Kinetics and mechanism of the oxidation of Mn(i1),, by bromate
and peroxomonosulfate in the presence of molybdate to form
[MnIVM09O32]6_
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The oxidation of Mn(11) by both BrO,~ and HSO;™ in the presence of MoO,*", in weakly acidic solution over the pH
ranges 3.9-5.5 and 4.4-5.5, respectively, results in the formation of the heteropolyoxomolybdate [MnMoyOs,]°” in
each case. The kinetics of oxidation were studied at 40.0 °C for BrO;™ and 30.0 °C for HSOs ", along with temperature
dependence studies, and for each oxidant were found to exhibit solution autocatalytic behaviour. For BrO;™ the
oxidation kinetics followed the expanded rate expression

+d[MnMoy05,* Jdt = kper [Mn* I MnMo,0;,* JTHMoO, [BrO; ]

based on an examination of the individual [BrO;7], pH and actual [MoO,*"] dependences, with a value for k¢, of
9.09(34) x 10® dm' mol *s™'. For HSO4~ the oxidation kinetics followed the expanded two-term rate expression

+d[MnMo,0,,° )/dt =
kAC(Za)[Mn“][MnM090326_][HMoO4_]75[505_] + kAC(zm[an+][MHM090326_][HMOO4_]75[HSOS_]

based on [HSO; ], pH and [MoO,*"] dependences. The values of kycq) and kacep, are 4.6(4) x 107" dm™ mol® s™
and 2.6(4) x 107" dm~® mol® s™". For BrO;"~ oxidation, from the composition of the transition state, it is proposed
that the product [MnMo,0;,]®” species combines with Mn(i) and two HMoO, ions to generate a Mn(ir)-substituted
lacunary [Mn"Mn"VMo,,0,,]°” anion based on a Keggin structure, with the Mn(1v) located at the centre of the
polyoxomolybdate framework. Extended-Hiickel molecular orbital calculations have been used to investigate the
stability of the proposed Mn(11)-substituted lacunary species, based on an a-Keggin structure, relative to the
unassembled components. For HSO,~ oxidation, the two parallel pathways indicate oxidation by both HSO4™ and its
deprotonated form SO;™. The two mechanisms reflect the differences in how BrO;™ and HSOs™ operate oxidatively
and have been highlighted by the facile nature of polyoxomolybdate polymerization. In each case following oxidation
of Mn(11) to Mn(1v) fast separation of the two Mn(1v) centres must subsequently occur, along with rapid assembly of

the polyoxomolybdate frameworks around each centre to yield the product species.

Over the past few years we have been involved in a program of
investigation of the kinetics of formation of heteropolyoxo-
metalates, from which mechanistic information regarding their
assembly can be obtained. Such systems have received little
attention in the past, which is associated with the complexity of
the structures themselves, and the difficulties in establishing the
actual speciation of isopolyoxometalate species (Mo and W) in
solution under acid conditions. We have used the strategy
involving oxidation of a heteroatom in a low oxidation state in
the presence of excess MoO,?>~ or WO,2", thereby generating
the central heteroatom in a higher oxidation state surrounded
by a polyoxometalate framework. To date, the kinetics of
formation of [Mn"™Mo,0;,]*” from oxidation of Mn(ir) by
hypochlorous acid (HOCI) and peroxomonosulfate (HSO;"), of
[Ni'VMo0,0,,]°” from oxidation of Ni(u) by peroxodisulfate
(S,04%7), and of [H,Co™,Mo0,,0,5]®" from oxidation of Co(ir)
by HSO;", all in aqueous solution in the presence of added
molybdate, have been studied."™ We have also examined the
oxidation of [Co"™W ,0,]® to [Co™W,,0,]°" using HSOs~
under both strong (0.05-0.625 M) and weak (pH 4.2-5.7) acid
conditions, with the former exhibiting zero-order kinetics while
maintaining an intact polyoxotungstate framework, while the
latter was found to involve polyoxotungstate fragmentation,
oxidation of Co(i) and reassembly of the polyoxotungstate
framework.’

DOI: 10.1039/b204832a

The oxidation of Mn(1) in aqueous solution has been the
subject of numerous studies, where solid manganese dioxide is
usually reported as the major product.® Manganese dioxide is
highly insoluble and its formation plays an important role in the
reaction kinetics. The solid formed catalyses further reaction in
a classic heterogeneous autocatalytic mechanism. In other
instances MnO,” can be found as a product in addition to
MnO,, as in oxidation by iodate.” However, in the presence of
other oxoanions such as molybdate and tungstate under weakly
acidic conditions, the soluble manganese(1v) heteropolyoxo-
metalates [MnMoyOs,]°” and [MnW,0,,]*” are obtained rather
than MnO, and there is no evidence for the formation of higher
manganese oxidation states.>®

