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Formation Kinetics of Peroxovanadium(V) Complexes in Strongly Acidic Media as
Studied by a High-pressure Stopped-flow Technique*
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Abstract

A high-pressure stopped-flow vessel was made of
acid-proof tantalum block which enabled us to follow
reactions of vanadium(V) ion with hydrogen peroxide
in strongly acidic media. The rate for the formation
of the monoperoxo complex (VO(0;)") is expressed
as d[VO(0,)"]/dr = (ky[H*] ™ + ks + k3 [H*]) [VO,-
[H,0,] where k; (s (25°C)=602 [AH™ (kI
mol™=21.1%2.6, AS™ (J mol™ K1) =-140+9,
AV* (cm® mol™) =99 +1.7], k, (mol™* dm?® s
(25°0)=347X10° [AH"=465%13, AS™=
—21+4, AV*=28+10] and k3 (mol"? dm® s7%)
(25°C)=1.63X10° [AH*=20.1%47, AS”=
—116 16, AV* =14.2 +3.2]. The rates of forma-
tion and dissociation of the diperoxo complex are
described as d[VO(0,),”]/dt = k¢[VO(0,)*] [H,0,]
and —d[VO(0,),7]/dr = k4[VO(0;), 1 [H*]?, respec-
tively, where k¢ (mol™ dm> s ™) (25 °C)=3.49 X 103
[AH? (k] mol %) =402 +0.8, AS* (Jmol 'K )=
—42%3, AV® (cm® mol™=0.02%02] and k4
(mol™? dm® s7) (25 °C)=3.79 X10® [AH* =45.7 ¢
1.7, AS¥ = 23 +6]. Positive volumes of activation
for the monoperoxo complex formation have been
attributed to an expanded transition state with the
distorted pentagonal-bipyramidal structure.

Introduction

Reactions of hydrogen peroxide with various
chemical species havé been the subject matter of
many investigations especially because of the
biological significance [2]. In analytical chemistry,
hydrogen peroxide has been used as an analytical
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reagent for early transition metal ions and in the
analysis of trace metal ions using their catalytic effect
on the H,0, decomposition [3]. However, little
attention has been drawn to the mechanism of these
reactions. We have been interested in the formation
kinetics of peroxo complexes of early transition
metal ions in aqueous solution [1]. Previously we
have reported the kinetics of the reaction between
hydrogen peroxide and vanadium(V) complexes with
aminopolycarboxylic acids such as N-methyliminodi-
acetic acid (MIDA) [4], 2,6-pyridinedicarboxylic acid
(PDA) [5], nitrilotriacetic acid (NTA, Hjsnta) [5],
ethylenediamine-V,N'-diacetic acid (EDDA, H;edda)
[6], N,N'-dimethylethylene-N,N'-diacetic acid [6],
and ethylenediamine-N,N,N',N'-tetraacetic acid [6].
At that time, since we had exploited a high-pressure
stopped-flow apparatus (Type FIT-1, named later)
of which the dead time was ca. 0.1 s [7], we had
measured, at high pressure up to 120 MPa, the reac-
tion of (nitrilotriacetato)dioxovanadate(V) -with
hydrogen peroxide in order to obtain some informa-
tion on the reaction mechanism. Soon after, we
constructed a new high-pressure stopped-flow
apparatus (Type FIT-3) with much more sophisti-
cated mechanics of which the dead time was ca. 3 ms
at high pressure up to 200 MPa [8]. Since the mixer
of the high-pressure stopped-flow vessel was made of
stainless steel, we could not use it for reactions in
strongly acidic media. In order to overcome the
matter, first we selected Daiflon (polychlorotrifluoro-
ethylene, trademark of Daikinkogyo Co., Osaka,
Japan) as an acid-proof material. However pressure
higher than 90 MPa was not sealed due to the
deformation of Daiflon although it was mounted
inside a stainless-steel block. As presented in this
paper, we were successful in constructing a high-
pressure stopped-flow vessel made of tantalum
mounted within a stainless-steel block. Now we can
follow the fast reaction of vanadium ion with
hydrogen peroxide in strongly acidic aqueous solu-
tion under high pressures up to 200 MPa.

