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Introduction

Transition-metal complexes containing redox-active dioxo-
lene ligands, represented as quinone (Q), semiquinone
(SQ), and catecholate (Cat), have been one of the most im-
portant and attractive research objectives, since they exhibit
unusual valence tautomeric interconversion.[1] Valence tau-

tomers are characterized by different distributions of elec-
tron density such as MII-SQ and MIII-Cat compounds (M:
metal ion), which interconvert to each other through intra-

molecular electron transfer between metal and ligand cen-
ters.

Much information about metal complexes with dioxo-
lene[2–4] and other redox-active ligands[5–8] exhibiting valence
tautomeric behavior has been accumulated and this phe-
nomenon has been explored in order to develop molecular
switching devices.[9] However, nickel–dioxolene complexes
that exhibit valence tautomeric interconversion have not
been reported, and there has so far been no experiments to
control the valence tautomerism taking advantage of the
donor ability of the ligands[10] and external perturbation.

A pivotal property of nickel(ii) complexes[11–16] is that they
exhibit the unique solvatochromism and thermochromism
induced by the transformation of the nickel(ii) spin state be-
tween a low-spin (S=0) state with a tetracoordinate square-
planar structure and a high-spin (S=1) state with a hexa-
coordinate octahedral geometry,[17,18] triggered by the coor-
dination of two solvent molecules to the nickel ion. The im-
portance of control over nickel(ii) spin states has recognized
not only in inorganic chemistry,[17–20] but also in biological
chemistry,[21,22] since it promotes the development of molec-
ular memories and switches[9,17–20] as well as leading to fur-
ther understanding of biological systems.[21, 22] In this context,
we have recently demonstrated that modulation of the
donor ability of the ligands in nickel(ii) complexes makes it
possible to control the spin states between S= 0 and S= 1.[23]

This finding stimulated us to research the effect of the spin-
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state change in valence tautomeric compounds containing
nickel ions.

We report herein the synthesis, XPS, EPR, and electronic
spectroscopic investigations of tetracoordinate square-planar
low-spin nickel(ii)–semiquinonato and nickel(iii)–catechola-
to complexes that contain bidentate ligands with modulated
nitrogen donor ability, Py(Bz)2 or MePy(Bz)2 {Py(Bz)2 =

N,N-bis(benzyl)-N-[(2-pyridyl)methyl]amine, MePy(Bz)2 =

N,N-bis(benzyl)-N-[(6-methyl-2-pyridyl)methyl]amine},[24]

represented as [NiII(Py(Bz)2)(tBu2SQ)](PF6) (1) and [NiIII-
(MePy(Bz)2)(tBu2Cat)](PF6) (2) (tBu2SQ=3,5-di-tert-butyl-
1,2-benzosemiquinone, tBu2Cat= 3,5-di-tert-butylcatecho-
late). In this article, we have two goals. The first is to report

the first example for successful control of the NiII-SQ and
NiIII-Cat frameworks through fine-tuning of nitrogen donor
ability of the bidentate ligands to the nickel ion. The second
is to clarify the drastic difference in the solvent- and temper-
ature-dependent interconversion processes of 1 and 2 ; the
transformation between square-planar low-spin NiII-SQ and
octahedral high-spin NiII-SQ states occurs in 1, whereas
square-planar low-spin NiIII-Cat framework is transformed
to octahedral high-spin NiII-SQ states in the case of 2.

Results and Discussion

Preparation and characterization of the nickel(ii)–semiqui-
nonato and nickel(iii)–catecholato complexes : The reactants
Py(Bz)2, tBu2CatH2, and Ni(ClO4)2·6 H2O were mixed in a
1:1:1 ratio in acetonitrile under a nitrogen atmosphere, and
then two equivalents of triethylamine and one equivalent of
ferricenium hexafluorophosphate were added to the result-
ing solution. This procedure enabled us to isolate the nick-
el(ii)–semiquinonato complex 1. In the same manner, the
nickel(iii)–catecholato complex 2 was obtained using the
MePy(Bz)2 ligand instead of Py(Bz)2 (see Experimental Sec-
tion). The colors of both complexes are entirely different,
since 1 is blue, whereas 2 is brown.

