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Abstract
To stabilize organic neutral radicals, which are usually very

unstable chemical species in air atmosphere, “steric protection”
is the most general and indispensable method. Based on
the design of electronic-spin structure of polycyclic carbon-
centered π-radicals, we have for the first time realized a
peculiarly stable neutral π-radical without bulky substituent
groups, 4,8,12-trioxotriangulene (TOT), whose decomposition
point is higher than 240 °C in the solid state under air. This
remarkably high air-stability as a neutral radical is achieved by
spin-delocalization originating from the symmetric and ex-
panded π-electronic structure of TOT. The oxo-functionalities
also highly contribute to the high stability through electronic-
spin modulation, where the largest electronic spin density
located at the central carbon atom further decreases the spin

densities of the peripheral carbon atoms. In the solution state,
TOT is in the equilibrium between the monomer and highly
symmetric π-dimer, as stabilized by the formation of the strong
two-electron-multicenter bonding. Crystal structure analysis
revealed that TOT derivatives show strong self-assembling
ability forming one-dimensional columns, which further con-
struct three-dimensional networks by multiple intercolumnar
non-covalent interactions due to the absence of bulky substit-
uent groups. Substituent groups at the apexes of the triangular
carbon-framework of TOT afford variations of the π-stacking
mode in the one-dimensional columns, influencing the mag-
netic properties and photo-absorptions around the near-infrared
region. The electronic effect of the substituent groups also
affects the redox potentials of TOT. The peculiarly high
stability of TOT neutral radicals and their three-dimensional

Bull. Chem. Soc. Jpn. 2018, 91, 922–931 | doi:10.1246/bcsj.20180074 © 2018 The Chemical Society of Japan | 923

http://dx.doi.org/10.1246/bcsj.20180074


networks by robust intermolecular interactions achieved in our
study are very beneficial for the molecular design of new poly-
cyclic air-stable neutral radicals. Furthermore, we believe that
the open-shell electronic structures of neutral π-radicals, which
are quite different from those of close-shell molecular systems,
will also produce milestones for the exploration of peculiar
physical properties and catalytic activity for organic trans-
formation originating from their unconventional electronic-spin
nature.

Keywords: Stable organic radical j
Fused π-electronic system j Electronic spin structure

1. Introduction

Organic neutral radicals are known as intermediates and
catalysts of various chemical reactions, and are highly reactive
and unstable species due to the unpaired electron.1 Besides
such chemical viewpoints, the electronic-spin and redox activ-
ity of radicals inherent in their open-shell electronic structure
have attracted much attention as potential sources of electronic
materials.2 The most essential and serious barrier for the syn-
thesis and application of organic neutral radicals is the insta-
bility causing mainly σ-dimerization and reaction with O2. The
most popular and effective method to obtain stable neutral
radicals is kinetic stabilization by surrounding the radical
center with bulky groups (steric protection).2 However, this
method also suppresses intermolecular interactions essential for
solid-state electronic functions such as electronic transport and
strong intermolecular magnetic interactions. Furthermore, the
steric protection restricts the variation of chemical modifica-
tions indispensable for the expansionary functionalities such
as electronic spin structure, redox properties, and molecular
arrangement in the solid state.

In the case of π-radicals, where the radical center is included
in a π-conjugated system, the delocalization of electronic spin
increases the thermodynamic stability. Phenalenyl (PNL), an
odd alternant hydrocarbon-based neutral π-radical with D3h

symmetry having a 13π electronic system, possesses a highly
delocalized electronic-spin structure (Figure 1).3,4 The ¡-
carbon atoms possess larger spin densities generating reactive
sites, and PNL radical is in equilibrium with a σ-dimer in
solution.5 Therefore, the steric protection with bulky substitu-
tent groups such as tert-butyl, halogen, and methoxy groups
is required for the isolation of PNL radicals.6,7 Stabilization
of PNL radical has also been achieved by introducing the
zwitterionic functionality seen in bisPNL boron complexes8

and further π-extension in a PNL dimer system.9 Besides these
carbon-centered π-radicals, heteroatom-centered π-radicals such
as thiazyl-type2a and Blatter-type10 neutral radicals also show
high stability due to the spin delocalization effect of hetero-
atoms. Focusing on the delocalized electronic spin nature, we
have investigated various PNL-based neutral π-radicals with
heteroatomic substitution4,11,12 and π-extension.13a Such chemi-
cal modifications in carbon-centered π-radicals drastically
varied the electronic-spin structures, and highly affected the
stability, molecular structure of decomposition products, and
physical properties.

