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Abstract: A diarylethene having two nitronyl nitroxides, 1,2-bis[6-(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-
2-yl)-2-methyl-1-benzothiophen-3-yllhexafluorocyclopenteRa),(was synthesized in an attempt to control

the intramolecular magnetic interaction by photoirradiation. The photochemical conversions from open-ring
isomer2ato closed-ring isome2b and from2b to 2awere both almost 100%. Magnetic measurement revealed

the antiferromagnetic interaction between two nitronyl nitroxides remarkably increased Jfgr=2—2.2 K

to 2J/kg = —11.6 K when the diarylethene spin coupler was switched from the open-ring itarierthe
closed-ring isomeRb. ESR measurements were also carried out for 2athnd 2b in benzene solutions at

room temperature and in MTHF solid solutions at cryogenic temperature. Both ESR and magnetic measurement
indicated that the intramolecular interaction was switched by the photochromic spin coupler.

Introduction

Photochromism is defined as light-induced reversible trans-
formation of chemical species between two isomers having
different absorption spectfal he two isomers differ from each
other not only in the absorption spectra but also in various

physical and chemical properties, such as geometrical structure

refractive index, dielectric constant, and oxidation/reduction

potentials. These property changes have been utilized to control
functions of photoresponsive molecules and polymers, such as

host-guest interaction,various physical properties of poly-
mers? alignment of liquid crystal$ nonlinear optical properties,
and electronic conductioh.

Molecular magnetisican also be photocontrolled by incor-
porating a photochromic moiety into the system. Although so
far, intermolecular magnetic interaction has been photochemi-
cally controlled by electron transféiyy spin crossover of the
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214, 70. (d) Irie, M.; Kato, M.;J. Am Chem Soc 1985 107, 1024. (e)
Takeshita, M.; Irie, MJ. Org. Chem 1998 63, 6643.
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Figure 1. Photoswitching of magnetic interaction.
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metal ion? or by intercalation of a photochromic compound
with metallic compound&? photocontrol of intramolecular
magnetic interaction in a molecule has not yet been achived.

When two open-shell moieties were placed at the edges of a
m-conjugative molecule, two electronic spins interact magneti-
cally through ther-conjugative framework by exchange interac-
tion J. The sign of the exchange interaction depends on the
topology of ther-system. If we can change the strength of the
coupler by external stimulation, we can control the magnetism
of the system. In this paper, we report on the photoswitching
of the intramolecular magnetism by incorporating two radical
moieties into a photochromic diarylethene spin coupler (Figure
1).

Results and Discussion

Molecular Design and SynthesisDiarylethenes undergo a
hexatriene-cyclohexadiene-type photochromic reaction (Scheme
1). They exhibit excellent photochromic performance: thermal
stability of both isomers even at 10Q, high fatigue resistance
(>10* coloration/decoloration cycles), and very rapid response
(~1 ps). The diarylethene family is one of the most promising
photochromic materials for applications to optoelectronics.
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Scheme 1.Photochromic Diarylethenes
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There is a characteristic feature in the electronic structural

Figure 2b. The normal bond alternation is clearly shown,

changes of diarylethenes. Scheme 2 shows the open-ring isomemdicating this molecule is a normal Kelufeolecule.

3aand closed-ring isomesb of the radical-substituted diaryl-

ethenes. While there is no resonant closed-shell structure for

Scheme 2
Fa
Fa Fa
\ I\ X
H2C /s s~ M
3a

a Reagents and conditions: (a) dichloromethyl methyl ether, AICI
nitrobenzene, 82%. (b) 2,3-dimethyl-2,3-bis(hydroxyamino)butane sul-
fate, methanol and then NaJOCH,Cl,, 16%.