The oxidation states of the nickel ions in 1 and 2 were de-
termined by X-ray photoelectron spectra (XPS). The XPS
of 1 and 2 are shown in Figure 1 (parts a and b, respective-
ly). The binding energy of the Ni 2p3/2 signals are observed
at 854.9 (for 1) and 856.1 eV (for 2). The Ni 2p3/2 peak in 2
is evidently higher than that in 1, a fact which reveals the
nickel oxidation states in 1 and 2 are NiII and NiIII, respec-
tively.[25] Such a result is consistent with the EPR studies, as
described below.

The EPR spectrum of 1 in dichloromethane (CH2Cl2) at
193 K is shown in Figure 2, which exhibits a sharp isotropic

Figure 1. X-ray photoelectron spectra of a) [NiII(Py(Bz)2)(tBu2SQ)](PF6)
(1) and b) [NiIII(MePy(Bz)2)(tBu2Cat)](PF6) (2).

Figure 2. EPR spectrum of [NiII(Py(Bz)2)(tBu2SQ)](PF6) (1) (1.0 � 10�3
m)

in CH2Cl2 at 193 K, and its computer simulation using the parameters
(g=2.0061, aH =0.38 mT).
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signal at g=2.0061 with hyperfine structure.[26] The hyper-
fine coupling constant was determined by the computer sim-
ulation of the EPR spectrum as shown in Figure 2. The two-
line isotropic signal is ascribed to the hyperfine coupling
(aH =0.38 mT) of an unpaired electron with the proton in
the 4-position of the dioxolene ligand.[27] The observed
sharp isotropic signal with the g value of 2.0061 is close to
free-spin value (g=2.0023) and can be assigned to the
ligand-centered radical species consisted of the square-
planar low-spin d8 NiII (S=0) and semiquinone radical (S=

1/2) frameworks.
In contrast to 1, interestingly, an anisotropic signal (g?=

2.29, gk= 2.20, and giso =2.26)[28] is obtained at 77 K in the
case of 2 (Figure 3). The significantly larger g value of 2

(giso =2.26) compared with that of 1 (g= 2.0061) clearly indi-
cates that the unpaired electron is localized on the metal
center. The electronic configuration of 2 can thus be inter-
preted as metal-centered oxidized species composed of the
low-spin d7 NiIII (S= 1/2) and catecholate (S=0) states. Fur-
thermore, the EPR parameters (g?=2.29, gk=2.20) strong-
ly indicate that the coordination environment of the nickel-
(iii) ion is a distorted square-planar structure with a dz2

ground state.[29]

The cyclic voltammograms of 1 and 2 have been measured
in CH2Cl2 under anaerobic conditions and show two reversi-
ble redox waves (1: E1/2a = 0.63 V and E1/2b =0.19 V, 2 : E1/2a =

0.59 V and E1/2b = 0.10 V vs SCE). Taking into account the
results of XPS data (Ni 2p3/2 = 854.9 eV) as well as EPR
signal (g=2.0061), the first E1/2a and the second E1/2b redox
waves of 1 are assigned to the NiIII/NiII couple and the Cat/
SQ couple, respectively. On the other hand, the first and
second reversible waves of 2 at E1/2a and E1/2b correspond to
the SQ/Cat and NiII/NiIII redox couples, respectively, based
on the XPS (Ni 2p3/2 =856.1 eV) and EPR (giso =2.26) meas-
urements.

Such a drastic difference in the electronic states of 1 and
2 can be ascribed to the steric effect induced by the o-
methyl group[23,30–32] in the MePy(Bz)2 ligand. The o-methyl
group of the MePy(Bz)2 ligand leads to the weaker coordi-

nation to the nickel ion relative to the nonsubstituted
Py(Bz)2 ligand. As a result, the dioxolene ligand of 2 binds
more strongly to the nickel ion than that observed for 1; this
causes the deviation of electron density to form the NiII-SQ
and NiIII-Cat states selectively.

The conformational changes to give octahedral structures
from the square-planar nickel(ii)–semiquinonato and nickel-
(iii)–catecholato complexes: The addition of an exogenous
ligand such as nitrate ion (NO3

�) into a solution of the tetra-
coordinate square-planar low-spin nickel(ii)–semiquinonato
(1) or nickel(iii)–catecholato (2) complexes in CH2Cl2 result-
ed in color changes from blue and brown, respectively, to
light green. The absorption spectral changes observed upon
addition of tetra-n-butylammonium nitrate (TBA-NO3) into
a solution of 1 or 2 in CH2Cl2 are shown in Figures 4 and 5,
respectively. The absorption spectrum of blue 1 exhibits an
intense band at 595 nm[33] (e=2500 m

�1 cm�1), which can be

Figure 3. EPR spectrum of [NiIII(MePy(Bz)2)(tBu2Cat)](PF6) (2) (1.0 �
10�3

m) in CH2Cl2 at 77 K.