In the study of the kinetics of oxidation of Mn(1) in the
presence of molybdate using HOCI to give [MnMo,O,,]°”, the
observed rate law contained first order concentration terms for
MoO,* and HMoO, , while in the study of the kinetics of
oxidation of Co(m) in the presence of molybdate using HSO,~
to give (principally) [H,Co,Mo0,,0;5]®", it was shown that two
partially built heteropolyoxomolybdate cages can fuse together
to produce the dimeric heteropolyoxomolybdate species,
[H,Co,Mo0,,05]%", again involving monomeric HMoO, units
rather than preformed polymeric species such as [Mo;0,,]°.*
From these studies it was concluded that the major building
blocks as regards polyoxomolybdate assembly are HMoO,~
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and MoO,*". The polymeric polyoxomolybdate anions simply
act as reservoirs of the monomeric species, which are in fast
equilibria with the polymeric species. Similarly, electrospray
ionisation mass spectrometry (ESI-MS) of both isopolyoxo-
molybdates and -tungstates has shown that HMoO, and
HWO,  are again the likely sources of the polymerization
units in the assembly of polyoxo-molybdate and -tungstate
frameworks under non-equilibrium conditions.*'

In the present study we report the formation of [MnMo,0;,]*”
using BrO;~ as the oxidant under weakly acidic conditions,
which provides further insight into the assembly of polyoxo-
molybdate cages. In addition, oxidation by HSOs™ has been
re-examined in the light of our latter studies and comparisons
with the previously examined oxidant, HOCI, are also made.

The studies show that in all cases [MnMo4O5,]°" forms by
an autocatalytic mechanism, with the product [MnMoyO,,]*~
species playing an active role in the formation of the transition
state as part of the oxidation process. The studies also provide
evidence for the mechanism of assembly of polyoxometalate
frameworks, and for molybdate in particular, involving the
formation of transition states that can be related to well-known
heteropolyoxometalates that exhibit the Keggin, eg
[X""M,04]® = 7 [X = P(v), As(V), Si(1v), Ge(1v); M = Mo or
W] and Anderson, e.g [Y'""MogO,H® = ”~ [Y = Cr(u),
Co(mr), Ni(m), Zn(m)] structures. The differences in the
transition states appear to be related to the coordination of the
oxidant and likely depend on the electron transfer requirements
of the oxidant during the oxidation process, with BrO;~ and
HSO,~ requiring monodentate and bidentate coordination,
respectively.

Experimental
Kinetic studies

Reactions were performed on a Hitachi 150-20 spectro-
photometer fitted with a thermostatted compartment stable to
+0.1 °C, with all reactions monitored at 480 nm. Millipore
Milli-Q water was used throughout the kinetic studies. Equal
volumes of buffered solutions containing Mn**/MoO,*” and
BrO;” or HSO5~ were mixed to obtain the final solutions. All
pH measurements were made with a Hanna Instruments 8521
pH meter, coupled to a HI 1131B glass electrode. Final reaction
mixtures contained variable amounts of MnSO,-H,0O (UNI-
VAR, AR Grade), Na,M00,-2H,0 (UNIVAR, AR Grade) and
either NaBrO; (Aldrich, 99.9+%) or 2KHSO4-KHSO,-K,SO,
(“Oxone”, Aldrich, purity 97.4%, obtained titrimetrically) as
appropriate, with enough NaNO, (UNIVAR, AR Grade) to
yield a total ionic strength of 1.00 M. For the molybdate
dependence studies, however, in order to obtain a wide range of
Mn?* : MoO,* ratios, solutions were prepared with a total
ionic strength of 1.50 M. All reaction mixtures were initially
prepared using 5 M acetic acid/NaOH buffer solutions. The
high concentration of buffer solutions was necessary to stabilise
the pH due to the basicity of MoO,* in solution during
polymerisation to generate (primarily) [Mo,0,,]°". As a result,
only very slight variations in pH were observed over the range
of MoO,>~ concentrations used at any fixed pH and, similarly,
minor variations in pH were observed over the range of oxidant
concentrations used. Discussion of the analysis of the data is
given below.

Extended-Hiickel molecular orbital studies

Extended-Hiickel molecular orbital calculations were per-
formed using the package described by Mealli and Proserpio
(Version 4.0, 1994), with the extended-Hiickel parameters, ie.
Coulomb integrals, H,; (¢V) and Slater exponents ({), taken
from the values provided in the package. The Wolfsberg—
Helmholtz constant was set to 1.75. For [MnMoyO5,]°, the
X-ray crystallographic coordinates were taken from the
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Table 1 Observed rate constants for oxidation of Mn(1r) by BrO;™ in
the presence of MoO,>": oxidant dependence ([Mn?>*] = 0.0025 M,
[M0O,* 13 =0.0625 M, pH = 5.03 + 0.02, = 1.00 M, 40.0 °C)