3a, there exists3b' as the resonant quinoid-type closed-shell
structure for3b. 3ais classified as a non-Kekutradical, and

3b is classified as a normal KeKutaolecule. In other words,
3ahas two unpaired electrons aBld has no unpaired electrons.
To know the exchange interaction between two spin8af
the shape of two singly occupied molecular orbitals (SOMOSs)
was calculated by the MNDO UHF method (Figure ¥aJhe

two SOMOs are separated in the molecule and there is no

overlap. This configuration is a typical disjoint diradidakuch
as tetramethyleneethane, in which intramolecular radiealical
interaction is weak. In the open-ring isomer, bond alternation

is disconnected at the 3-position of the thiophene rings. This is

the origin of the disjointed nature of the electronic configuration
of 3a

The MNDO RHF calculation was also carried out for the
closed-ring isomeBb'. The shape of the HOMO is shown in

(12) Calculation and visualization of molecular orbital was performed
on a MOPAC 97 program in WinMOPAC ver. 2 of Fujitsu Co. at Chiba,
Japan.

(13) The term “disjoint” means that two SOMO of diradical are placed

Figure 2. (a) Shape of the two SOMOs 8& calculated at the MNDO
UHF level. (b) Shape of HOMOs @b’ calculated at the MNDO RHF
level.

The electronic structural changes of radical-substituted dia-
rylethenes along with the photoisomerization is the change from
a disjointed non-Kekulestructure to a closed-shell KeKkule

structure. It is inferred from the above consideration that the

interaction between spins in the open-ring isomer of diarylethene
is weak, while significant antiferromagnetic interaction takes
place in the closed-ring isomer. In other words, the open-ring
isomer is the “off” state and the closed-ring isomer is the “on”

state.

We chose 1,2-bis(2-methyl-1-benzothiophen-3-yl)perfluoro-

in such a configuration that the two spins cannot have exchange interaction.CyclopenteneXa) as a photochromic spin coupler (Scheme 1).

See: (a) Borden, W. T.; Davidson, E. RAm Chem Soc 1977, 99, 4587.
(b) Matsuda, K.; lwamura, Hl. Am Chem Soc 1997, 119, 7412.

(14) (a) Uchida, K.; Nakayama, Y.; Irie, NBull. Chem Soc Jpn 199Q
63, 1311. (b) Hanazawa, M.; Sumiya, R.; Horikawa, Y.; Irie, MChem
Soc, Chem Commun 1992 206.

lais one of the most fatigue-resistant diaryletheHesitronyl
nitroxide was chosen for the spin source, because this radical
is z-conjugative. Thus, we designed moleci which is one

of the concrete models &a (Scheme 1).
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Scheme 3

The synthesis was performed according to Schenia @as
formylated by dichloromethyl methyl ether to give diformyl
compound4. Then,4 was treated with 2,3-bis(hydroxyamino)-
2,3-dimethylbutane sulfate followed by sodium period&e.
was obtained and purified by column chromatography and gel
permeation chromatography (GPC). Recrystallization from
hexane-CH,Cl, gave a dark blue plate crystal @&a The
structure of2a was confirmed by ESR and mass spectroscopy
and finally by X-ray crystallography (vide infra).
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Figure 3. UV —visible absorption spectra measured at different stages
of photochromic reaction: (a) starting from open-ring isor2ai(1.7

x 107° M AcOEt solution). (1) Initial and (2) after irradiation with
313-nm light for 1, (3) 5, and (4) 10 min (5) after irradiation with
578-nm light for 5, (6) 30, and (7) 60 min. (b) Starting from closed-
ring isomer2b (1.9 x 10-°> M AcOEt solution). (1) Initial and (2) after
irradiation with 578-nm light for 60 min (3) after irradiation with 313-
nm light for 5 min.