4,8,12-Trioxotriangulene (TOT, 1), a neutral π-radical pos-
sessing a 25π electronic system, can be designed by the 2D π-

extension and three-oxo functionalization of PNL, and is also
regarded as a hybrid system of triangulene and 6OPO.14,15

Interestingly, Alison and coworkers synthesized the monoanion
species of 1, and succeeded in the generation of its radical
dianion and diradical trianion species,16 however, the neutral
radical 1 was not synthesized.17 The DFT calculation of TOT
indicates that the electronic spin delocalizes over the whole π-
electronic system, and the largest density locates at the central
carbon atom, which suggests high stability. Figures 1 and 2
show the spin distribution of TOT neutral radical calculated by
us, that coincides with the result of Ikabata’s work.17 Atomic
spin densities at the central and peripheral carbon atoms are
0.38 and 0.040.09, respectively (Figure 1), the latter of which
are much smaller than those of the reactive sites of PNL (0.26),
triangulene (0.34), and 6OPO (0.27). The spin distribution
nature suggests that the peripheral carbon atoms of TOT are
less reactive. Since the σ-bond formation at the central car-
bon atom of TOT may induce a severe distortion of the π-
conjugated electronic system, the atom is hardly expected to
undergo σ-dimerization and oxidation. We have previously
synthesized TOT derivatives having tert-butyl, n-butoxy and
bromo groups at the 2,6,10-positions (24, respectively, sites
having the largest spin densities among the peripheral carbon
atoms) as stable neutral radical species.14,15 These derivatives
were treatable under air at room temperature, and did not show
any decomposition at least to 250 °C in air. In addition to
such a remarkable high stability, the multi-stage redox ability

Figure 1. Molecular and electronic-spin structures of tri-
angular polycyclic carbon-centered π-radicals. Electronic-
spin densities were obtained by DFT calculation at a
UBLYP/6-31G** level. Numerical values with the molec-
ular structures are the electronic spin densities on each C
and O atom. The values of symmetrically equivalent atoms
are averaged. Bold numbers represent the atoms possessing
relatively large spin densities.
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of 2 and 4 originating from the extremely narrow energy gap
between singly occupied molecular orbital (SOMO) and dou-
bly degenerate lowest unoccupied MO (LUMO) realized high
performance as electrode active materials of Li-ion secondary
batteries.14 Furthermore, neutral radicals, where two or three
oxygen atoms of 2 were substituted with dicyanomethylene
groups, also showed similar spin density distributions and high
stabilities.18 To investigate the excellent stability of TOT sys-
tem and the substituent effects on the physical properties, we
have prepared and characterized the non-substituted TOT
neutral radical 1 and its 2,6,10-trichloro and trifluoro deriva-
tives (5 and 6, respectively) having smaller substituent groups
than bromo- and n-butoxy groups, aiming towards expan-
sionary materials functionalities.

2. Results and Discussion

Synthesis and Stability. The tetrabutylammonium salt
of the anion species of TOT derivatives 1,16b 5 and 6 were
synthesized by the same method as 4 in our previous paper,14a

and the detailed procedure is described in Supporting Informa-

tion. Neutral radicals 1, 5, and 6 were prepared by oxidation
of the anion salts using 2,3-dichloro-5,6-dicyanobenzoquinone
(DDQ). The electrochemical oxidation of the anion salts in
appropriate solvents also gave a crystalline sample of neutral
radicals suitable for the structural analyses (Figure S1). The n-
butoxy and fluorinated derivatives 3 and 6, respectively, were
soluble in various organic solvents such as halogenated sol-
vents (CH2Cl2, CHCl3, 1,1,2,2-tetrachloroethane) and toluene,
and the solubility of tert-butyl derivative 2 in these solvents
was lower than 3 and 6. The solubility of non-substituted 1 was
further poor, and only slightly soluble in toluene, and the solu-
tion state UV-vis measurement was performed for the filtrate
of the reaction mixture of oxidation of the monoanion salt
using PbO2 (see caption of Figure S4). The brominated 4 and
chlorinated 5 were insoluble in any organic solvent, due to the
robust intermolecular halogen-bonds as seen in the crystal
structures (vide infra).