Reaction of vanadium(V) with hydrogen peroxide
in strongly acidic media gives two species of peroxo
complex, ie. VO(0,)* and VO(0,),” [9], in which
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coordinated water molecuies are omitted for sim-
plicity. Under the present experimental conditions,
vanadium(V) exists as VO, [9]. Thus the peroxo
complexes are produced by the following reactions

\102+ + H202 = \10(02)+ + H2O (1)
VO(02)+ + HgOZ = VO(Oz)zh + 2H+ (2)

Equilibrium constants and rate laws of these reactions
have already been reported by Orhanovi¢ and Wilkins
[9]. However temperature dependence of the rate
constants has not been fully examined, so we here
measured the reaction rates not only under various
temperatures, but also various pressures to obtain
activation parameters.

Experimental

Reagents

Solutions of sodium perchlorate, hydrogen per-
oxide and vanadium(V) perchlorate were prepared as
described previously [6]. Perchloric acid of special
purity (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) was used without further purification.

Measurements and Apparatus

The temperature of the solutions was controlled to
within +0.1 °C. The ionic strength was maintained at
3.00 mol dm™ with sodium perchlorate and per-
chloric acid. In all kinetic measurements reactions
were fotlowed spectrophotometrically under pseudo-
first-order conditions. A stopped-flow spectro-
photometer (Type RA401, Union Giken, Osaka) was
used to obtain the kinetic data. The progress of
reactions under various pressures up to 200 MPa was
measured by an acid-proof high-pressure stopped-flow
apparatus (Type FIT-4) which has just been con-
structed for this study. The constitution of this
apparatus is the same as that of the FIT-3 apparatus
[8] reported previously except for the high-pressure
vessel depicted in Fig. 1.

As shown in Fig. 1, the vessel made of tantalum
was mounted within a stainless-steel (AISI 630)
block. Reactant solutions are in contact only with
acid-proof materials such as tantalum, Daiflon, and
Tefion. Pressure sealing was performed, not at the
stainless steel used as a reinforcing material, but
within the tantalum block as shown in Fig. 1. A pair
of rings, Teflon-coated O-ring (a) and Teflon back-up
ring (b), was used for sealing pressure, since tantalum
is neither hard nor strong enough to be used as a

cone-type seal. Daiflon tubes (g) were inserted into
the twin cvlinders to prevent the tantalum piston (p\

from belng damaged due to the same mater1als
rubbing together. The pistons were connected to the
knob with a special device (j); a self-aligning device

S. Funahashi et al.

was adopted lest the pistons shouid be bent by an
eccentric force because of insufficient hardness of
tantalum. High-pressure caps (i) were elaborated so
that an anaerobic reaction system could be measured.
The temperature was maintained by circulating
thermostated water through channel (c).

Results

In all kinetic experiments, hydrogen peroxide was
used in large excess (>20-fold excess) over vanadium-
(V) to secure pseudo-first-order conditions. The
reaction proceeded by two phases. The first faster
step is the formation of the monoperoxo complex
VO(0,)* (reaction (1)), and the second slower reac-
tion is that of the diperoxo complex VO(O,),”
(rcaction (2)). The first-order plot for the first step is
excellently linear. Thus the rate is first order with
respect to the concentration of VO,". The first-order
rate constants are proportional to the concentration
of hydrogen peroxide at a constant acidity. In Fig. 2
is shown an example of the hydrogen ion concentra-
tion dependence of conditional second-order rate
constant Kogqq, at different temperatures and pres-
sures. The values of ko, are tabulated in Tables 1

and 2. The rate law is thus expressed as

d[VO(0y)*)/dr= ko) [VO,"1[H,0,]

— (B Ky + K [H) V05T [H,0,]
Activation enthalpies and activation entropies for the
ki, k, and k3 paths were determined by using a total
of 107 points at 15, 25 and 35 C and are summarized
in Table 3. According to the transition state theory,
the change in rate constant, k, w1th pressure, P, is
related to the activation volume AV™: (9 In kfoP)y =
—AV*RT. After confirming that logarithmic values
of the rate constants are linearly related to the pres-
sure, activation volumes for the rate constants k,, k,
and k3 were estimated simultaneously by applying
the non-linear least-squares fitting to the total data of
353 points, and are listed in Table 3.