Photochromic Reaction.Figure 3 shows the photochromic
interconversion betwee?a and2b. The ethyl acetate solution
of 2a (1.7 x 1075 M) was irradiated with 313-nm light. Upon

Scheme 4
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Table 1. Quantum Yields and Conversions of Photochromic
Reactions ofLa, 1b, 2a, and2b in Ethyl Acetate

diarylethene [ conversion/%
la—1b 0.3k 43
lb—1a 0.28 100
2a—2b 0.04G 10¢¢
2b—2a 0.0010 100

aMeasured at 313 nmt.Measured at 517 nm.

irradiation, the intense absorption at 565 nm grew and after 5
min it reached the photostationary state. A clear isosbestic point
was observed at 334 nm. Then the sample was irradiated with
578-nm light for 60 min. The spectrum converted back to the
original one with retention of the isosbestic point at 334 nm.
Although the radical moiety has absorption around-5300

nm, it did not prohibit the photochromic reaction.

Similar photochromic behavior was also observed starting
from closed-ring isome2b. Upon irradiation with 578-nm light,
the absorbance at 565 nm almost disappeared. The remaining
absorption is due to the radicals. After that the solution was
irradiated with 313-nm light, the absorption returned perfectly
to the initial closed-ring isome2b, suggesting the conversion
from 2a to 2b is almost 100%. For practical usage of
photochromic materials, high conversion is one of the important
characteristics.

The color of the solution was interconverted from bluan
to red-purple in2b. The effect of the radical moiety, which
possesses blue color, will be discussed in the next section.

Effect of Radical on Quantum Yield. It is indispensable to
investigate the quantum yields of photochromic reactions for
the design of high-sensitive and high-conversion photochromic
units. The quantum yields of both cyclization and cycloreversion
reactions ofla and2a and conversions in the photostationary
state were measured in ethyl acetate. The results are summarized
in Table 1.

The quantum yield of cyclization reaction & was~/g of
the value ofla. The cycloreversion reaction was also strongly
suppressed. This is due to the contribution of the resonant
quinoid structure2b’ (Scheme 4). The low cycloreversion
guantum vyield resulted in the high conversion from open-ring
isomer2ato closed-ring isomeb. Lehn et al. reported that
the closed-ring isomer of bis-phenolic diarylethenes could be
electrochemically oxidized to the quinoid form and the photo-
chromism was lockeff In our case, the contribution of the
quinoid structure was not so large. Therefore, a reversible
photochromic reaction took place.

Switching of Molecular Structure. Both isomeraand2b
could be isolated as crystals. The crystal structure was deter-
mined by X-ray crystallographic analysis. The crystallographic
data are summarized in Table 2. Figure 4 shows ORTEP
drawings of the open-ring isom&aand the closed-ring isomer
2b. 2a had a twisted structure. The dihedral angle between
benzothiophene ring and perfluorocyclopentene ring was’86.1
suggesting disconnection aof-conjugation between the ben-
zothiophene ring and the ethene moiety. The nearest intermo-
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Table 2. Crystallographic Parameters faa and 2b

2a 2b
formula Q;7H36F6N404SZ C38H33C|2F6N404SQ
formula weight 778.82 863.74
crystal color dark blue black
crystal system triclinic monoclinic
space group P1 P2,/c
alA 11.537(5) 12.2767(18)
b/A 12.256(5) 23.850(4)
c/A 14.568(6) 26.549(4)
o/deg 85.023(8)
pldeg 72.660(8) 90.513(3)
yldeg 71.030(7)
VIA3 1859.3(14) 7773(2)
z 2 8
data/restraints/parameters  8638/0/476 8143/0/1001
Ry 0.0859 0.1153
WR» 0.2112 0.2893

(a)

Figure 4. ORTEP drawings of (&2aand (b)2b with thermal ellipsoids
(50% probability). The hydrogen atoms are omitted for clarity. For
2b, the solvent molecule is omitted. F@b, one of the two identical
molecules is shown.
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Figure 5. ¥T—T plot for (O) 2a and ) 2b measured at 5000 G.
Solid line represents the theoretical curve (see text).