All the neutral radicals 16 were stable in the solid state
under air at room temperature, and the decomposition points,
which were determined by the blackening of powdered sam-
ples with heating under air, were higher than 240 °C. In the
thermogravimetric analysis of 16 under N2 atmosphere, dis-
tinctive decrease of the sample weight was not observed until
350 °C, indicating high thermal stability (Figure S2). It should
be noted that the powdered sample of 1 heated at 350 °C under
air, at which the brown color of 1 became black, showed an IR
spectrum exactly the same as the original sample (Figure S3).
Such an observation indicates that only the surface of the
powder decomposed due to air-oxidation, and most of the
sample survived the high temperature.

Surprisingly, the pristine TOT 1 showed an efficiently high
stability for handling even in solution. In the degassed solution,
TOT neutral radicals did not show a decrease of the ESR signal
intensities, suggesting decomposition due to ·-dimerization,
for several days. On the other hand, 1 in solution under air
slowly decomposed as observed in the temporal observation of
UV-vis spectra (Figure S4). From the decay of absorption
bands, the half-life of 1 in a saturated 1,1,2,2-tetrachloroethane
solution under air at room temperature was determined to be
18.5 days, which is longer than that of the π-extended PNL
dimer (2.5 days) determined by a similar method.9a The intro-
duction of bulky substituent groups R at the 2, 6 and 10 posi-
tions enhances stability, and 2 having three bulky tert-butyl
groups further possessed a longer half-life of 56 days
(Figure S5). The distinguishable stability of n-BuO derivative
3 also indicates the importance of the electronic effect of
substituent groups on the stability of TOT neutral radicals
(Figure S6). Delocalization of electronic spin on the substituent
groups reduces the electronic-spin density on the TOT skele-
ton, and would result in the further stabilization of 3. The
calculated electronic-spin density on the substituent groups of 3
was largest among 16 (Table S1).

Electronic-Spin Structure and π-Dimerization in the
Solution State. Figure 2a shows the observed and simulated
ESR spectra of 1 in toluene, showing a well-resolved multiline
spectrum originating from the hyperfine couplings with the six
and three hydrogen atoms at the ¡- and ¢-positions, respec-
tively. The hyperfine coupling constants (aH) of the ¡- and ¢-
hydrogen atoms determined by 1H ENDOR/TRIPLE spectros-

Figure 2. ESR spectra of 1 in toluene (1 © 10¹4M). (a)
Observed and simulated hyperfine EPR spectra at 293K.
The microwave frequency used: 9.4015607GHz. (b)
1H-ENDOR and (c) 1H-TRIPLE spectra at 273K. In (c),
up and down arrows denote the increase and decrease
in ENDOR intensity at the resonance frequency during
pumping at the transition due to the hydrogen atom. (d)
Observed (top) and calculated (bottom) hfcc values (aH).
Calculation was carried out at the UBLYP/6-31G** level
of theory.
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copy (Figures 2b and 2c) were +2.57 and ¹7.07MHz, respec-
tively. These values were successfully assigned with the help of
DFT calculations, suggesting that the unpaired electron of 1
delocalizes over the whole π-electronic system with three-fold
symmetry as seen in the calculated spin density distribution
(Figures 1 and 2d). The aH value of the ¡-hydrogen atoms in
6 experimentally determined by the ESR measurements was
+2.55MHz (Figure S9), and very similar to those of 1 and 2.15

The DFT calculation of 6 suggested that the electronic spin
delocalizes to the fluorine atoms, however, the electronic spin
densities on the carbon and oxygen atoms of the TOT skeleton
were very similar to those of 1 and 2 (Table S1). These results
indicate that the effect of halogen atoms at the ¢-positions on
the electronic spin structure of TOT skeleton is small. The
intensity of the ESR signal of 1 gradually decreased upon
cooling due to the π-dimerization as observed in PNL radicals
(Figure S8).19 Such ESR features were also observed for 217 and
6 (Figure S10), indicating the strong multicenter bonding nature
in the TOT π-dimer with a staggered pattern (Figure 3a).19