The rate of formation of the diperoxo complex
VO(0,),” from VO(0,)" (forward reaction of
eqn. (2)) was measured under conditions where the

ravarca raanntinn snnld ha naslantad Cin tha
IUVLUISU balilivull LU WU UL HIvgIiviiieu. Siice the rate la

first order in H,0, and independent of hydrogen ion
concentration, the rate law for formation is expressed
as follows

d[VO(0,), 1/dz = k¢[VO(02)*][H,0,] 4)

The dissociation reaction of the diperoxo complex

to Vﬂ(n \ occurs when the h\lr‘rngr—!n ion congcentra-

VLS Wit v aayu

tion of the solution is raised. Rates of this reaction
were confirmed to be second order in hydrogen ion
concentration. Thus we have
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Fig. 1. High-pressure stopped-flow vessel made of tantalum reinforced with stainless steel. (A) high-pressure vessel, (B) optical cell,
(C) four-jet type of mixer: H—H cross section in (A) and (B). Tantalum parts are represented by dots. a, O-ring; b, Teflon ring;
¢, channel for thermostated water; d, sapphire window; e, piston made of tantalum; f, tantalum bolt with whom the drilled hole
is filled; g, reservoir made of Daifion; h, mixer; i, high-pressure cap; j, seif-aligning device; k, duralmin.

—d[VO(0,),"1/dt = ka[VO(02). "] [H']* )

Values of &g and &4 at various temperatures, values of
k; under various pressures and obtained activation
parameters are summarized in Table 4.

Discussion

The crystal structure of ammonium oxodiperoxo-
amminevanadate(V) has been determined to be a
pentagonal pyramid, the four oxygens of the two
peroxc groups and the
forming the distorted base of the pyramid, while the
oxo oxygen occupies the apical position [10]. The
vanadium atom environment of the crystal structure

ammonia
ammonia

nitrogen atom

1 awUliii

of ammonium oxoperoxo(pyridine-2,6-dicarboxy-
lato)vanadate(V) is a seven-coordinate distorted
pentagonal bipyramid (11]. Recently, the same
coordination has been confirmed by 'V and 'O
NMR studies of peroxovanadates in aqueous solution
{12]. On the other hand, in aqueous solution, we
have studied the hydrolysis reaction of the per-
vanadyl cation [13] and the complexation equilibria
with some aminopolycarboxylates [14]. Pervanadyl
ion in acidic solution is a dioxovanadium(V) cation
where .two oxo groups are in the c¢is position to
one another, and the VO," complexes with amino-
pglypnrhgxylafpc l(eep the c¢is conficuration of the

carb tes k e cis configuration of the
VO, unit [15-17].

It has been pointed out that for the reaction of
VO,* with EDDA to form the VOz(edda)™ complex,
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Fig. 2. Dependence of kgegyy on hydrogen ion concentration:
a, at 35.0 °C and 0.1 MPa; b, at 25.0 °C and 0.1 MPa; c, at
20.1 °C and 98.1 MPa. The solid lines were calculated by

using the activation parameters obtained.

TABLE 1. Second-order Rate Constants of the Formation
Reaction of VO(O,)* under Atmospheric Pressure®

T (°C) [H*] 1073 X kogary ®
~log —mol = (mol™ 1 dm3 s™Y
15.0 0.014 3.02 £ 0.03
0.232 2.46 + 0.05
0.40S 2.18 £ 0.01
0.617 2.17 £+ 0.02
0.785 2.09 £ 0.02
1.009 2.30£0.03
1.237 2.60 £ 0.03
1.485 3.37 £ 0.05
1.706 3.64 + 0.07
25.0 0.014 5.42 £ 0.04
0.232 4.44 £ 0.10
0.405 4.09:+0.11
0.617 3.97 £ 0.05
0.785 4.17 £ 0.10
1.009 4.33 £ 0.09
1.237 4.97 £ 0.05
1.485 5.55 £0.07
1.706 6.44 + 0.16
35.0 0.014 8.98 +0.11
0.232 7.901:0.11
0.405 7.70 £ 0.11
0.617 7.29 £ 0.10
0.785 7.39 £ 0.15
1.009 7.84 £ 0.32
{continued)
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TABLE 1. {continued)

T(°C) [H*] 1073 X kogg) P
—log — (mof™'dm3 s7h
mol dm
1.237 8.30  0.06
1.485 9.58 + 0.18
1.706 10.47 + 0.27

3Cy =3.71 X 107 mol dm™3 and Cyg, = (0.453 ~ 1.04) X
1072 mol dm™3, where Cy; and Cu,0,are the total concentra-
tion of vanadium(V) and hydrogen peroxide, respectively.
PEach rate constant is the average of several determinations.
Errors are given by the standard deviation.