Table 3. Fitting Parameters of the Magnetic Data for Diradi2al
and2b

diradical 2/kgK OIK f
2a —2.240.04 0.24+0.01 0.91
2b —-11.6+0.4 —2.4+0.3 1.14

indicating that the contribution of the quinoid structure is small.
The intermolecular contact of nitronyl nitroxide was 3.62 A,
which is rather short to ignore the intermolecular interaction.
The effect of intermolecular interaction was taken into account
in the analysis of magnetic interactions shown below.
Switching of Magnetism. The magnetic susceptibilities of
2a and 2b were measured on a SQUID susceptometer in
microcrystalline formyT—T plots are shown in Figure 5. The
data were analyzed in terms of a modified singleiplet two-
spin model (the BleaneyBowers type) in which two spins(
= 1/,) couple antiferromagnetically within a biradical molecule
by exchange interactiah(eq 1)16 0 indicates a Weiss constant

o 2Nofug’T 1
Zmoll = 1} (T — 0) 3+ exp(—2J/kgT)

1)

employed to describe the additional intermolecular interaction
by a mean field theory. Correction factbwas introduced for
correction of the experimental error. The best-fit parameters by
means of a least-squares method welég?2— —2.2+ 0.04 K,

6 =0.24+ 0.01 K, andf = 0.91 for2aand 2/kg = —11.6+

0.4 K,0 = —2.44 0.3 K, andf = 1.14 for 2b (Table 3)1"
Although the interaction (kg = —2.2 K) between two spins

in the open-ring isomeRa was small, spins oRb have a
remarkable antiferromagnetic interactionlffg = —11.6 K).

lecular contact between oxygen atoms of nitroxides was 4.38 We measured the magnetic susceptibility2df (3% w/w)

A, suggesting intermolecular magnetic interaction is negligible.

doped in polyf-butyl methacrylate) to eliminate the contribution

The dihedral angle between the imidazoline ring and ben- of the intermolecular interaction in the closed-ring form crystal.

zothiophene ring was 3C.0suggestingr-conjugation between

The measured intramolecular antiferromagnetic interaction in

them. The distance between reactive carbons was 4.72 A, whichthe polymer dispersed system){zs = —12.5+ 0.5 K) was

is too long to photochemically react in the crystalline phase.

Photochromism in the crystalline phase was not obsefved.

similar to that observed in the crystal. This clearly indicates
that the increase in2Jkg| is not due to intermolecular

There were two crystallographically independent molecules interaction but due to the intramolecular interaction.

in the crystal of2b. The two molecules were almost identical

The open-ring isomeRa had a twisted molecular structure

except for the dihedral angle between nitronyl nitroxide and and disjointed electronic configuration. On the other hand, the
the benzothiophene ring. The crystal contained one dichlo- closed-ring isome2b had a planar molecular structure and

romethane per on2b molecule. The dihedral angle between nondisjointed electronic configuration. The photoinduced change
the benzothiophene ring and perfluorocyclopentene ring was in magnetism agreed well with the expected change; the open-
2.6°. m-Electrons were delocalized throughout the molecule. The ring isomer has the “off” state and the closed-ring isomer has

bond length could be interpreted by the structur@lmhot 2b’,

the “on” state.

(15) (a) Kobatake, S.; Yamada, T.; Uchida, K.; Kato, N.; Irie, MAm
Chem Soc 1999 121, 2380. (b) Kobatake, S.; Yamada, M.; Yamada, T;
Irie, M. J. Am Chem Soc 1999 121, 8450.

