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Abstract—The mixed-valence Mn"™!"Y complexes, [Mn,O,(bipy).]** (1) and [Mn,0,(phen),}** (2) aquates
rapidly but partially to [Mn,O,(bipy);(H,0),]’* (1a) and [Mn,O,(phen);(H,0),]** (2a) in aqueous solutions
containing excess bipy-Hbipy* (for 1) and phen-Hphen* (for 2) buffer in the range pH 4-5. In such media,
the complexes suffer little auto-decomposition, core rearrangement and polynucleation, but are reduced by an
extraneous reducing agent. For example, excess S, 03~ reduces these complexes to Mn", and S,0%™ is produced
quantitatively. The aqua complexes 1a and 2a are kinetically more active than the corresponding parent
complexes 1 and 2. Comparison with kinetic data for reactions of the complexes with NO;, HSO7, hydro-
quinone and ascorbic acid indicates a one-electron, outer-sphere rate determining step. Structural flexibility
and ease of elongation of the metal-ligand bonds play important roles in controlling the kinetic lability. © 1997

Elsevier Science Ltd
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Bis(y-oxo)dimanganese(I11,IV) complexes are of cur-
rent interest as photosystem II models [1,2], as redox
catalysts [3], and as mixed-valence species exhibiting
intervalence charge transfer [4]. The complexes
[(bipy).Mn"'(0),Mn"(bipy),]'* (1, bipy =22~
bipyridine) and its analogue, [(phen),Mn""
(0),Mn"(phen),]** (2, phen = 1,10-phenanthroline)
are the two earlier-known members of this class [5-
7]. Detailed investigations have been carried out on
their molecular structures [6,7], electrochemical
behaviour [6-8], water-splitting properties [3] and
aqueous solution chemistry [6,9-13]. It has been
found that 1 and 2 are reasonably stable against redox
decomposition in aqueous buffer made of their respec-
tive ligands. Since stable complexes of manganese(IV)
are hardly known in aqueous solution [14-18], 1 and
2 offer the opportunity to examine in aqueous media
the influence of thermodynamic driving force on
reduction rates of Mn' centers within a N,O, dinu-
clear environment. We report kinetic investigations
of S,0%~ oxidation by 1 and 2, including reactivity
comparisons for sulfite, nitrite and ascorbate anions
and the hyroquinone molecule, studied earlier [10,19,
20].

*Author to whom correspondence should be addressed.

EXPERIMENTAL

The bipyridine complex, 1(ClO,);* 2H,0 was pre-
pared as reported [6]. Its analogue, 2(Cl0O,), was pre-
pared by a literature method [6], slightly modified for
the recrystallization procedure [20]. Purity of both the
complexes was found to be excellent from their known
molar extinction coefficients and the positions of UV—
vis spectral peaks.

Sodium thiosulfate (A.R., B.D.H.) was recrys-
tallized from hot water. Solutions of S,Q3~ were pre-
pared in water and standardized by iodometry {21].
The solution was always freshly prepared each day.
All other solutions were prepared and standardized as
described earlier {10].

Kinetics for 1 and 2 were measured at 370 and 410
nm, respectively, in the thermostatted (+0.1°C) cell
housing (CPS 240A) of a Shimadzu spectro-
photometer (UV-1601PC). At these wavelengths,
changes in absorbance are high and the products are
weakly absorbing at most. The ionic strength was
generally maintained at 2.0 mol dm™ for 1 and at
1.0 mol dm~* for 2 by adding NaNO,. The reaction
mixtures for 1 were buffered wusing ¢y,
(= [bipy] + [Hbipy*]) in the range 5-25 mmol dm >,
while chen (=[phen]+[Hphen*]) in the range 3-12
mmol dm~* were used for 2. Solution pH were mea-
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sured with an Orion (710A) pH meter and [H*] evalu-
ated as described earlier [22]. The pH ranges for the
reaction mixtures were selected to avoid auto-
decomposition of the complexes during kinetic
measurements. All kinetics were carried out under
first-order conditions with the reductant in excess. The
first-order rate constants k, were evaluated by least
squares analysis of the In(4,—A4,) vs time (¢) data as
usual.