The highly symmetric π-dimeric structure of 2 in the solu-
tion state was proved by temperature-dependent 1HNMR spec-
troscopy in a CDCl3 solution (1 © 10¹3M). At 273K, no NMR
signals derived from 2 species were observed due to the para-
magnetic effect of the unpaired electron. At low temperature,
the concentration of the non-magnetic π-dimer increased,
and two broad signals appeared around 1.63 and 8.07 ppm
(Figures 3a and 3b, respectively). These signals became sharp
with lowering temperature, and the ratio of the signal inten-
sities at 1.63 and 8.07 ppm was 27:6, suggesting that they are
attributable to the hydrogen atoms of three tert-butyl groups
and six aromatic CH groups, respectively. This appearance/
disappearance of the signals was observed reversibly upon
cooling and heating. The observed behavior of 2 in the NMR

spectrum well coincides with that observed in tert-butyl PNL
radical,19b and indicates that 2 forms a diamagnetic π-dimer
having a three-fold symmetry in the solution state (Figure 3c).
The signals calculated by the DFT method were 1.69 and
8.28 ppm for the hydrogen atoms of three tert-butyl groups and
six aromatic CH groups, respectively, and close to the ob-
served values.

To evaluate the effect of π-dimerization on the aromaticity of
2, the nucleus-independent chemical shift (NICS) was calcu-
lated.20 The NICS values of the centers of rings-A and -B in
monomeric 2 were +5.5 and ¹6.8 ppm, indicating that ring-B
exhibits higher aromaticity (Figure 4a). Both of these values
showed a significant negative shift in the π-dimer of 2,+1.7 and
¹8.6 ppm for rings-A and -B, respectively (Figure 4b), sug-
gesting the enhancement of aromaticity by the π-dimerization.
A similar trend of the enhancement was more pronounced in the
interior of the π-dimer (Figure 4c), suggesting the robustness
and thermodynamic stability of the π-dimer of 2 with the nature
of 26-center-2-electron multicenter bonding.

The π-dimerization was also found in the UV-vis spectra,
where a low energy band around 7001000 nm assignable as the
intermolecular charge-transfer absorption appeared on lower-
ing temperature (Figure S11, see also ref. 16). The appearance
of this band is additional evidence of the π-dimerization of
TOT, since the σ-dimerization cut off the π-electronic system
into several pieces and would causes the appearance of shorter
wavelength absorption bands.12,15,19

Crystal Structures. In the crystal structure of 1, the mole-
cule possesses a three-fold axis, and 1/3 of the molecule is
crystallographically independent (Figure S12). The intra-
molecular CC bond lengths excepting those of neighboring
CO bonds were 1.3851.439¡ (Table S2) and comparable to
those of PNL radicals6a and naphthalene. The CC bonds

Figure 3. (a,b) Temperature-dependent 1HNMR spectra of
2 in a CDCl3 solution (1 © 10¹3M) in the aliphatic (0
2.5 ppm) and aromatic (7.08.5 ppm) regions, respectively.
(c) Schematic drawing of 2-electron-26-center bonding in
the π-dimer of TOT.

Figure 4. Out-of-plane NICS distributions at the centers of
ring-A and -B in (a) monomer and (b) π-dimer of 2 at an
interval of 0.6¡. The radius of each red circle corresponds
to the magnitude of each negative NICS. (c) A plot of the
NICS values as the function of out-of-plane distance with
an interval is 0.3¡. The calculation was performed at the
UB3LYP/6-31G(d) level of theory using the molecular
geometries in the crystal structure at 93K.20
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neighboring carbonyl groups (1.485 and 1.482¡) were longer
than the other bonds, corresponding to the small spin popu-
lation at C4, C8 and C12 atoms. The bond length analysis
supports the extensive delocalization of electronic spin on the
TOT skeleton shown in Figures 1 and 2. The overall features
in the intramolecular bond lengths are very similar among
TOT derivatives 16 (Table S2) and also their anion species
(Table S3). These results clearly indicate that the TOT neutral
radicals exist as a discrete molecular species in the solid state.