Figure 4. Absorption spectral changes observed upon addition of various
amounts of TBA-NO3 into a solution of [NiII(Py(Bz)2)(tBu2SQ)](PF6) (1)
in CH2Cl2 (5.0 � 10�4

m) at 298 K. Inset: Titration of 1 with TBA-NO3 in
CH2Cl2 at 298 K.

Figure 5. Absorption spectral changes observed upon addition of various
amounts of TBA-NO3 into a solution of [NiIII(MePy(Bz)2)(tBu2Cat)](PF6)
(2) in CH2Cl2 (5.0 � 10�4

m) at 298 K. Inset: Titration of 2 with TBA-NO3

in CH2Cl2 at 298 K.
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assigned to the charge-transfer transition between the semi-
quinone and the low-spin nickel(ii) ion. The absorbance of
the band at 595 nm decreases linearly with an increase in
the NO3

� concentration up to just one equivalent of NO3
� .

No other spectral change is observed even when an excess
amount of NO3

� is added as depicted in the inset of
Figure 4. This result clearly indicates that the stoichiometry
of the reaction between 1 and NO3

� is 1:1. In the case of
brown 2, the absorption spectrum displays characteristic
bands centered at 405, 540, and 775 nm[33] (e= 2700, 450,
and 350 m

�1 cm�1, respectively) associated with nickel(iii)
complexes.[34] The spectral change behavior in the reaction
of 2 with NO3

� (see the inset of Figure 5) is the same as that
in 1, and the spectrum of the resulting light green solution
of 2 (lmax (e)= 435 (1200) and 785 nm (400 m

�1 cm�1)) is also
quite close to that of 1 (lmax (e)= 435 (1000) and 780 nm
(350 m

�1 cm�1)).
The EPR measurements allows us to clarify the electronic

structures of the 1:1 adducts formed in the reaction between
1 or 2 and NO3

� . The EPR spectra of the 1:1 NO3
� adducts

in 1 and 2, denoted as complexes 3 and 4, respectively, at
77 K are shown in Figure 6, from which the EPR parameters

(g1 =5.0 and 4.6, g2 = 2.2 and
2,1, g3 =1.9 and 1.9 for 3 and 4,
respectively)[28] are obtained.
Such EPR signals in both com-
plexes at X-band frequency are
typical of a Kramers� doublet in
a quartet ground state and
clearly indicate that the nick-
el(ii) ion with the high-spin
state (S=1) is ferromagnetical-
ly coupled to the semiquinone
radical (S= 1/2) to yield a total
S= 3/2 state.[35,36] Furthermore,

the oxidation states of nickel ion in both 1:1 NO3
� adducts

has been confirmed by XPS. The detected binding energy of
the Ni 2p3/2 signals at 855.3 eV (for both complexes) are con-
sistent with the NiII oxidation states.[25] Thus, the electronic
structures of the 1:1 adducts with NO3

� in 1 and 2 can be ex-
pressed as the hexacoordinate octahedral high-spin NiII-SQ
complexes, [NiII(Py(Bz)2)(tBu2SQ)(NO3)] (3) and [NiII-
(MePy(Bz)2)(tBu2SQ)(NO3)] (4)[37] (Scheme 1). Indeed, the
observed EPR and absorption spectra are the same as those
of the structurally established hexacoordinate octahedral
high-spin nickel(ii)–semiquinonato complex.[35] Such color
changes induced by the transformation from square-planar
low-spin NiII-SQ and NiIII-Cat complexes to the octahedral
high-spin NiII-SQ complexes occur when either noncoordi-
nating or coordinating solvents are used.