Reaction stoichiometries were measured under the
kinetic conditions by iodimetric estimation of unspent
thiosulfate. It was verified that under the experimental
conditions the ligands do not interfere with the
measurements.

Formation of a polythionate was proved according
to a method of Kolthoff and Belcher {23]. The poly-
thionate formed in the reactions of 1 and 2 were
reduced to S,0% by using excess KCN. §,03~ thus
formed was estimated iodimetrically.

RESULTS AND DISCUSSION

Measurement of unreacted thiosulphate indicated
a 1: 3 stoichiometry [eq. (1)]. Addition of excess KCN
to the product solution generated extra S,03~, equal
to half the amount of S,03~ consumed in reaction
(1). This supports correctness of the stoichiometric
equation (1) and production of S§,0?", which reacts
with excess KCN according to eq. (2).

2[Mn"0,Mn™V]** + 68,02~ +8H* — 4Mn"
+3S,0:" +4H,0 (1)
$,02~ +3CN~ +H,0 - $,0%-
+SCN-+802-+2HCN  (2)

Stoichiometries other than (1) can occur in oxi-
dations of thiosulfate. However, formation of tetra-
thionate is probably the most common {24].

In aqueous acidic media both complexes 1 and 2
undergo extensive acid-catalysed aquation and pro-
tonation of a bridging oxo-ligand. Both the processes
lead to complex redox chemistry [9-13], e.g. dimer
cleavage, disproportionation and core-rearrange-
ment. However, only simple aquation equilibria (3a)
and (3b) are established in the range pH 4.0-6.0, main-
tained with an excess L-HL* buffer (for 1, L = bipy;
for 2, L = phen) [2,10,19].

Kin

[Mn,0, (bipy),]** + H* +2H,0
a
[Mn, 0, (bipy);(H,0),]’" +Hbipy™*
(1a)

(3a)

[Mn, O, (phen) ** + H* +2H,0 =
(2)

[Mn, 0, (phen);(H,0),]** + Hphen™
(2a)

(3b)
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Ky and K,y could not be measured spectro-
photometrically because very small spectral changes
result due to reactions (3a) and (3b) under the exper-
imental conditions. Spectral changes increase largely
if [H"] is increased and [L] is decreased, but with such
changes set in other complicated equilibria, mentioned
above.

The reactions exhibit excellent first-order kinetics
at least up to 90% completion. Variation in the moni-
toring wavelength (370, 640, 820 nm for 1, and 410,
640, 820 nm for 2) changes neither the first-order
nature nor the k, values. The observed first-order kin-
etics and invariance of k, with change in 7, together
with the absence of any absorbance change immedi-
ately after mixing, testify that the first act of electron
transfer is rate determining and that, all subsequent
steps are rapid.

k, for both 1 and 2 increases with increasing
[S,037] with no indication for rate saturation even
when [S,0357] = 220[complex] and plots of k, vs
[S,037] are straight lines (» > 0.98) passing through
the origin (Fig. 1). ky increases linearly with increasing
[H*] (Fig. 2), but remains unchanged when [complex]
is varied. k, decreases with increasing ¢ (=
[HL*]+[L]) (Fig. 3); it also decreases with in-
creasing ionic strength, as expected for reactions
between oppositely charged species. Reactions of the
bipy complex 1 at / = 1.0 mol dm~* are fast and rates
are marginal for accurate measurement by con-
ventional spectrophotometry and a higher ionic
strength (7 = 2.0 mol dm ) had to be used. However,
in such a media, solubility of 2 and the ligand phen is
too low. Nevertheless, reactions of 2 are slower than
those of 1 and kinetic measurements on 2 at / = 1.0
mol dm~* appeared convenient both from the point
of solubility and rate of reaction.