The self-assembling ability of TOT derivatives originat-
ing from the strong intermolecular multiple SOMOSOMO
interaction within the face-to-face π-stacks constructs one-
dimensional columns.14,15 The face-to-face stacking of 1
formed a π-dimer with a staggered overlapping pattern
(Figure 5a), where spin-rich carbon atoms are close to each
other to strengthen the SOMOSOMO interaction forming a
2-electron-26-center (2e¹/26C) bond (Figure 3c).4 The TOT
skeleton had a slightly bowl-like shape with a bend to shorten
the distance of the central carbon atoms having the largest
electronic spin population. The resulting central CC distance,
2.987¡, was extremely shorter than the sum of van der Waals
radii of two other carbon atoms (3.40¡).21 The π-dimer of 1
further stacked to form a one-dimensional column along the c-
axis (Figure 5b). The stacking pattern between the π-dimers is a
staggered mode the same as the intradimer one, and the central
CC distance was 3.684¡. These structural features are very
similar to those of 2, where the intra- and interdimer and central
CC distances are 2.979 and 3.641¡, respectively.14,15 Since 1
does not possess bulky substituent groups, the one-dimensional

column more densely arranged in the crystal than 2 having
three tert-butyl groups.14 Multiple intercolumnar CH£O type
hydrogen-bonds formed a two-dimensional structure parallel to
the ab-plane (Figure 5c). Such a three-dimensional network by
the non-covalent interactions strengthens the molecular pack-
ing, and causes the decreased solubility in common organic sol-
vents that is favorable for implementing the cycle performance
of lithium ion secondary batteries using TOT as the cathode
active material.14

The π-stacking structures of TOT derivatives were highly
affected by the substituent groups R. The chlorinated 5, which
was isostructural to 4,14 formed a uniform column with a slipped
stacking and an interplanar distance of 3.38¡ (Figures 6a
and 6b). In the column of fluorinated 6, the staggered-type π-
dimer further stacked with a twisted stacking (Figures 6ce).
It should be noted that the intercolumnar interactions involving
halogen atoms were formed in the crystal structures of 46,
modulating the stacking patterns within the π-stacking columns
(Figures S13 and S14).

In the π-dimers of TOT derivatives, the unpaired electrons
on each TOT monomer couple through the 2e¹/26C bond to
form a close-shell electronic state. The strong tendency of TOT
neutral radicals to form π-dimers may contribute to their high
air-stability in the solid state.

Solid State Properties. The effect of these structural
differences can be distinctly shown in the solid-state electronic

Figure 5. Crystal structure of 1. (a) Overlap pattern in the
π-dimer of 1. (b) One-dimensional column along the c-axis
by the stacking of the π-dimers. (c) Two-dimensional C
H£O interactions (red lines, 2.69¡) in the 0 < c < 0.5
layer viewed along the c-axis.

Figure 6. Crystal structures of 5 and 6. (a) Uniform one-
dimensional π-stacking column of 5, and (b) a slipped-
stack overlap pattern in the column. (c) One-dimensional
π-stacking column of 6, and overlap modes in the column,
(d) interdimer and (e) intradimer stacking modes.
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spectra, which show characteristic near-infrared absorption
bands assignable as the intermolecular transition within the
column (Figures 7 and S15).15 The strongly dimerized column
of 2 with a staggered stack shows the band at 1134 nm. In the
case of the pristine TOT 1 forming a dimerization and stack-
ing pattern similar to 2, the band appeared at 1030 nm, whose
blue-shift in comparison with that of 2 was caused by the
delocalization of SOMO into substituent groups as suggested
by theoretical calculation.15 The column of 6 having a twisted
stacking between the staggered-type π-dimers showed two
bands around 800 and 1000 nm. In the cases of 4 and 5 having
uniform π-stacking columns, the intermolecular absorption
bands were observed at 12501300 nm, which are longer than
those of π-dimerized columns of 13 and 6. The absorption
wavelengths of these bands were also longer than that of
tris(perfluorophenyl)PNL radical (700800 nm) which forms a
uniform π-stacking column with a long distance of 3.65¡.5c A
uniform π-stacking of radicals likely to be 4 and 5 can be
characterized as a one-dimensional electron-correlated system,
and the photo-absorption energy can be interpreted with the
difference between on-site and nearest-neighbor Coulomb
repulsions, U and V, respectively, (U  V).22 The low-energy
absorptions of 4 and 5 were caused by the expanded π-
electronic system of TOT reducing U and the strong inter-
molecular π-π interaction increasing V.