TABLE 2. Second-order Rate Constants of the Formation
Reaction of VO(O,)* under Various Pressures at T =
20.1°c®

( - )
— 10g [
mol kg™!

1073 x ko(H) b
(mol 'kgs b

P=0.1 MPa

-0.052 3.81 £0.19

-0.051 3.93 +0.22
0.243 2.61 £+ 0.10
0.337 2.59 +0.24
0.624 2.52 £0.10
0.692 245+ 0.14
0.943 3.02 £ 0.13
1.125 3.03+0.12
1.235 3.73:0.21
1.607 4.64 + 0.45

P=1245 MPa

-0.052 3.15 £ 0.04

-0.051 3.31:0.14
0.243 2.54:0.11
0.337 2.33£0.21
0.624 2.43:0.10
0.692 2.05+0.13
0.943 279+ 0.16
1.125 3.02£0.24
1.235 3.48 £ 0.12
1.607 3.80+0.28

P=49.0 MPa

-0.052 3.06 £ 0.19

—-0.051 3.09 + 0.09
0.243 240+ 0.14
0.337 2.38+0.19
0.624 2.37 + 0.18
0.692 2.15+0.12
0.943 2.51+0.13
1.125 3.06 £ 0.36
1.235 3.39 £+ 0.16
1.607 3,601 0.32

{continued)
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TABLE 2. (continued)

{4\ 1073 X kg
—log\m—ol - (mol kg s 1)
P=1735 MPa
~0.052 275 £ 0.25
~0.051 274 0.16
0.243 2.36 £ 0.12
0.337 2.09 £ 0.10
0.624 2.14 1 0.02
0.692 2.12:0.18
0.943 2.44 £ 0.06
1.125 2.51+0.12
1.235 3.05 £ 0.13
1.607 3.66 + 0.20

P=98.0 MPa

~0.052 2.92 £ 0.24

~0.051 2771 0.18
0.243 2.20 + 0.06
0.337 2.1110.07
0.624 2.11 1 0.08
0.692 1.95 + 0.15
0.943 2.36 £ 0.12
1.125 2.630.38
1.235 2.99 £ 0.08
1.607 3.48 £ 0.19

P=122.5 MPa

~0.052 2.66 + 0.24

~0.051 2.77 £ 0.09
0.243 2.09 £ 0.09
0.337 1.78 + 0.06
0.692 1.92 + 0.14
0.943 2.25 £ 0.07
1.125 221+0.16
1.235 2.80 + 0.03
1.607 3.13 0.20

P=147.0 MPa

~0.051 2.62  0.08
0.243 2.07 £ 0.04
0.943 2.02 £ 0.08
1.607 3.15  0.06

Cy =432 X107 mol kg™! and C,0,=1.12 X 1072 mol
kgL bEach rate constant is the average of several determi-
nations. Errors are given by the standard deviation.
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TABLE 4. Rate Constants of the Formation and Dissociation
Reactions of VO(03),~ and Their Activation Parameters®

T(CO 1073 X k¢ 1073 X kq
(mol"ldm3s™)  (mol™2dm s
15.0 1.99 £ 0.01 1.95 + 0.01
25.0 3.49 £ 0.06 3.79  0.25
35.0 6.33:0.24 7.21 1 0.31
AH® (k] mol™}) 40.2+0.8 457+ 1.7
AS* U mol 'K™h 423 -2316
P (MPa) 1073 X k¢
(mol lkg s
0.1 2.16 £ 0.12
24.9 2.12 :0.11
49.0 2.22:0.11
73.5 217 0.13
98.1 2.150.10
122.5 2.19 £ 0.09
147.0 2.16 £ 0.16
196.0 2.07 £ 0.06

AV® (em® mol™} 0.0+ 0.2

3Cy =371 x 107 mol dm3, cHzlof (0.2 ~2.2) X 1072
mol dm™3, [H*] = (0.16 ~ 3.2) X 10~ mol dm™3. bMea-
sured at 20.1 °C.

the rate-determining step is water loss from the metal
jon (k=1.0X10% mol™ dm® s™!, AH*=29 kJ
mol™ and AS* =8 J mol™ K™?) [18]. The rate for
the EDDA complex formation is much faster than
that for the peroxo complex formation.