Variation of k, with [L], the molar concentration
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10° [S,0, V/mol dm™
Fig. 1. Variation of k, with [S,03 ] for complexes 1(Q) and
2(@). (A) 20.0°C; pH, 4.8; ¢pens 8.0 mmol dm ~*. (B) 30.0°C;
pH, 4.8; cppen, 11.0 mmol dm >, (C) 30.0°C; pH, 4.5; ¢pipys
10.0 mmol dm . (D) 30.0°C; pH, 4.8; ¢ pcp, 1 1.0 mmol dm 2.
I=1.0(A, B, D) and 2.0 (C) mol dm >,
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Fig. 2. Dependence of ky on [H*] for complexes 1{O) and
2(@). (A) Cphenr 12.0 mmol dm™? [S,03 7], 7.0 mmol dm >,
I, 1.0 mol dm™*. (B) cyp,, 10.0 mmol dm % [S,057], 6.5
mmol dm™; 7, 2.0 mmol dm . [complex], 0.1 mmol dm~*
(A, B).
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Fig. 3. Variation of k, with ¢, for complexes 1{O) and 2(@).

(A) pH, 5.20: [S,02"] = 7.0 mmol dm~% 20.0°C. (B) pH,

4.50; [S,027], 6.5 mmol dm~> 30.0°C. (C) pH, 4.90;

(5,021, 8.0 mmol dm~?; 30.0°C. (D) pH, 5.0; [S,0% "], 5.0

mmol dm~%; 40.0°C. I=1.0 (A, C, D), and 2.0 (B) mol
dm~*. [complex], 0.1 mmol dm~* for all.

of the free ligand base, nicely fits (r = 0.98) eq. (4)
(Fig. 4).

ky = (a+b/[LD[S,037] 4)

For a given ¢, [L] was calculated from eq. (7),
where n =1 for L = bipy and n =2 for L = phen;
K, = 107**and K, = 10~* are literature values [25,
26].

Hbipy* === H"* + bipy )
Hphen® ===H" + phen ©6)
[L] = K.eo /(K,+[H']) (7
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Fig. 4. Graphical evaluation of kinetic parameters for com-
plexes 1(Q) and 2(@). Temperature: 20.0°C (A, C); 30.0°C
(B, E); 40.0°C (D, F). [complex], 0.1 mmol dm™>. I, 1.0 (A,
B, D) and 2.0 mol dm* (C, E, F). pH range, 3.85-5.05. ¢,,
5-25 mmol dm >,

The nature of dependence of k, on [L] suggests
ligand dissociation pre-equilibria [eq. (8)] followed by
rate-determining concurrent reactions of S,032~ with
the parent complex [eq. (9)] and the aqua complex
[eq. (10)]. Further, H,S,0; is a strong acid, its reported
[27] pK., =0.35 and pK,, = 1.01 at 25°C. Hence,
S,03" is considered as the only effective reducing
agent in the experimental pH range 4-5.

[Mn,0,(L),]** +2H,0 ===
n

[Mn,0,(L);(H,0),]*" +L  (8)
na

[Mn,0,(L).J** 48,02~ —— Products ~ (9)
n

[Mn,0,(L); (H,0),]** + 8,02 —4 Products
na

(10)

For the bipy complex 1, L = bipy and #n = 1, while
for the phen complex 2,7 = 2and L = phen. Provided
that total complex, ¢y = [n]+[na], total thio-
sulphate = [S,037] and [L] » K,,, the scheme leads
to eq. (11), which is equivalent to eq. (4).

ko = {3k, + 3koa Kan/[L1}[S>037] (11

k, and k.5 Ky, values at different temperatures were
evaluated from k,/[S,037] vs 1/{L] plots, (Fig. 4) at
different temperatures. These kinetic parameters
along with their corresponding activation parameters,
AH?* and AS™* have been presented in Table 1.

The k, and k.. paths definitely represent multistep
processes in which only the first act of electron transfer
controls the measured k,. All subsequent steps are
rapid and likely to be le changes. We presume
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Table 1. Kinetic parameters for oxidation of S,03~ with [Mn"Mn""] complexes*
Rate constants (dm’ mol ™' s™') at
20.0°C 30.0°C 40.0°C AH# (kJmol ") AS# (JK 'mol™")
10%: 2.004+0.2 513+02 127+12 68 + 5.0 —44 + 12
10% K, 517+ 0.15 10.80 + 0.23 22.1+0.8 53+ 3.0 —126 + 8
10%:: 6.43 + 04 13.5+0.9 30+2 56 +4.0 —78 + 10
10%k 5, K y5: 505+04 16.8 + 0.8 46 + 3 814+ 4.0 —~51+9

“I = 2.0 mol dm~* for k, and k,,Ky,; I = 1.0 mol dm ™~ for k, and k,, K.