In the temperature dependence of magnetic susceptibility
(»p), almost all spins of 13 were quenched due to the strong
antiferromagnetic interaction within the π-dimers, and the »pT
values slightly increased with increasing temperature at high
temperature regions (Figures 8a and S16a). The analysis of
1 and 2 based on the singlet-triplet model23 resulted in the
2J/kB > ¹2000K of antiferromagnetic interactions. In the case
of 3, where the interaction between π-dimers was larger than 1
and 2,15 the temperature dependence of »p can be explained by
the alternating antiferromagnetic chain model24 with the intra-
and inter-dimer interactions of 2J/kB = ¹2000K and ¹1120K,
respectively (Figure S16b). The »pT value of 4 at 300K was
0.234 emuKmol¹1 which corresponds to 62% active spins
for S = 1/2, and monotonously decreased with temperature
(Figure 8b). The temperature dependence of »pT was repro-

duced by the uniform 1D model25 with an antiferromagnetic
interaction 2J/kB = ¹159K within the column. The peculiarly
weak antiferromagnetic interaction in 4 having a slipped stack-
ing pattern was expected in the quantum chemical calculation
reported by Kinoshita et al.26a Surprisingly, no abrupt spin-
quenching caused by spin-Peierls transition which is common
to 1D radical arrays27 was observed down to 2K. Although
intercolumnar overlap integrals are small, electrostatic Br£O
and CH£O interactions would increase the rigidity of the 3D
crystal structure and stabilize the uniform stacking disturbing
lattice deformations.

Redox Properties. The substituent effect on the electronic
properties of TOT was evaluated by redox behaviors from
the measurement of cyclic voltammetry of the corresponding
monoanion species in DMF solution. Pristine 1 exhibited four
redox processes from neutral radical to radical tetraanion spe-
cies (E1 to E4), where E1 = ¹0.05V (vs Fc/Fc+, peak poten-
tial) and E4 = ¹3.09V were irreversible probably due to the
low solubility, and E2 = ¹2.10V and E3 = ¹2.45V were
reversible (Figure 9). The E1 values of 2 and 3 having electron-
rich substituent groups were ¹0.26 and ¹0.38V, respectively,
and significantly lower than that of 1 (Figure S17). In the
case of halogenated derivatives 46, the electron-withdrawing
ability of the substituent groups caused the ³0.4V of positive
shifts in the E2E4 processes (Figure S17).

3. Conclusion

In conclusion, we for the first time have realized a peculiarly
stable neutral π-radical of TOT without bulky substituent

Figure 7. Solid state electronic spectra of 1 and 46 in KBr.
Black arrows indicate the peak tops of the intermolecular
charge-transfer bands.

Figure 8. Temperature dependence of »pT of (a) 1 and (b) 4
(open circles). The red lines are the fitting results ob-
tained by Bleaney-Bowers23 and Bonner-Fisher25 models,
respectively.
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groups. It can be handled in air in both solution and solid states,
and its decomposition point in the solid state is higher than
240 °C in air. Such high stability of TOT as a neutral radical
was underlain by the high spin delocalization over the entire
highly symmetric π-electronic skeleton where the largest spin
density locates at the central carbon atom. The molecular
design is based on the topological symmetry control in the
electronic-spin distribution, and the importance of sizable spin
delocalization in stabilizing extended π-radicals is demonstrat-
ed. It should be noted that the absence of steric hindrance
enables TOT neutral radicals to interact with neighboring
molecules without the σ-bond formation, resulting in the
construction of multi-dimensional network with intermolecular
non-covalent interactions in the solid state.

Our investigation on the newly demonstrated stabilization
method for organic carbon-centered neutral π-radicals will
highly contribute to the molecular design of new polycyclic air-
stable neutral radicals. Furthermore, the remarkably high stabil-
ity of TOT neutral radicals will provide a new material design
strategy for organic electronic devices and molecular catalyst
for organic transformation. The TOT-based high-performance
secondary battery in our previous study14 is the beginning of
the development of neutral π-radical-based electronic materials.
The magnetic interaction and intermolecular charge-transfer
absorption bands around near-infrared region15 indicate the
strong multicentered SOMO-SOMO interaction within the
columns, which is necessary for various electronic function-
alities, such as electrical transport and photo responses.15 Our
further investigation on the TOT system is in progress for the
development of new neutral radical-based materials such as
electron transport, electrode-active materials, and molecular
catalyst related with redox activity in not only the solid state
but also thin-film.