(16) Bleaney, B.; Bowers, K. Proc. R. Soc London1952 A214 451.
(17) The diamagnetic contribution was corrected by using Pascal's
constants. The correction for the solvent in the crystal was also performed.
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Figure 6. X-band ESR spectra of diradicals in solution at room temperature and in a glass matrix at cryogenic temper@a(@.3anpM in

benzene, room temperature, 9.32 GHz) and2{b)1.6 mM in benzene, room temperature, 9.32 GHz). For Ratland 2b, hyperfine coupling
constantiay| and Landey factor were determined aan| = 3.7 G andg = 2.006. (c)2a (1 mM in MTHF, 8.0 K, 9.33 GHz) and (d2b (1 mM

in MTHF, 7.2 K, 9.33 GHz). For botl2a and 2b, zero-field splitting parametgb/hc| = 0.0026 cm.

=)
J

2a and 2b implies the distance between spins did not change
by isomerization.
The temperature dependence of the signal intensitynat
= 1 was measured and plotted as intensity vs reciprocal
temperature (Curie plot, Figure 7). While the data?afwere
straight because of the absence of strong interaction between
spins, the data a2b were curved due to the notable exchange
0] interaction. The data were consistent with the theoretical curve
000 002 004 006 o})s_l 0.l10_1 012 014 derived from the exchange interaction obtained from magnetic
Temperature  / K measurement. This result indicates that the intramolecular
Figure 7. Intensities of the ESR signal at tidens = 1 region for ) interaction was switched by photochromic spin coupler.
2aand () 2b. The solid and dotted lines indicate the theoretical curve Switching of Electrochemical Properties.The electrochemi-
of 2a (2J/ks = —2.2 K) and2b (2J/ks = —11.6 K), respectively. cal properties of diarylethends, 1b, 2a, and2b was studied
by means of cyclic voltammetry. The voltammograms are shown
Switching of ESR Spectra. The ESR measurement was in Figure 8 and the numerical data are summarized in Table 4.
carried out for both2a and 2b in benzene solution at room
temperature and MTHF solid solution at cryogenic temperature Table 4. Electrochemical Data fota, 1b, 2a, and2b in
(Figure 6). In solution at room temperature, b@h and 2b Acetonitrile (V vs Ag/Ag')
showed nine lines centered gt= 2.006 with a hyperfine _ diarylethene’/ NN/ _diarylethene/
coupling constanfay| of 3.7 G due to four equivalent nitrogen ~_diarylethene  diarylethends,.  NN'Ey. _ diarylethene Epa
atoms, indicating that the exchange interactions between radicals la
were larger than the hyperfine coupling constagt. Since the %g —1.33 40.46 +1.05
hyperfine coupling constant is very small (the energy is 2b ~1.07 +052 +1.40
equivalent toAE/ks ~ 1 x 1072 K), there exist large interactions
to give nine lines even in open-ring ison2a

ESR spectra oPa at 7.2 K and2b at 8.0 K showed broad

@
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=y
1

-
|

(¥
1

Intensity / arb.unit

The orbital diagrams are also shown in Figure 9. While the

i ith fi h istic of triol ies in th open-ring isomefla did not show any remarkable oxidation or
ines with fine structures characteristic of triplet species in the o4 ction waves in the region from2.2 to+1.6 V (vs Ag/

Ams=1 regioln for both open- and closed-ring isomeB/iic| Agt), the closed-ring isometb showed two quasi-reversible
= 0.0026 cm”). A half-field signal at theAms = 2 regionwas  redox potentials at—1.33 and +1.05 V. The absorption

not observed for eithetaor 2b. By point dipole approximation,  wavelength calculated from the HOMQUMO gap was 520
the distance between radical centers was calculated to be 10 liﬂm, which is in good agreement with the value obtained by

for both 2a and 2b. This distance agrees with the X-ray data. UV —visible absorption spectroscopy.