[BrO, M Kaeqr/dm® mol ' 57! 10MnMo,0,,5 /M
0.10 0.14(1) 1.4

0.20 0.27(1) 1.9

0.30 0.40(2) 4

0.40 0.54(3) L1

0.50 0.65(4) 1

reported structure of K MnMo,0,,]-6H,0,> while for the
a-Keggin geometry of the hypothetical [Mn"YMn"Mo,,0,,]®"
ion, the coordinates were derived from that of a-[GeMo,,0,,]*"
in Na,[GeMo,,0,]-8H,0'* with Mn(1v) replacing Ge(1v)
because of their identical crystal radii,”® and the
Mn(1) replacing a peripheral Mo(vi) (along with its terminal
0*" ligand). For [Mn(OH,)]**, all Mn-O distances were set
to 2.160 A, with O-H distances of 0.97 A and an H-O-H
angle of 104.5°. The geometry for HMoO,  was based on a
tetrahedrally coordinated Mo(v1), with all Mo-O distances of
1.75 A and an O-H distance of 0.97 A, and a Mo—O-H angle
of 109.5°. The water molecule had O-H distances of 0.97 A,
with an H-O-H angle of 104.5°.

Results and discussion

A. Oxidation of Mn(ir) by BrO;™ in the presence MoO,*~

Oxidation of Mn(1r) by BrO;~ in the presence MoO,*~ over the
pH range 3.94-5.52 occurred very slowly at room temperature
(>24 h for oxidant concentrations from 0.1-0.5 M). The pH
range is narrow because of the limitation imposed by the range
of stability reported for the product species.”® All oxidation
kinetics were subsequently monitored at 40.0 (+£0.1) °C, with
the exception of the temperature dependence study. Based on
the known molar absorptivity of [MnMo,0,,]°" at 480 nm,?
complete conversion to this species occurred under the range
of experimental conditions employed in the present study.
Examination of a range of [BrO; ]J/[Mn?*] values, with [Mn?>*]
=0.0025 M, [M0oO,* ] = 0.0625 M and pH = 5.10 at 40.0 °C,
indicated that the stoichiometry was 0.40 mole of BrO,;  per
mole of Mn?*. The overall reaction can therefore be written as
in eqn. (1).

SMn** + 45Mo00O,2 + 52H" + 2BrO,” —
5[MnMoy0,,]* + 26H,0 + Br, (1)

The absorbance-time traces for the formation of
[MnMo,0;,]° exhibited typical “S-shaped” curves, which are
characteristic of autocatalysis, and which have been previously
observed for the oxidation of Mn(i) in the presence of MoO,2~
using the oxidant HOCL.' Consequently, the kinetic data were
analysed in terms of a second order autocatalytic reaction that
obeys rate law (2), where k,;, is a pseudo-second order rate
constant which subsumes dependences on [BrO; ] and, as will
be shown below, second order dependences on both [MoO,*"]
and [H™].

+d[MnMoyO3,* 1/d? = k(s IMD**][MnMo0gO5,° 7] (2)

The rate constants were obtained using the standard
treatment for second order autocatalysis.'® Thus a plot of
In[(4,/4,)/(1 — AJA.,)] against time gives a straight line of
slope kyey[Mn>"];, where [Mn>"]; is the initial concentration
of Mn(1) and, from the intercept (y) on the ordinate axis, a
measure of the “initial” product concentration, [MnMoy0,,°";,
which is “instantly” formed on mixing the two solutions
containing the starting reagents ((MnMoyO5,* ], = [Mn**]e¢").
The rate constants are listed in Tables 1-4 along with the
[MnMo,0;,°"; values obtained under the various conditions.



Table 2 Observed rate constants for oxidation of Mn(ir) by BrO;™ in
the presence of MoO,* : pH dependence ((Mn?*] = 0.0025 M, [BrO, ] =
0.40 M, [M0O,* ] =0.0625 M, I=1.00 M, 40.0 °C)

Table 4 Observed rate constants for oxidation of Mn(ir) by BrO;™ in
the presence of MoO,?": temperature dependence ([Mn?*] = 0.0025 M,
[BrO,7]=0.50 M, [M0O,* ]y = 0.0625 M, pH = 5.11, I = 1.00 M)

Kaeqry/dm’® 10°’MnMo,-
pH 102M00O* JeadM mol 's™! 0, /M
3.94 0.0405 0.30(2) 6.5
437 0.126 0.40(2) 48
457 0.214 0.4703) 33
4.82 0.411 0.51(3) 2.2
5.03 0.709 0.54(3) 1.1
534 1.56 0.58(3) 3.4
5.52 2.44 0.5903) 6.8

Dependences on BrO;~, H* and MoO,>". The autocatalytic
rate constant showed a first order dependence on [BrO; ] at pH
5.03. The data are given in Table 1. A plot of log k,, against
log [BrO;] generated a linear relationship, with a slope of
1.00(2) (R* = 0.9993), giving the expanded rate expression (3),
where k' ,(r) is 1.34(2) dm® mol *s™" at 40.0 °C.

