the neutral states (black lines) in dichloromethane
containing 0.1 M n-BusNBF4. ¢) FTIR spectra of 1a and 1laz oxidized with 1 equiv. of
MB and 2a™ in dichloromethane at room temperature. d) ESR spectra of 1a and laz

oxidized with 0.2 equiv. of MB and 2a* in dichloromethane at room temperature.
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Figure 5. a) Transient absorption spectra of 1az in THF at room temperature (excitation

wavelength = 650 nm) and b) kinetics at 450 nm and 650 nm.

23

https://doi.org/10.26434/chemrxiv-2025-hnn6b-v2 ORCID: https://orcid.org/0000-0001-6503-1607 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2025-hnn6b-v2
https://orcid.org/0000-0001-6503-1607
https://creativecommons.org/licenses/by-nc-nd/4.0/

12
10
28
g g 24us
F 2 ——19us
2 ——14yus
- " ——09us
) y ——04yus
=-1.0
By oS 320 340 _ 360 380 0 340 360 380
320 340 360 360 . .
Magnetic Field / mT Magnetic Field / mT Magnetic Field / mT
b) 14 10 d) 9
12 L
10 05 \A\
s6 00 Mrfw.Mff{:W,‘\,J\ !
£ ~  obs. rolit iR W\ bl 2%
=B P \ r\,*p,\~'~«“~vw‘“ wihy W M, N —— 1948
2 -05 NCY) v —14ps
A 0.9us
0 S B —04us
-1.0
| M ——— 320 340 360 380 0 340 360 380
320 340 360 _ 380 " L
Magnetic Field / mT Magnstic Field / mT Magnetic Field / mT

Figure 6. a) and b) 2D TR-ESR spectra for a) 1a and b) 1az in THF at 10 K (excitation
wavelength = 650 nm). The color scale denotes the signal intensity. Positive and negative
values indicate the absorption and emission of microwaves, respectively. ¢) and d) Slice
spectra along the magnetic field axis at # = 0.4 us and their simulated spectra for ¢) 1a
and d) 1az. e) and f) Temporal changes in 2D TR-ESR spectra for e) 1a and f) 1az. g)

Schematic representation of the CS state of 1az2. Blue arrows indicate the intermonomer

hopping of the hole site in the toroidal n-stacking array.
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