that the {Mn,0,}"" cores are retained except for the
{Mn"Mn"'Q,} " species, which is unstable in the pres-
ence of water [28]. Previous kinetic studies [10,19]
support the presumed le changes and retention of
nuclearity. Both the presumptions are further sup-
ported by (a) known [6-8] stepwise 1e redox processes
of dinuclear Mn complexes at the electrodes, (b) the
fact that nuclearity is preserved among the several
oxidation levels of dinuclear catalase enzyme models
[28,29], (c) the fact that bond connectivities are
retained [30,31] among the various “‘S-states™ [32]
involved in the photosystem 11 and (d) the fact that
higher-valent manganese has a propensity to form and
retain bis(u-oxo) complexes in faintly acidic media
[33-35]. The established involvement [24,36,37] of
S,05 radical in the oxidation reactions of S,0%~
producing S,07” also supports the presumed le
changes.

The best value available for E; of the S,03 7/~ cou-
ple is —1.30 V. [24] Compared to this, £° for the
S,0:7/S,02~ couple has a much more favourable
value, +0.08 V [38]. However, EPR measurements
and M.O. calculations imply [39-43] that the molec-
ular structure of S,03” is very similar to that of
S,05. It is, therefore, expected that the internal
Frank-Condon barrier for le oxidation of S,035~
should be lower than that for 2e oxidations, in spite
of the higher thermodynamic price for le oxidations.
The low kinetic barrier for le changes is manifested
in self-exchange rate for the S,037/~ couple. The
value (2.3 x 10° dm’® mol~' s7') is among the largest
for a main group system [44-49]. The S,07 produced
in the le oxidation by the Mn™" complexes, ulti-
mately produces S,07", plausibly through the very
rapid reactions depicted in eq. (12), which provides a
much more efficient pathway [S0-52] than eq. (13) for
the decay of the radical intermediates [53,54].

—le

S,05 +8,037 —— 8,0~ S,0~ (12

(13)

The reaction between S,05 and S,03~ producing
S,0;7 is well-known and E° for the S,0; >~ couple
is 1.08 V [36, 55]. Thus, S,0;~ is a strong reducing
agent and largely compensates for the unfavourable
thermodynamics for le oxidation of S,0%~ to S,05.

25,01 S.0:”

Acid decomposition of thiosulfate ion poses a
potential complication in the study of its redox reac-
tions. The decomposition [56] is a second-order pro-
cess in {S,0%7] [eq. (14)],

Rate = 2k[HS,07][S;057] (14)
where k = 0.5 dm® mol=? s™!. Such decomposition
appears sometimes as a concurrent second-order path
in redox kinetics involving S,03™. In our kinetic
measurements no significant deviation from first-
order kinetics could be seen and there was no indi-
cation for a [S,037]? term. It appears, therefore, that
under our experimental conditions, acid decompo-
sition of S,03~ is very much slower compared with
its redox reactions with 1 and 2. The slow decompo-
sition rate is no doubt a consequence of the low [H*]
and low [S,03 7] used by us.

Another potential complication in the study of
redox kinetics using S,03" arises from the catalysis
by trace metal ions of the first transition series. For
example, Cu" is an excellent catalyst [36, 57] for
the oxidation of S,03~ by [IrCl]*~, [IrBry*~,
[Co(ox),]’~, [Fe(bipy);]*" and [Os(phen);]**. Similar
catalytic reactions could be anticipated in the reac-
tions of 1 and 2 with S,03~. However, we faced no
such complications and observed reproducible
kinetics. Probably, the use of excess bipyridine and
phenanthroline as buffering materials in our exper-
iments has masked any trace catalyst metal ions, pre-
sent as impurities.