It should be remembered that MIDA—, NTA—,
and PDA—vanadium(V) complexes react with H,0,
through an associatively activated transition state [5].
In fact, the activation volume for the reaction of
VO,(nta)?>~ with H,0, is negative (AV™ =—34 ¢
0.5 cm® mol™) [7]. Interestingly, however, the
activation volume for reaction of VO,* with H,0,
(k, path) in the present system is positive. There
seems to be two successive processes in the peroxo
complex formation, ie. the associative attack by an
H,;0,; molecule as an entering ligand into the face of
the octahedral VO, complex followed by the rear-
rangement of the VO, octahedron to a distorted

TABLE 3. Kinetic Parameters of the Formation Reaction of VO(0,)* 2

k125 °0) k, (25 °C) k3(25°C)
(s (molldm3 s} (mol™2 dmb s
60.2 3.47 X 103 1.63 x 108
AH® (k] mol™Y) 21.1+2.6 46.5+ 1.3 20.1 £ 4.7
AS* (Jmol 1K™ —140:9 —21+4 ~116+ 16
AV (cm3 mol )P 99+ 1.7 28+1.0 142 3.2

8Errors are given by the standard deviation.

bMeasured at 20.1 °C.
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pentagonal bipyramid of the peroxo complex. In the
case of the VO,(nta)*~ complex, the nucleophilic
attack of H,0, is unfavorable due to the electron
donation from the ligand nta®~ to the central metal
ion, while the rearrangement is favored because of the
strain imposed by the coordination of nta®>~ on the
VO,* octahedron. Thus, the rate-determining step
may be the associative attack of H,O, as reflected by
a negative volume of activation. On the other hand,
in the case of VO,", due to the absence of an electron
donating ligand such as nta®”, the nucleophilic attack
of H,0, is easier and faster than the next step of the
rearrangement. This will result in the shift of the rate-
determining step to the rearrangement. The octa-
hedral precursor complex should be rearranged to a
distorted pentagonal bipyramid leading to a some-
what expanded transition state. This is reflected in
the positive value of the activation volume.

The peroxo complex formation reaction (reaction
(1)) also contains two proton-dependent paths: k,
and k5 paths (see eqn. (3)). The rates of the k, and
k3 paths are inversely and directly proportional to
the hydrogen ion concentration, respectively.
Judging from the dissociation constants: [H*]-
[HgOz] [H302 ]—1 = 103 and [H ][H02 ][HgOz]—
107127 (191, a reacting species of hydrogen peroxide
should be H,0, in the present experimental condi-
tions. A first-order hydrogen ion dependence has
been established for the reactions involving oxo
anions [20] or VO,* [21]. It is thought that the acid

catalveice arices from a reactive snecies nresumahly
Catarysis arlses Iroimn a reacilve SpCCIes prosuimacs.y

protonated at the oxo group of the VO," ion. We
expect less than +4 cm® mol™ as the reaction volume
for the step of protonation in the k; path, because
the partial molal volume of a proton is —4.5 cm?®
mol™ [22]. Thus the activation volume for the
activation process in the peroxo complex formation
seems to be more than 10 cm® mol™. This positive
value reflects the volume expansion at the transition
state. On the other hand, the inverse hydrogen ion
dependence may be attributed to the formation of a
hydrolyzed species [13} prior to the reaction with

VO,* = VO(OH); + (6)

Thermo dy 1amic
follows: K = [VO(OH) 2+]

(25 C, I=1.0 mol dm OkJmol_ AS°=
—71 J mol™ K™ [13]. Reaction volumes for the
hydrolysis of several metal complexes have been
measured and discussed in terms of the electrostric-
tion effects by Kitamura and van Eldik [23]. The
value of the reaction volume for the hydrolysis
reaction in which the neutral complex and hydrogen
ion are produced from the unipositive complex (like
reaction (6)) is suggested to be —5.1 + 0.8 cm® mol™.
If we assume —5 cm® mol ™! as the reaction volume
for reaction (6), activation parameters for the
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reaction of hydrolyzed vanadium(V) species with
H,0, are AH” =21 kJ mol™!, AS¥=—-69 J mol!
K™ and AV* =15 cm® mol™. This positive value
of AV* may also indicate a considerably expanded
transition state.