SinceD values depend on dipotedipole interaction between 2ahad one reversible oxidation wave-80.46 V due to the
spins, not directly on exchange interactidh,values reflect oxidation of nitronyl nitroxide. On the other han2h showed
directly spatial distance. No difference in tBevalues between  three redox potentials at1.07,+0.52,+1.40 V. The oxidation
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Figure 8. Cyclic voltammograms of(a)a, (b) 1b, (c) 2a and (d)2b
in acetonitrile (0.1 M TBAP) on a platinum electrode (vs AglAg
Scan rates were 200 mV/s.

potential of the diarylethene moiety @b (+1.40 V) was 0.35
V more positive than that oflb (+1.05 V). This shift is
attributable to the oxidation of the nitronyl nitroxide moiety of
2b preceding the oxidation of the diarylethene moiety.

The oxidation at nitronyl nitroxide o2b occurred at almost
the same potential &a because the mixing of the SOMO of
nitronyl nitroxide and HOMO of diarylethene was negligible
because the SOMO of nitronyl nitroxide is localized at the
ONCNO moiety of the radicad® The reduction potential of the
diarylethene moiety o2b (—1.07 V) was 0.26 V less negative
than that ofLb (—1.33 V). This shift is attributable to the mixing
of the LUMO of diarylethene with the LUMO of nitronyl
nitroxide. The small shift of the oxidation potential of the
nitronyl nitroxide betweer2a and2b indicates that the orbital
interaction between nitronyl nitroxide and diarylethene is small.
When the radicals of larger interaction with diarylethene are
used, this shift should be larger.

Conclusions
We have developed a photochromic system, which reversibly

(18) Kumai, R.; Matsushita, M. M.; Izuoka, A.; Sugawara,Jl Am
Chem Soc 1994 116, 4523.
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Figure 9. Potential diagram ola, 1b, 2a and2b.

changes the intramolecular magnetic interaction by photoirra-
diation. The change of magnetization was attributed to the
change of ther-system. This is the first example of reversible
switching of intramolecular magnetism. This is a potential
photoswitch applicable to logic operation circuits.

Experimental Section

A. Materials. 'H NMR spectra were recorded on a Bruker AC-
250P instrument. UVvisible spectra were recorded on a Hitachi
U-3500 spectrophotometer. Mass spectra were obtained with JEOL
JMS-HX110A instruments. Melting points are not corrected.

All reactions were performed under an atmosphere of dry argon
unless otherwise specified. The reactions were monitored by thin-layer
chromatography carried out on 0.2-mm E. Merck silica gel plates (60F-
254). Column chromatography was performed on silica gel (E. Merck,
70—230 mesh).

1,2-Bis(6-formyl-2-methyl-1-benzothiophen-3-yl)hexafluorocyclo-
pentene (4).To a stirred solution of 1,2-bis(2-methyl-1-benzothiophen-
3-yh)hexafluorocyclopentenelg 2.35 g, 5.02 mmol) in nitrobenzene
(25 mL) was added dichloromethyl methyl ether (7.5 mL) and
anhydrous aluminum chloride (2.8 g) at°G and stirred for 15 h at
room temperature under argon atmosphere. Water was poured into the
reaction mixture and then the product was extracted with ethyl acetate,
washed with water, dried with magnesium sulfate, and concentrated.
After evaporation of nitrobenzene in a vacuum, column chromatography
(Hex:EtO = 3:1—1:1) gave diformyl compound (2.16 g, 82%) as a
white powder: mp 183.6184.0°C; *H NMR (CDClz, 250 MHz) §

2.31 and 2.56 (s 2, 6 H), 7.68.20 (m, 6 H), 9.95 and 10.05 (s 2, 2
H). Anal. Calcd for GsH14F60,S,: C, 57.25; H, 2.69. Found: C, 57.22;
H, 2.70.

1,2-Bis[6-(1-oxyl-3-oxide 4,4,5,5-tetramethylimidazolin-2-yl)-2-
methyl-1-benzothiophen-3-yllhexafluorocyclopentene (2ap solu-
tion of 4 (2.0 g, 3.8 mmol), 2,3-bis(hydroxyamino)-2,3-dimethylbutane
sulfate (4.75 g, 19.3 mmol), and potassium carbonate (2.85 g, 20.6
mmol) in methanol (40 mL) was refluxed for 24 h. The reaction mixture
was poured into water, extracted with ethyl acetate, washed with water,
dried over magnesium sulfate, and concentrated to give tetrahydroxyl-
amine as yellow oil. Purification was not performed.