Provided that log f;, ~ 0, the Marcus cross relation
[58-61] may be written as eq. (15), where the terms
have their usual significances.

logk,,—0.5logk,, = 0.5(togk,, +logw,,)

+847(E, —E,) (15

Reduction potentials for 1 and 2 in acetonitrile are
known to be very close, 0.29 and 0.30 V (vs SCE),
respectively. It is expected that reduction potentials
of the corresponding aqua complexes la and 2a in
aqueous media be also close to each other. Assuming
further that log &, is closely similar for the two aqua
complexes and that log w,, remains fairly constant for
the series of reactions, one expects a linear relation
between log k,, and F,, the formal reduction potential
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Table 2. An approximate Marcus correlation for oxidation with dinuclear [Mn""Mn''] complexes.: 30.0°C, rate
constants in dm® mol~' s~

SL.no. Reductant kya ks E(N.H.E.) log k,,-0.5 log k5
1 S,03 28.5 (bipy)* 2.3x 10° [24] 1.30 [24] —1.22
15.0 (phen)” —1.50
2 Hydroquinone 160 (bipy) [14] 7.0 x 10° [66] 1.08 [67] 0.72
3 NO; 34.9 (bipy) [14] 0.30 [24] 0.87 {68] 1.80
58.8 (phen) [20] 2.29

HSO7 200 (bipy) [14] 4.0 {69] 0.72 [69] 2.0

S Ascorbate 1.2 x 10° (bipy) [14] 3.5x 10° [70] 0.71 [70] 2.31

“This work, ki, = k,,Kg/K,.
"This work, &k, = k2, K2/ K.

for different reductants [62-64] (Table 2). The solid
line in the Fig. 5 has been drawn with a theoretical
slope = 8.47, expected for an outer-sphere, one-elec-
tron transfer reaction and the data in Table 2 agree
well with this theoretical line.

Equation (11) was derived under the assumption
that [L] » K,,. Validity of eq. (11) under our
conditions, therefore, sets upper limits for the dis-
sociation constants as: Ky; < 1.4 x 107> moldm > and
K, < 8x 107*mol dm™>. The lower limits for the rate
constants are, therefore, set at 0.77 dm’® mol~'s~! for
k,, and 0.21 dm® mol~' s~' for k,, at 30°C. It is thus
found that the aqua complexes la and 2a are kin-
etically more active than their respective parent com-
plexes 1 and 2. Similar trends of reactivity have been
observed earlier [10,20] for 1 and 2 reacting with
NO; and it is a well-known trend for the redox reac-
tions of mononuclear complexes of higher-valent
manganese [22,65] in aqueous solution. There may be
three possible reasons for higher reactivity of the aqua
complexes 1a and 2a than their respective parents 1
and 2: (1) Replacement of a chelating ligand by the
weaker donor H,O makes the metal centre more open
and more electron defficient. (2) The Ox.Red pre-
cursor complexes for 1a and 2a may be stabilized by
hydrogen bonds, not possible for 1 and 2, [20] and

(logk,, — 0.5logk,,)

14 -12 -1.0 -0.8 0.6

~E,/V(VS.NHE)
Fig. 5. An approximate Marcus cross relation for complexes
1(O) and 2(@). [S,037] (1), hydroquinone (2), NO; (3),
HSO;j (4), Hasc™ (5).

(3) the metal-ligand bonds are more flexible in the
aquated complexes, which therefore have a lower
Frank—Condon barrier.

The phen complexes are more rigid than the bipy
complexes. One can expect that the Frank-Condon
barrier for 1a should be lower than that for 2a.
Accordingly, k,, is higher than k-,.

A comparison of &k, and £, is not warranted at this
stage, since the modest difference in their values may
be an effect of different ionic strengths at which k, and
k, have been evaluated.

Acknowledgements—The work has been carried out with
financial assistance from the Department of Science and
Technology (New Delhi). This and the award of a Junior
Research Fellowship to B.M. by the University Grants Com-
mission (New Delhi) is gratefully acknowledged.

REFERENCES

1. Kirby, J. A., Robertson, A. S., Smith, J. P,
Thompson, A. C., Cooper, S. R. and Klein, M.
P., J. Am. Chem. Soc. 1981, 103, 5529.