4. Experimental

Materials. The tetra-n-butylammonium (n-Bu4N+) salt of
monoanion species of non-substituted TOT (1¹) was prepared
according to the procedure described in the previous work,14a

and the chlorinated and fluorinated TOT derivatives (5 and 6)
were newly synthesized by the same method as brominated

derivative 4, which was reported in our previous paper.14a DDQ
(2,3-dichloro-5,6-dicyanobenzoquinone) was purified by sub-
limation. Acetonitrile used for the electrochemical oxidation
was purified by distillation from P2O5 followed by CaH2.
CH2Cl2 used for the electrochemical oxidation was purified by
distillation from CaH2. Rf values on TLC were acquired on E.
Merck precoated (0.25mm) silica gel 60 F254 plates. The plates
were sprayed with a solution of 10% phosphomolybdic acid in
95% EtOH and then heated until the spots became clearly
visible.

Material Characterization. Melting and decomposition
points were measured with a hot-stage apparatus with a Yanako
MP-J3, and were uncorrected. Melting and/or decomposition
were detected by eye observation. The decomposition was
observed by changing of the color, where the surface of pow-
dered samples became dark above the decomposition points.
Elemental analyses were performed at the Graduate School of
Science, Osaka University. ESI-MS spectra were measured
from solutions in MeOH on a Thermo Scientific LTQ Orbitrap
XL. Electronic spectra were measured for KBr pellets or solu-
tions on a Shimadzu UV/vis scanning spectrophotometer UV-
3100PC. Infrared spectra were recorded on a JASCO FT/IR-
660 Plus spectrometer using KBr pellets (resolution 4 cm¹1).

Thermal Analyses. Stability of 1, 2 and 46 in the solid
state was studied by thermogravimetric-differential thermal
analysis (TG/DTA) using TG/DTA7300 (SII Nanotechnology
Inc.). TG measurement of 3 was performed with Simultaneous
Thermal Analyzer STA6000 from PerkinElmer. Samples (5
10mg) were sealed in aluminum pans, and heated in flowing
nitrogen at heating rate of 15K/min. The background was
subtracted by measurement of a blank cell.

Electrochemical Measurements. Cyclic voltammetric
measurement was made with an ALS Electrochemical Analyzer
model 630A. Cyclic voltammograms were recorded with 3-
mm-diameter carbon plate and Pt wire counter electrodes in dry
DMF containing 0.1M n-Bu4NClO4 as supporting electrolyte
at room temperature. The experiment employed a Ag/AgNO3

reference electrode, and the final results were calibrated with a
ferrocene/ferrocenium couple.

Magnetic Measurements. Magnetic resonance measure-
ments of the radicals were performed in toluene at 290K on
Bruker ELEXSYS E500 spectrometer for X-band liquid-phase
ESR spectra and on Bruker ESR/ENDOR spectrometers ESP
300/350 for 1H-ENDOR, and 1H-TRIPLE spectra equipped
with a wide-band 500W radiofrequency amplifier. The solution
of the radical was degassed by the freeze-pump-thaw method
before the measurements were recorded. The magnetic suscep-
tibility was measured on a Quantum Design SQUID magne-
tometer MPMS-XL at 2350K. The magnetic responses were
corrected with diamagnetic blank data of the sample holder
obtained separately. The diamagnetic contribution of the sam-
ple itself was estimated from Pascal’s constants.

X-ray Crystallography. X-ray crystallographic measure-
ments were made on a Rigaku Raxis-Rapid imaging plate with
graphite monochromated Mo Kα ( = 0.71075¡). Structures
were determined by a direct method using SHELXS-97,28 and
refinements were performed by a full-matrix least-squares on
F2 using the SHELXL-9729 (CrystalStructure 4.0 Crystal
Structure Analysis Package, Rigaku Corporation, 20002010).

Figure 9. Cyclic voltammograms of 1, 3 and 6 measured
using their n-Bu4N+ salts of monoanion species (5mM) in
DMF solution. The results were calibrated with ferrocene/
ferrocenium couple (Fc/Fc+). Peak potential was listed
because of the irreversibility of the E1 and E4 processes.
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All non-hydrogen atoms were refined anisotropically, and all
hydrogen atoms were included but not refined. Empirical
absorption corrections were applied. Selected crystal data and
data collection parameters are given in Tables S4 and S5 in
Supplementary Information. Crystallographic data reported in
this manuscript have been deposited with Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-
18242011824205. Copies of the data can be obtained free of
charge via CCDC Website.

Computational Details. Density functional theory (DFT)
calculations were performed using the Gaussian 03 program
package.30 The calculation was performed at the UBLYP/
6-31G** level of theory with optimization of the geometries.
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