Solvatochromic and thermochromic behavior : The charac-
teristic absorption bands of tetracoordinate square-planar
low-spin NiII-SQ and NiIII-Cat complexes (1: l=595 nm (e=

2500 m
�1 cm�1), 2 : l=405, 540, and 775 nm (e= 2700, 450,

and 350 m
�1 cm�1, respectively)) are observed in CH2Cl2, a

noncoordinating solvent, as described above. The spectra of
1 and 2, however, completely change when a coordinating
solvent such as tetrahydrofuran (THF) is used instead of
CH2Cl2. The obtained absorption bands of 1 and 2 in THF
are centered at l=425 (e=1200), 795 nm (e=350 m

�1 cm�1)
and l=420 (e=850), 790 nm (e=350 m

�1 cm�1), respectively,
and are very close to those of the 1:1 NO3

� adducts 3 and 4
as shown in Figure 4 and 5. In addition, the EPR spectra of
1 and 2 in THF at 77 K (1: g=4.7, 2.1, 1.9, 2 : g= 5.0, 2.1,
1.9; see Supporting Information)[28] are exactly the same as
those of 3 and 4 (see Figure 6). These results indicate that
the conversion from square-planar low-spin NiII-SQ and
NiIII-Cat complexes to octahedral high-spin NiII-SQ com-
plexes is attributable to the coordination of two THF mole-
cules to the tetracoordinate square-planar nickel center. For-
mation of the 1:2 solvent molecule adducts has been further
confirmed by the CSI mass spectrum of 1 in N,N-dimethyl-
formamide (DMF), which is a also a coordinating solvent
like THF. A signal at m/z 712 was exhibited and the ob-
served mass and isotope pattern correspond to the ion [NiII-
(Py(Bz)2)(tBu2SQ)(dmf)2]

+ .
As expected from the solvatochromic properties of 1 and

2, the conversion of square-planar low-spin NiII-SQ and

Figure 6. EPR spectra of a) [NiII(Py(Bz)2)(tBu2SQ)(NO3)] (3) (1.0 �
10�3

m) and b) [NiII(MePy(Bz)2)(tBu2SQ)(NO3)] (4) (1.0 � 10�3
m) in

CH2Cl2 at 77 K.

Scheme 1.
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NiIII-Cat complexes to octahedral high-spin NiII-SQ com-
plexes can be induced by gradual addition of DMF into a
solution of 1 or 2 in CH2Cl2 (Figure 7). The characteristic

absorption bands at l= 595 (for 1) and 405 nm (for 2) de-
crease with increasing the concentration of added DMF, ac-
companied by increases in the absorption bands at ~430
and ~800 nm in both cases, which belong to the correspond-
ing octahedral high-spin NiII–
DMF adducts. Such absorption
spectral changes shown in
Figure 7 are reasonably associ-
ated with the 1:2 complex for-
mation between 1 or 2 and
DMF as illustrated in
Scheme 2.[38] The binding con-
stants (Kb) for the 1:2 adducts
with DMF expressed by
[Eq. (1)] were calculated by
using the equation (A0�A)/
(A�A¥)=Kb[DMF]2.

Kb ¼
½NiIIðPyðBzÞ2 or MePyðBzÞ2ÞðtBu2SQÞðdmfÞ2�

½NiIIðPyðBzÞ2ÞðtBu2SQÞ or NiIIIðMePyðBzÞ2ÞðtBu2CatÞ�½DMF�2
ð1Þ

The plots of (A0�A)/(A�A¥) versus [DMF]2 give straight
lines passing through the origin as shown in the insets of
Figure 7. The Kb values are determined as 2.0 � 104 and
9.9 m

�2 for 1 and 2, respectively, from the slopes of the plots.
The significantly larger binding constant of 1 with respect to
that of 2 may be due to the difference in the interconversion
processes of 1 and 2. In complex 1 only the nickel(ii) spin
states, such as low- and high-spin NiII-SQ, are transformed,
whereas in complex 2 the conversion of low-spin NiIII-Cat
and high-spin NiII-SQ states occurs, as depicted in Scheme 2.
Such a drastic difference of Kb values in 1 and 2 has an in-
fluence to the thermal behavior of both complexes.

The tetracoordinate square-planar low-spin NiII-SQ com-
plex, [NiII(Py(Bz)2)(tBu2SQ)]+ (1), exhibits reversible ther-
mochromism induced by the nickel(ii) spin-state intercon-
version between square-planar low-spin and octahedral
high-spin states with the SQ ligand when 2.5 equivalents of
DMF are added to a solution of 1 in CH2Cl2 (see Supporting
Information). At room temperature, there is a band (lmax =

595 nm) that is characteristic of the low-spin NiII-SQ form.
As the temperature of this blue solution of 1 is decreased
from 298 K to 213 K, the color gradually changes toward
light green (lmax = 425 and 795 nm) very similar to the spec-
trum with in one equivalent of TBA-NO3 (Figure 4) and
that with excess amounts of DMF in CH2Cl2 (Figure 7a).
The notable thermochromism can be explained by the shift
of the equilibrium to the right upon cooling the solution
down to 213 K as shown in Scheme 2.