+d[MnMo,0,,* J/dt =
k’ac(l)[an+][MnM0903267][BrO37] (3)

Notably, no deviation from first order behaviour was
observed, as BrO;~ is not protonated under the pH conditions
used in the present study. Further discussion of possible proto-
nation of BrO,~ is given below, following the establishment of
the H* dependence.

In order to determine the potential dependences of the rate
on [H'] and [M0O,*"], the variations of k., with pH and with
total added molybdate, i.e.[M0O,* |, were examined. The data
are listed in Tables 2 and 3, respectively. The variation with pH
appears to be complex, as shown in Fig. 1, while at a pH of 5.29,

0.7 1 —_— —_—
< 0.6 1
0.5
0.4

pH

Fig.1 Dependence of k., on pH. [Mn**]=0.0025 M, [BrO; ] = 0.040
M, [M0oO,* ] =0.0625 M, I=1.00 M, 40.0 °C.

kaeqry Shows a non-linear relationship with [MoO,*" ]y, as shown
in Fig. 2(a). This behaviour is a result of changes in the
speciation of molybdate with both pH and concentration,
primarily from the polymerization reaction given by 7MoO,>~
+ 8H" — Mo0,0,,%" + 4H,0. There have been a number of
studies on the speciation of molybdate with both pH and
concentration.’”® The present study was carried out at = 1.00
M for the pH dependence and 7 = 1.50 M for the molybdate
dependence in acetic acid-NaOH buffer solutions. While
no speciation studies have been carried out in this medium,
previous studies have shown that the formation constants

Temperature/°C Kyeqy/dm® mol " s~ 10MnMo,05,° /M
25.7 0.26(1) 0.8
30.0 0.41(2) 5.5
349 0.55(2) 27
40.0 0.67(3) 10.5
45.0 0.84(4) 24.7
0.6
N b
0.5 - ()
3 (a)
£
"'E 0.4
S
$0.3 4
x
0.2 T T T T T T al

0 002 004 0.06 0.08 0.1 012 0.14
[MoO,”] or [MoO,* 11 (M)

Fig. 2 Dependence of k., on (a) total added molybdate, [MoO,* ]y
and (b) actual [MoO,* ] in solution. [Mn?>*]=0.0025 M, [BrO; ] = 0.040
M, pH =529, I=1.50 M, 40.0 °C.

reported by Ozeki et al.'® in 3 M NaClO, are satisfactory for
the purposes of calculating the actual MoO,>~ concentration
in solution in an acetic acid—-NaOH buffer.

Using the molybdate speciation to determine the actual
Mo0O,>” concentration in solution, i.e. [M0O,* ..., for various
amounts of total added molybdate, at constant pH, the actual
MoO/*~ dependence may be investigated. The actual variation
of k,eqy with [M0O,* "], is shown in Fig. 2(b). From this
data, a plot of log k,., against log [M0O,*"].,,. gave a linear
relationship with a slope of 1.93(3) (R* = 0.9994), which
indicates a second order dependence on [M0O,* ].... The sec-
ond order dependence on [M0O,* ] .. can now be included in
the rate expression to give the expanded rate expression (4),
where k., is 2.82(4) x 10* dm" mol * s™" at 40.0 °C based on
the actual MoO,>” concentration present in solution at a pH of
5.03 as calculated from the reported formation constants.

With the dependence of k,.;, on [M0O,> ] now established, it
is possible to investigate the actual dependence of k,., on [H']

+d[MnMo,0,,* J/dt =
k"ac(l)[MnH][MnM0903267][M00427]2[Br037] “4)

by removing the molybdate dependence at each pH value. A
plot of log {k,q/[MoO ]}, using the appropriate
[M0O,* ].. values, against log [H"] generated a linear relation-
ship of slope of 2.07(2) (R* = 0.9997) indicating a second order
dependence on [H*]. Thus the rate expression may be further
expanded to include this dependence, as in eqn. (5), where k"¢
is 3.20(12) x 10 dm'® mol~®s™" at 40.0 °C.

+d[MnMo,0,,* J/dt =
k’”ac(l)[Mn“][MnM09O326’][H*]Z[MOO“Z’]Z[BrO{] ©)

Table 3 Observed rate constants for oxidation of Mn(i1) by BrO,~ in the presence of MoO,*": molybdate dependence ([Mn**]=0.0025 M, [BrO; ] =

0.40 M, pH =5.29 £ 0.01, 7=1.50 M, 40.0 °C)

Total [MoO* /M 102M0O Jead M

kgey/dm® mol ' s7! 10{MnMo,03,° /M

0.040 1.27
0.050 1.36
0.0625 1.41
0.125 1.51

0.37(2) 74
0.42(2) 7.2
0.46(3) 5.9
0.52(3) 1.2
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The value for k", is an average over each of the pH values
(3.94-5.52) examined in the present study.