2. Manchandra, R., Brudvig, G. W. and Crabtree,
R. H., Coord. Chem. Rev. 1995, 144, 16.

3. Ramaraj, R., Kira, A. and Kaneko, M., 4ngew.
Chem., Int. Ed. Engl. 1986, 25, 825.

4. Hush, N. S, Prog. Inorg. Chem. 1967, 8, 391.

5. Nyholm, R. S. and Turco, A., Chem. Ind. 1960,
74.

6. Cooper, S. R. and Calvin, M., J. Am. Chem. Soc.
1977, 99, 6623.

7. Stebler, M., Ludi, A. and Burgi, H. B., Inorg.
Chem. 1986, 25, 4743,

8. Manchandra, R., Thorp, H. H., Brudvig, G. W.
and Crabtree, R. H., Inorg. Chem. 1991, 30, 494.

9. Manchandra, R., Brudvig, G. W. and Crabtree,
R. H., New J. Chem. 1994, 18, 561.

10. Chaudhuri, S., Mukhopadhyay, S. and Banerjee,
R., J. Chem. Soc., Dalton Trans. 1995, 621.

11. Sarneski, J. E., Thorp, H. H., Brudvig, G. W.,
Crabtree, R. H. and Shulte, G. K., J. Am. Chem.
Soc. 1990, 112, 7255.

12. Sarneski, J. E., Didiuk, M., Thorp, H. H., Brud-



2204

17.
18.
19.
20.

21.

22.
23.
24.
25.
26.
27.
. Wieghardt, K., Bossek, U., Nuber, B., Weiss, J.,
29.
30.
31.
32.

33.

34.
35.
36.

37.

38.

39.

vig, G. W., Crabtree, R. H., Faller, J. W. and
Shulte, G. K., Inorg. Chem. 1991, 30, 2833.

. Tang, X. S., Sivraja, M. and Dismukes, G. C., J.

Am. Chem. Soc. 1993, 115, 2382.

. Koikawa, M. and Okawa, H., J. Chem. Soc., Dal-

ton Trans. 1988, 641.

. Hart, R. O. C., Bott, S. G., Atwood, J. L. and

Cooper, S. R., J. Chem. Soc., Chem. Commun.
1992, 894.

. Ray, M. M. and Ray, P., J. Indian. Chem. Soc.

1958, 35, 595.

Leavason, W. and Oldroyd, R. D., Polyhedron
1995, 14, 967.

Yamaguchi, K. and Sawyer, D. T., Inorg. Chem.
1985, 24, 971.

Ghosh, M. C., Reed, J. W., Bose, R. N. and
Gould, E. S., Inorg. Chem. 1994, 33, 73.

Kundu, S., Bhattacharya, A. K. and Banerjee, R.,
J. Chem. Soc., Dalton Trans. 1996, 3951.

Vogel, A. 1., Quantitative Inorganic Analysis, Sth
edn. ch. 10., p. 392. English Language Book
Society, London, 1989.

Mukhopadhyay, S. and Banerjee, R., J. Chem.
Soc., Dalton Trans. 1993, 933.

Kolthoff, 1. M. and Belcher, R., Volumetric
Analysis, 3rd. edn. Interscience, New York, 1957.
Sarala, R. and Stanbury, D. M., Inorg. Chem.
1992, 31, 2771.

Condike, G. F. and Martell, A. E., J. Inorg. Nucl.
Chem. 1969, 31, 2455,

Pflaum, R. T. and Brandt, W. W., J. Am. Chem.
Soc. 1954, 76, 6215.

Page, F. M., J. Chem. Soc. 1953, 1719.

Bonvoisim, J., Corbella, M., Vitols, S. E., and
Girerd, J. 1., J. Am. Chem. Soc. 1988, 110, 7398.
Wieghardt, K., Angew. Chem., Int. Ed. Engl. 1989,
28, 1153.

Brudvig, G. W. and Crabtree, R. H., Proc. Natl.
Acad. Sci. U.S.A. 1986, 83, 4586.

Vincent, J. B. and Chistou, G., Inorg. Chim. Acta
1987, 136, L41.

Kok, B., Forbush, B. and McGloin, M., Photo-
chem. Photobiol. 1970, 11, 457.

Brewer, K. J., Calvin, M., Lumpkin, R. S., Otvos,
J. W., and Spreer, L. O., Inorg. Chem. 1989, 28,
4446.

Bodini, M. E. and Sawyer, D. T., J. Am. Chem.
Soc. 1976, 48, 8366.

Boucher, L. J. and Coe, C. G., Inorg. Chem. 1975,
14, 1289.