The second reaction (reaction (2)) is the diperoxo
complex formation through the reaction of the
monoperoxo complex VO(0,)* with hydrogen
peroxide. The rate of the forward reaction is inde-
pendent of the hydrogen ion concentration, while
rate of the reverse reaction depends on the second
power of the hydrogen ion concentration. These
findings indicate that the transition state should
involve both VO(O,;)* and H,0, and that the
hydrogen peroxide may attack the central metal as a
neutral form of H,0,. One of the coordinated water
molecules is thought to be substituted in this process.
The activation volume (AV;”) for the forward
reaction is 0 cm® mol . Therefore, the activation
process of the diperoxo complex formation is con-
cluded to be an interchange mechanism, where the
decrease in volume due to the penetration of the
oxygen atom of the H,0, molecule into the inner
coordination sphere of the vanadium(V) complex is
almost compensated by the increase in volume due
to the elongation of the V--OH, bond.

Acknowledgements

S.F. gratefully acknowledges financial support by

Gramt Feee | 7T Antime £ il e

a BIdHL 11UIIL I.Ilc l\uldld rUullUdLlUll IUI Pulb[ldhllls
tantalum block. The present work was supported by
a  Grant-in-Aid for Scientific Research (No.
62470041) and a Grant-in-Aid for Special Project
Research (No. 62124039) from the Ministry of
Education, Science and Culture.

1 M. Inamo, S. Funahashi and M. Tanaka, fnorg. Chem.,
24 (1985) 2475.

2 H. B. Dunford, D. Dolphin, K. N. Raymond and L.
Sieker (eds.), The Biological Chemistry of Iron, D.
Reidel, Dordrecht, 1982.

3 K. B. Yatsimirskii, Kinetic Methods of Analysis,

Pergamon, Oxford, 1966.
4 S. Funahashi, Y. Ito and M. Tanak

a
S, 5 U L. 210 anG M. i1ahaka, 4.

(1973) 125.

5 S. Funahashi, K. Haraguchi and M. Tanaka, /norg. Chem.,
16 (1977) 1349.

6 S. Funahashi, T. Midorikawa and M. Tanaka, Inorg.
Chem., 19 (1980) 91.

7 S. Funahashi, K. Ishihara and M. Tanaka, Inorg. Chem.,
20 (1981) 51.

8 K. Ishihara, S. Funahashi and M. Tanaka, Rev. Sci
Instrum., 53 (1982) 1231.

9 M. Orhanovi¢ and R. G. Wilkins, J. Am. Chem. Soc., 89
(1967) 278.

10 R. E. Drew and F. W. B. Einstein, Inorg. Chem., 11
(1972) 1079.

11 R. E. Drew and F. W. E. Einstein, Inorg. Chem., 12
(1973) 829.



Formation Kinetics of Peroxovanadium(V) Complexes

12 A. T. Harrison and O. W. Howarth, J. Chem. Soc., Dalton
Trans., (1985) 1173.

13 S. Yamada, S. Funahashi and M. Tanaka, J. Inorg. Nucl.
Chem., 37 (1975) 835.

14 S. Yamada, J. Nagase, S. Funahashi and M. Tanaka, J.
Inorg. Nucl. Chem., 38 (1976) 617.

15 L. W. Amos and D. T. Sawyer, Inorg. Chem., 11 (1

2692.

16 W. R. Scheidt, D. M. Collins and J. L. Hoard, J. Am.
Chem. Soc., 93 (1971) 3873.

17 W. R. Scheidt, R. Countryman and J. L. Hoard, J. Am.
Chem. Soc., 93 (1971) 3878.

\O

72}

71

18 S. Yamada, Y. Ukei and M. Tanaka, Inorg. Chem., 15
(1976) 964.

19 M. G. Evans and N. Uri, Trans. Faraday Soc., 45 (1949)
224,

20 H. Diebler and R. E. Timms, J. Chem. Soc. A, (1971)
273.

21 F, Secco, S. Celsi and C. Grati, J. Chem. Soc., Dalton
Trans., (1972) 1675.

22 D. A. Palmer and H. Kelm, Inorg Chem., 16 (1977)
3139.

23 Y. Kitamura and R. van Eldik, Ber. Bunsenges. Phys.
Chem., 88 (1984) 418.