At this point it is possible to write eqn. (5) in two alternative
forms, by combining the [H']* dependence with either the
[MoO,* T* dependence or the [BrO, ] dependence. The latter is
commonly found in the form (¢ + H[H*]?)[BrO; "], where a and
b are experimentally determined rate constants, and has been
observed in the oxidation of [Fe(bipy)(CN),J*~, [Fe(bipy),-
(CN),] and [Fe(bipy);]** (where bipy = 2,2'-bipyridyl), IrCls*",
[Fe(CN)(]* and [Co™W,,0,]° .2 This has been interpreted
in terms of two parallel pathways involving oxidation by BrO,~
and H,BrO;*, respectively, with the latter reacting directly
with the substrate in the rate-determining step or undergoing a
dissociation into H,O and BrO," prior to the rate-determining
step. It should be stressed that the [H]* dependence has been
found only under highly acidic conditions, that is with [H*] =
0.05-1.50 M.**2 No terms in just [H*] were observed in the
above studies, although more complex dependences have been
observed, again under acid conditions.** Given the pH range
employed in the present studies, therefore, it is unlikely that the
observed [H*J* dependence is associated with the BrO,™ ion.
Moreover, over the pH range actually used in this work,
HMoO, is the major monomeric Mo(vI)-containing species
in solution, along with MoQO,?".'"!® Thus, an alternative form
of this rate expression would involve a combination of the
dependences on both [H*] and [M0O,*"] through the proton-
ation equilibrium H* + MoO,* = HMoO,", for which log
f = 3.773." This, in turn, leads to rate expression (6), where
kaca =9.09(34) x 10° dm" mol *s™" at 40.0 °C.

+d[MnMo,0,,* /dt =
kAC(l)[MnH][MnM0903267][HMOO47]2[B1'037] (6)

The expression is not unrealistic and simply involves the
Mn(1) substrate, the product, i.e. [MnMo405,]°", as is required
for an autocatalytic process, along with the simple monomeric
molybdate species, HMoO, ", as well as the oxidant, BrO;".

Temperature dependence. The temperature dependence of the
reaction was studied from 25.7-45.0 °C, and the data are given
in Table 4. An Arrhenius plot of In k,.;, against 1/T" produced
a non-linear relationship. If it is assumed that the Arrhenius
activation energy, E,, remains constant with temperature for
this system, then the non-linear nature of the plot suggests
that there is some change in the actual [MoO,* ] in solution,
resulting from a change in polymerization (i.e. speciation) over
the temperature range studied. In our previous study on the
formation of [MnMoyOs,]°” through oxidation of Mn(i) by
HOCI in the presence of molybdate,' a change in polymeriz-
ation with temperature was proposed as the cause of the
variation in the slope of the Arrhenius plot with temperature.
In that study, the temperature range examined was 4.8-20.0 °C.
Not surprisingly, therefore, changes in polymerization appear
to occur at lower temperatures (the HOCI study) and to
higher temperatures (the present BrO;™ study) relative to the
data obtained at room temperature, for which the formation
constants apply. It appears that the formation constants
reported by Ozeki et al.'”® are satisfactory for the determin-
ation of the actual [MoO,*] in solution over the temperature
range of about 5 to 40 °C in an acetic acid-NaOH bulffer.
However, the slight variations from the ideal orders of both the
molybdate and H* dependences that were observed above may
have their origin in slight variations in polymerization at the
temperatures employed in the present study. The value of E,
varied from about 76 to 39 kJ mol™! (limiting values), decreas-
ing as the temperature decreased over the range studied. The
average value was 46 kJ mol™' (R? = 0.969). The temperature
dependence data were also used to estimate the enthalpy and
entropy of activation for the present reaction (using auto-
catalytic rate constants from which the dependences on
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[MoO,*7], [H*] and [BrO, | had been removed), and gave AH*
=43 kJ mol™' and AS* = 170 J K™' mol™'. Solvation effects
can be expected to dominate in reactions between ionic species,
so that the large positive activation entropy for the reaction
indicates significant solvent rearrangement during formation of
the transition state. This is consistent with a significant decrease
in solvation of the individual components on assembly of
the transition state. However, in view of the complexity of the
reaction mechanism, as suggested by the rate law, the calculated
activation energy really represents a composite value taken
over all of the steps contributing to the reactions leading to the
transition state.

Mechanistic considerations. The rate law determined above
can be used to propose a possible reaction mechanism for the
formation of [MnMoyO5,]°". The mechanism for the oxidation
of Mn(ir) by BrO;™ in the presence of MoO,*~ can be expressed
by steps (7)-(14).