In contrast to the case of 1, temperature-dependent spec-
tral change is not observed under the same conditions for
complex 2 (2.5 equiv of DMF). On the other hand, when
200 equivalents of DMF are added to a solution of 2 in
CH2Cl2, the thermochromism between two distinguishable
electronic isomers, one is low-spin [NiIII(MePy(Bz)2)-
(tBu2Cat)]+ with square-planar structure (brown) and the
other is high-spin [NiII(MePy(Bz)2)(tBu2SQ)(dmf)2]

+ with
octahedral geometry (light green), takes place as illustrated
in Scheme 2 (see also the Supporting Information). Such a

Figure 7. Absorption spectral changes observed upon addition of various
amounts of DMF into a solution of a) [NiII(Py(Bz)2)(tBu2SQ)](PF6) (1) in
CH2Cl2 (5.0 � 10�4

m) and b) [NiIII(MePy(Bz)2)(tBu2Cat)](PF6) (2) in
CH2Cl2 (5.0 � 10�4

m) at 298 K. Insets: Plots of (A0�A)/(A�A¥) versus
[DMF]2 for the 1:2 DMF adducts of a) 1 and b) 2.

Scheme 2.
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difference in the amounts of DMF to cause the thermo-
chromism is associated with the binding constants of 1 (Kb =

2.0 � 104
m
�2) and 2 (Kb = 9.9 m

�2) with DMF (vide supra).
Thus, the modulation of nitrogen-donor ability of the biden-
tate ligands plays a crucial role in controlling thermochrom-
ism as well as solvatochromism in conjunction with electron-
ic distribution.

Conclusion

The tetracoordinate square-planar low-spin nickel(ii)–semi-
quinonato and nickel(iii)–catecholato complexes, [NiII-
(Py(Bz)2)(tBu2SQ)](PF6) (1) and [NiIII(MePy(Bz)2)-
(tBu2Cat)](PF6) (2), have been synthesized selectively by
using bidentate ligands with modulated nitrogen-donor abili-
ty to the nickel ion. Complexes 1 and 2 exhibit the unique
solvatochromism as well as thermochromism induced by
electronic structural changes between square-planar low-
spin NiII-SQ (blue) or NiIII-Cat (brown) and octahedral
high-spin NiII-SQ (light green) states. The significantly
larger binding constant of 1 (Kb = 2.0 � 104

m
�2) for the 1:2

DMF adducts with respect to that of 2 (Kb =9.9 m
�2) and the

thermochromic condition (1: 2.5 equiv of DMF, 2 : 200 equiv
of DMF) may be caused by the different interconversion
pathways in 1 and 2. Complex 1 is transformed between
square-planar low-spin NiII-SQ ([NiII(Py(Bz)2)(tBu2SQ)]+)
and octahedral high-spin NiII-SQ ([NiII(Py(Bz)2)(tBu2SQ)-
(dmf)2]

+), whereas complex 2 converts between square-
planar low-spin NiIII-Cat ([NiIII(MePy(Bz)2)(tBu2Cat)]+) and
octahedral high-spin NiII-SQ ([NiII(MePy(Bz)2)(tBu2SQ)-
(dmf)2]

+). Thus, control of valence distribution in the
nickel–dioxolene system can be accomplished by fine-tuning
of the donor ability of the bidentate ligands to the nickel
ion as well as solvent and thermal effects.

Experimental Section

Materials: All chemicals used for the synthesis of the ligands and com-
plexes were commercial products of the highest available purity and
were further purified by the standard methods.[39] Solvents were also puri-
fied by standard methods before use.[39]

Synthesis: All ligands and complexes used in this study were prepared ac-
cording to the following procedures and the structures of the products
were confirmed by the analytical data (vide infra).