Sarala, R., Rabin, S. B. and Stanbury, D. M.,
Inorg. Chem. 1991, 30, 3999.

Wilmarth, W. K., Stanbury, D. M., Byrd, J. E.,
Po, H. N. and Chua, C. P., Coord. Chem. Rev.
1983, 51, 155.

Latimer, W. H., The Oxidation States of the
Elements and Their Potentials in Aqueous Solu-
tions, 2nd edn. Prentice Hall, Englewood Cliffs,
NJ, 1952.

Bishop, D. M., Randic, M. and Morton, J. R., J.
Chem. Phys. 1966, 45, 1880.

B. Mondal

40.
41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

Aiki, K., J. Phys. Soc. Jpn 1969, 26, 939.
Morton, J. R., Bishop, D. M. and Randic, M., J.
Chem. Phys. 1966, 45, 1885.

Manne, R. J., J. Chem. Phys. 1967, 46, 4645.
Symons, M. C. R, J. Chem. Soc., Dalton Trans.
1979, 1468.

Ram, M. S. and Stanbury, D. M., J. Phys. Chem.
1986, 90, 3691.

Woodruff, W. H. and Margerum, D. W., [norg.
Chem. 1974, 13, 2578.

Rudgewick-Brown, N. and Cannon, R. D., J.
Chem. Soc., Dalton Trans. 1984, 479.

Nord, G., Padersen, B. and Farver, O., Inorg.
Chem. 1978, 17, 2233.

Fairbank, M. G. and McAuley, A., Inorg. Chem.
1987, 26, 2844,

Stanbury, D. M., Wilmarth, W. K., Khalaf, S.,
Po, H. N. and Byrd, 1. E., Inorg. Chem. 1980, 19,
2715.

Schoneshofen, M., Int. J. Radiat. Phys. Chem.
1973, 5, 375.

Mehnert, R., Brede, O. and Janovsky, 1., Radi-
ochem. Radioanal. Lett. 1982, 53, 299.

Mehnert, R. and Brede, O., Radiat. Phys. Chem.
1984, 23, 463.

Baldea, 1. and Niac, G., Inorg. Chem. 1970, 9,
110.

Sengupta, K. K., Das, S. and Sengupta, S., Trans.
Met. Chem. 1988, 13, 155.

Wagman, D. D., Evans, W. H., Parker, V. B.,
Schumm, R. H., Halow, 1., Bailey, S. M., Chur-
ney, K. L., and Nuttal, R. L., J. Phys. Chem. Ref.
Data 1982, 11, suppl. No. 2, p. 4006.

Dinegar, R. H., Smellie, R. H. and La Mer, V.
K., J. Am. Chem. Soc. 1951, 73, 2050.

Kimura, M. and Ishibashi, M., Inorg. Chim. Acta
1987, 129, 69.

Marcus, R. A., Annu. Rev. Phys. Chem. 1964, 15,
155.

Hopfield, J. J., Proc. Natl. Acad. Sci. U.S.A. 1974,
71, 3640.

Jwrtner, J., J. Chem. Phys. 1976, 64, 4860.
Marcus, R. A. and Sutin, N., Inorg. Chem. 1975,
14, 213.

Chan, M. S. and Wahl, A. C., J. Phys. Chem.
1978, 82, 2542.

Dulz, G. and Sutin, N., Inorg. Chem. 1963, 2,917.
Lin, C.-T., Bottcher, W., Chou, M., Creutz, C.
and Sutin, N., J. Am. Chem. Soc. 1976, 98, 6536.
Banerjee, R., Das, R. and Chakraburtty, A. K.,
J. Chem. Soc., Dalton Trans., 1990, 3277.
Pelizzetti, E., Mentasti, E. and Pramauro, E.,
Inorg. Chem. 1978, 17, 1181.

Pelizzetti, E. and Mentasti, E., J. Chem. Soc.,
Dalton Trans. 1976, 2222.

Berdnikov, V. M. and Bazhin, N. M., Russ. J.
Phys. Chem. 1770, 44, 395.

Sarala, R., Islam, M. A., Robin, S. B. and Stan-
bury, D. M., Inorg. Chem. 1990, 29, 1133.
Akhter, M. J. and Halim, A., Inorg. Chem. 1988,
27, 1608.