To a solution of tetrahydroxylamine in dichloromethane (300 mL)
was added a solution of sodium periodate (2.45 g, 11.5 mmol) in water
(500 mL), and the resultant mixture was stirred fch in theopen air.

The organic layer was separated, washed with water, dried over
magnesium sulfate, and concentrated. Purification was performed by
column chromatography (silica, hexane@®t 1:1-0:1) followed by
GPC and then the residue was recrystallized from@jhexane by

the diffusion method in the darkka was obtained as dark blue
microcrystalline (470 mg, 16%): mp 23+@232.0°C (dec); UV-vis
(ACOEL) Amax€) 300 (sh), 309 (3.4 10, 359 (sh), 377 (1.6« 107,

553 (sh), 598 (6.3« 10%), 646 (6.3x 107, 706 (sh); ESR (benzene)
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1:4:10:16:19:16:10:4:1, 9 lineg,= 2.007,|an| = 3.7 G; FAB HRMS
(M/2) [M + H]* caled for GHsFeN40sS,, 779.2160; found, 779.2173.

Corresponding closed-ring isom2: black microcrystalline; U
vis (ACOEt) Amad€) 280 (1.7 x 10%, 348 (1.9x 10%, 385 (sh), 400
(2.0 x 10%, 565 (1.5x 10%; ESR (benzene) 1:4:10:16:19:16:10:4:1,
9 lines,g = 2.007,|an| = 3.7 G.

B. Photochemical MeasurementAbsorption spectra were mea-
sured on a spectrophotometer (Hitachi U-3500). Photoirradiation
was carried out by using a USHIO 500-W superhigh-pressure mer-
cury lamp or a USHIO 500-W xenon lamp. Mercury lines of 313 and
578 nm were isolated by passing the light through a combination of
Toshiba band-pass filter (UV-D33S) or sharp cut filter (Y-48, Y-52)
and monochromator (Ritsu MC-20L).

C. Crystallography. The data collection was performed on a Bruker
SMART1000 CCD-based diffractometer (50 kV, 40 mA) with MaK
radiation. The data were collected as a serie@-sican frames, each
with a width of 0.3/frame. The crystal-to-detector distance was 5.118
cm. Crystal decay was monitored by repeating the 50 initial frames at
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maintained at high vacuum by a turbomolecular/rotary pump set. The
sample was dissolved in solvent] mM) and degassed with argon
bubbling for 5 min. The ESR intensities for Curie plots in the
temperature range =50 K were measured at appropriate power
attenuation calibrated to exclude saturation effect. The temperatures
were stepped up from 7.2 to 50 K with intervals-e8 K.

E. Magnetic Measurement.A fine crystalline and polymer samples
(>97.5% purity checked by HPLC) were mounted in a capsule and
measured on a Quantum Design MPMS-5S SQUID susceptometer at
5000 G. Corrections for the diamagnetic contribution were made by
using Pascal’s constants.

F. Electrochemical Measurement.The measurement of electro-
chemical properties was performed on a BAS CV-50W electrochemical
analyzer. Measurements were carried out in acetonitrile solutidn (
mM) containing tetrag-butyl)ammonium perchlorate (TBAP, 100 mM)
as a supporting electrolyte. A three-electrode assembly (BAS) was used
which was equipped with a platinum working electrode, a platinum
coil as the counter electrode, and a AgfAGTBAP/acetonitrile)

the end data collection and analyzing the duplicate reflections. Data electrode as the reference electrode.

reduction was performed using SAINT software, which corrects for

Lorentz and polarization effects and decay. The cell constants were
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