N,N-Bis(benzyl)-N-[(2-pyridyl)methyl]amine (Py(Bz)2) and N,N-bis-
(benzyl)-N-[(6-methyl-2-pyridyl)methyl]amine (MePy(Bz)2): These li-
gands used in this study were prepared as described previously.[24]

[NiII(Py(Bz)2)(tBu2SQ)](PF6) (1): Ni(ClO4)2·6 H2O (0.366 g, 1.0 mmol) in
acetonitrile (10 mL) was added to a solution of Py(Bz)2 (0.288 g,
1.0 mmol) and tBu2CatH2 (0.222 g, 1.0 mmol) in acetonitrile (10 mL)
under a nitrogen atmosphere, followed by addition of triethylamine
(0.202 g, 2.0 mmol). The ferricenium hexafluorophosphate (0.331 g,
1.0 mmol) was added to the mixture, and the solution was stirred for 2 h
at room temperature. After removal of the solvent under reduced pres-
sure, the resulting residue was dissolved in dichloromethane and ammo-
nium hexafluorophosphate (0.326 g, 2.0 mmol) was added to the solution.
The mixture was stirred overnight at room temperature, and insoluble
material was removed by filtration. Addition of pentane to the filtrate

gradually gave blue powder that was collected by filtration and recrystal-
lized from dichloromethane/pentane. Yield: 0.380 g (53.4 %); ESI MS
data: m/z : 566 [M�PF6]

+ ; elemental analysis calcd (%) for
C34H40F6N2O2Ni1P1: C 57.33, H 5.66, N 3.93; found: C 57.14, H 5.62, N
3.90.

[NiIII(MePy(Bz)2)(tBu2Cat)](PF6) (2): This complex, the color of which is
brown, was prepared in the same manner as that for the synthesis of 1
but with the MePy(Bz)2 ligand instead of Py(Bz)2. Yield: 0.259 g
(35.7 %); ESI MS data: m/z : 580 [M�PF6]

+ ; elemental analysis calcd
(%) for C36H43.5F6N2.5O2Ni1P1: C 57.89, H 5.87, N 4.69; found: C 57.63, H
6.04, N 4.51.

Measurements: NMR measurements were performed with a JEOL GX-
500 (500 MHz) NMR spectrometer. Electronic spectra were measured
with a Hewlett-Packard 8453 diode array spectrophotometer with a Uni-
soku thermostated cell holder designed for low-temperature experiments.
Solution and frozen solution EPR spectra were taken on a JEOL JES-
FA200 equipped with an attached VT (variable temperature) apparatus
and were recorded under nonsaturating microwave power conditions.
The magnitude of the modulation was chosen to optimize the resolution
and the signal-to-noise ratio of the observed spectra. The g values were
calibrated with a MnII marker used as a reference. XPS (X-ray photoelec-
tron spectra) were recorded on a VG Scientific Ltd. ESCALAB 220i-XL.
Mg Ka radiation (1253.6 eV) operated at 15 kV and 20 mA was used as
an X-ray excitation source. All samples were deposited on gold foil from
solutions of the sample in CH2Cl2. The C 1s peak was assigned as the
value of 284.6 eV and used as the internal reference. ESI-mass spectra
were obtained with a Shimadzu LCMS-2010 liquid chromatograph mass
spectrometer. CSI (cold-spray ionization) mass spectra were taken on a
JEOL JMS-T100CS attached to a syringe pump apparatus (Harvard Ap-
paratus model 22). Sample solutions were delivered to the sprayer
through a fused silica capillary (100 mm diameter) at 10 mLs�1. The spray-
er was held at a potential of 2.0 kV, and compressed N2 controlled the
temperature at 248 K was employed to assist liquid nebulization. The ori-
fice potential was maintained at 30 V. The positive ion CSI-mass spectra
were measured in the range of m/z 100 to 1000. Cyclic voltammetry
measurements were performed at 298 K on an ALS/Chi model 660 elec-
trochemical analyzer in deaerated solvent containing 0.1 m tetra-n-butyl-
ammonium hexafluorophosphate (TBA-PF6) as a supporting electrolyte.
A conventional three-electrode cell was used with a glassy-carbon work-
ing electrode and a platinum wire as the counter electrode. The glassy-
carbon working electrode was routinely polished with a BAS polishing
alumina suspension and rinsed with acetone before use. The reversibility
of the electrochemical processes were evaluated by standard procedures
and all potentials were recorded against an SCE reference electrode,
which was calibrated by using the ferrocene/ferricenium redox couple.
All electrochemical measurements were carried out under an atmospher-
ic pressure of argon. Elemental analyses were carried out at Research
Center for Molecular-scale Nanoscience, Institute for Molecular Science.
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