5Mn" + SHMoO,~ :ﬁS[Mn“HMOO4]* )

5[Mn"HMoO, " + 5HM00;:—<;>5[Mn“(HMoo4 )l (8)

S[Mn" (HMo00,),]+ 5[Mn'""Mo,0,,]* ===

k5

: ©)
5[Mn"Mn" (H,0)Mo,,0,,1*

[Mn"Mn" (H,0)Mo,,0s,]* + BrO,- —— (10)
[Mn""Mn" (H,0)Mo,,0,, ]~ + BrO,”
[Mn™YMn™(H,0)Mo,,05]° + BrO;  —
[Mn'YMn"V(H,0)Mo,,05]*" + BrO*~ (11)

2BrO,>" + 4H" = 2BrO, + 2H,0 (12)

4[Mn™Mn"(H,0)Mo,,04]° + 2BrO, + 8H* —
4Mn™Mn'V(H,0)Mo,,05,]*" + Br, + 4H,0 (13)

SIMn™Mn"Y(H,0)Mo,,05,]*" + 35M002 +
30H* — 10[Mn'YMo,04,]° + 20H,0 (14)

The third step, (9), involving the competing rates k; and k_;,
is required to create the observed autocatalysis. The rate-
determining step, (10), is followed by the fast reactions (11) to
(14), with the final step involving rapid breakdown of the fully
oxidized double Mn(1v)-containing species, which involves
attack from HMoO,  and/or MoO,>” ions to generate the
[Mn"™Mo,0;,]*" product species by fast polyoxomolybdate
framework assembly around each separated Mn(1v) ion. The
equations involving BrO;~ are similar to those used for the
oxidation of, for example, [Co™W,0,]°", [Fe(bipy),’" and
IrCl*,**2 while the sum of the proposed steps (7)—(14) in the
above mechanism correspond to the stoichiometry that was
described above [eqn. (1)].

Now, from the fast pre-equilibria (7)—(9), which occur prior
to the actual oxidation step, expression (15) can be derived.

[Mn"Mn"(H,0)Mo,,0,,]" =
ki ks
k_k_ky

,(15)

[Mn**][Mn"YMo,0.,° J[HMoO, ]

As the kinetic equation for the rate-determining step is (16),
combining eqns. (15) and (16) yields expression (17) for the
rate-determining step, which may be written as (18) where k¢,
= kikykskylk_k_5k_5. This is equivalent to the experimentally
determined kinetic eqn. (6), assuming that the pre-equilibria



(a)

(b)

Fig. 3 Representations of the heteropolyoxomolybdate units of the suggested transition states in the oxidations of Mn(1) by (a) BrO;™ and (b)

SO4>" in the presence of added molybdate.

(7)-(9) are fast compared to k,, the actual oxidation and
rate-determining step.

+d[MnMo,0,,° " )/dzt =
kJMn"Mn"(H,0)Mo,,0,,° ][BrO;"] (16)

+d[MnMo,0,,° 1/dt =
k1k2k3k4
k_k_yk

o . -, an
[Mn**][Mn""Mo,0,,* ][HMoO, '[BrO; ]

+d[MnMo,0,,* )/dt =
kAC(l)[Mn“][MnIvM09O3267][HMOO(]Z[BTOJ] (18)

The transition state. Examination of the components of the
rate-determining step gives, after arranging into a likely
heteropolyoxomolybdate framework, a transition state that
can be represented by [Mn"YMn"(H,0)Mo,;0;y(BrO;) =*
n(H,0)]°".» The structure of the “heteropolyoxomolybdate”
moiety of the transition state (i.e. neglecting the oxidant) is a
Mn(1)-substituted lacunary polyoxomolybdate with a Mn(1v)
at the centre of the polyoxomolybdate framework, and is
based on the Keggin structure. The heteropolyoxomolybdate
structure is shown in Fig. 3(a), with the sixth coordination site
around the Mn(m) filled by an oxygen of the BrO;™ oxidant,
following loss of the water molecule. Such a structure is
feasible, as the tetrahedral crystal radius of Mn(1v) is identical
to that of Ge(1v) (0.53 A),"® and Ge(1v) is commonly found at
the centre of both intact (e.g a-[GeMo;,04]*") and lacunary
heteropolyoxometalates based on the Keggin structure.?® The
peripheral Mn(11) may readily lose a radially coordinated
water molecule, as indicated by the above representation of
the transition state, and be replaced by the oxidant. Indeed,
water exchange of the related [Mn(OH,)s** is extremely
rapid, with an exchange rate of 2.1 x 107 s™" at 25 °C,” which
correlates well with the zero crystal field stabilization energy
for a high-spin d° electron configuration. Thus the BrO;~
could coordinate through one of its oxygen atoms to the
peripheral Mn(11) prior to electron transfer. Only monodentate
coordination is possible, because of the constraints of the
polyoxomolybdate framework. In order to investigate the
likelihood of the Mn(m)-substituted lacunary heteropolyoxo-
molybdate as the transition state, extended-Hiickel molecular
orbital (EHMO) calculations were performed on the com-
ponents of eqn. (19).

[Mn(OH,) " + [MnMo,0,,]*" + 2HMoO,” —
[Mn""Mn"Mo,,05,]°" + 7TH,0 (19)

For this equation, the change in total stabilization energy
AE; = E;(Mn"Mn"™o,,0,]*) + 7E;(H,0) — Ex([Mn-

(OH,)¢*") — Ex([MnMo,0,,]*") — 2E:(HMo00O,"), where E;
for a particular species is the sum of the one-electron energies
as calculated using the EHMO approach, is equal to
(—6215.24) + 7(—162.43) — (—1041.13) — (—5050.09) —
2(—628.96) = —3.11 eV. It should be noted that no solvent
considerations have been included in these calculations. In view
of the approximations inherent in the EHMO method, the
actual value of AE; is not important, except to indicate that the
products are energetically very similar to those of the reactants,
given the individual values of E; for the species involved.
Moreover, if the B- (or even a y-) form of the Keggin structure
had been used for the [Mn"YMn"Mo,,0,,]°" ion, the energy
difference would have been even less, or indeed actually
positive, as this isomeric form has been shown to be less
energetically stable than the o-form (several eV using a similar
calculational methodology).?

B. Oxidation of Mn(i1) by HSO;™ in the presence MoO >~

The kinetics of oxidation of Mn(11) by HSO,™ in the presence
of molybdate under slightly acidic conditions at 30 °C also
exhibited an “S-shaped” curve typical of an autocatalytic
reaction, as found in the case of BrO; ™. Previously, this system
had been investigated at 40 °C, and the autocatalytic nature
had been missed because of the compressed absorbance-time
traces observed, so that the “induction” periods were over-
looked. In that study, the kinetics were interpreted in terms of
a first order system.? However, following the observation of
the autocatalytic nature of the Mn(i)/molybdate system
using HOCI1! and BrO; " (the present study), the use of HSO5~
as oxidant was re-investigated, but at lower temperatures, and
its true autocatalytic nature revealed.

Oxidation of Mn(1) by HSO;™ in the presence of molybdate
over the pH range 4.4-5.5 occurred over a period of 5-30
minutes at room temperature for oxidant concentrations of
0.030-0.065 M. Again, the pH range is narrow because of the
range of stability of the product species. Moreover, the reaction
was incomplete below pH 4.4, based on the known molar
absorptivity of [MnMoyO3,]°", while complete conversion
occurred above this value, up to a pH value of 5.5. All oxidation
kinetics were subsequently recorded at 30 °C, with the exception
of the temperature dependence study. Examination of a range
of [HSO5 J/[Mn**] values, with [Mn**] = 0.0025 M, [MoO,* | =
0.0625 M and pH = 5.10 at 30.0 °C, indicated that the stoichi-
ometry was 1.0 mole of HSO;™ per mole of Mn**. The overall
reaction can therefore be written as in eqn. (20).

Mn?* + 9MoO,* + 9H" + HSO;,” —
[MnMo,O,,]*” + 5H,0 + SO (20)

The kinetic data were analysed as described above in terms of
a second order autocatalytic reaction. The rate constants and
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Table 5 Observed rate constants for oxidation of Mn(11) by HSO5™ in
the presence of MoO,>": oxidant dependence ([Mn?>*] = 0.0025 M,
[MoO* ], =0.0625 M, pH = 5.29 = 0.01, 7= 1.00 M, 30.0 °C)

Table 8 Observed rate constants for oxidation of Mn(11) by HSO5™ in
the presence of MoO,?": temperature dependence ([Mn?**] = 0.0025 M,
[HSO;7]=0.060 M, [M0oO,* ], = 0.0625 M, pH = 5.25, I = 1.00 M)

[HSOs /M Kye@y/dm® mol " 7! 104MnMo,03,° /M Temperature/°C Kae@y/dm® mol ' s7! 10'MnMo,0;,° /M
0.030 8.0(4) 231 15.0 6.6(3) 2.36
0.035 10.1(5) 1.96 20.0 8.2(4) 1.60
0.045 13.7(5) 2.03 25.1 10.2(5) 1.88
0.055 16.6(7) 1.96 29.8 12.0(5) 1.95
0.065 20.909) 1.96 34.7 13.9(6) 1.87
[MnMo,0,,° ], data obtained under various conditions are 10
given in Tables 5-8. S
'(ﬂ 8 -4
Dependences on HSO,~, H* and MoO,’". The autocatalytic TE" 6
rate constant kaoy teqn. (2), with k,., replacing k,.;, and e ol
subsuming dependences on [HSOs], [H] and [MoO/2 ]} :
showed a slight deviation from first order behaviour at pH 5.29 % ool
in the oxidant dependence. Thus a plot of log k,,, against log =
[HSOs7] gave a linear relationship of slope 1.21(5) (R* = 0 ' ' T ' ' ' 1
0.9948), leading to rate expression (21). 42 44 46 48 5 52 54 56
pH

+d[MnMo,0,,° " )/dt =
k' we[Mn* [IMnMoyO5,° JIHSO; 1! (21)

The deviation from first order behaviour is well outside the
limits of error in the data even considering the error in k&’ ). A
similar deviation from first order dependence was observed
previously in the original study at pH 4.54,> and was also
observed in the oxidation of Mn(1) by HOCI in the presence of
molybdate at pH 4.49, although first order behaviour was
observed under slightly less acidic conditions at pH 5.36.!
Further treatment of the [HSOs"] dependence is presented
below.

The dependences of k,, on both [H*] and [MoO,*"] were
obtained in a similar manner to those described above for the
Mn(1)/molybdate/BrO;~ system. The data are given in Tables 6
and 7, respectively. As found for oxidation by BrO;~, there is a
complex non-linear dependence on pH, Fig. 4, and a non-linear
dependence on total molybdate in solution, Fig. 5(a). For the
molybdate dependence study, the range of concentrations
studied was rather narrow (0.125-0.250 M), since below a
[MoO, ], of 0.125 M the reaction did not go to completion.
Although the pH dependence study was examined at a
[MoO2 ]y of 0.0625 M the ionic strength was lower, and
resulted in complete reaction. It thus appears that at higher

Fig. 4 Dependence of k,, on pH. [Mn**] = 0.0025 M, [HSOs"] =
0.030 M, [M0oO,* ]y =0.0625 M, I = 1.00 M, 30.0 °C.

l (b)

0 T T T T T i
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Fig. 5 Dependence of k,,, on (a) total added molybdate, [M0O,* ],
and (b) actual [MoO,*"] in solution. [Mn?*] = 0.0025 M, [HSOs] =
0.030 M, pH =5.20, I=1.50 M, 30.0 °C.

ionic strengths and lower total molybdate concentrations the
oxidation reaction is incomplete. Again, assuming that the
differences in molybdate speciation under the experimental
conditions of this study and those employed in the estimation

Table 6 Observed rate constants for oxidation of Mn() by HSO5™ in the presence of MoO,*": pH dependence ([Mn**] = 0.0025 M, [HSO; "] = 0.030

M, [MoO,> ], = 0.0625 M, I = 1.00 M, 30.0 °C)

pH 10[M00 |oud/M Kaeay/dm® mol ' 5™ 10 MnMo,0,,° /M
439 0.133 2.4(1) 3.12
4.61 0.237 4.4(2) 3.30
4.76 0.351 6.7(3) 2.36
4.99 0.639 9.4(4) 1.87
5.18 1.04 9.1(4) 1.29
5.25 125 9.0(4) 172
5.31 1.45 8.8(4) 1.85
5.40 1.82 7.9(4) 2.04
5.50 2.32 6.9(3) 2.68

Table 7 Observed rate constants for oxidation of Mn(i1) by HSO;™ in the presence of MoO,*": molybdate dependence ([Mn**] = 0.0025 M, [HSO5 "]

=0.030 M, pH=5.20 £ 0.01, /=1.50 M, 30.0 °C)

Total [MoO* /M 10 [M00O JeadM

Kqe@y/dm® mol ™" ™" 10 {MnMo,03,° /M

0.125 1.26
0.1875 1.31
0.250 1.40

10.5(5) 1.62
8.3(4) 1.60
6.5(3) 2.12
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of the formation constants are not great, then the actual
MoO,>” concentrations in solution, i.e. [M0O,* ..., for various
amounts of total added molybdate, at constant pH, may be
used to investigate the [MoO,*"] dependence. The variation of
Kooy With [M0O,* . is given in Fig. 5(b). A plot of log Kace2)
against log [M0O,* ... produced an inverse relationship with a
slope of —4.92(60) (R* = 0.9752), which indicates an inverse
fifth-order dependence on [MoO,* ]... although the error
is somewhat large because of the restricted range of total
molybdate concentrations available. This results in the new
rate expression (22).

+d[MnMo,0,,° )/dr =
k”ac(z)[lvlnh][1\/1111\/[0903267][1\/[00427]75[1'18057]1'21 (22)

Similarly, a plot of log {k,u/[M0oO, ]}, using the
appropriate [MoO,* ... values, against log [H*] yields a linear
relationship of slope —6.01(14) (R? = 0.9962), indicating an
inverse sixth-order dependence on [H*]. The rate expression can
be further expanded to include this dependence, as in eqn. (23).

+d[MnMo,0;,* Jd = K o [Mn?*]
[MnMo,03,° ][MoO,* ] [H'] [HSOs ]**'  (23)

Now, for the range of acidity employed in these studies the
primary molybdate species is HMoO,™ rather than MoO,*", as
noted above. Again, using the protonation equilibrium H* +
Mo0O,>” <> HMoO, ", rate expression (23) can be rewritten as
eqn. (24).

+d[MnMoy05,* Jdt = k"o [Mn*]
[MnMoyO,,* THMoO, | *[H*]"'[HSO; ]! (24)

With this rate expression in hand, the non-integral exponent of
the oxidant term can be addressed, and suggests an alternative
form of the above rate expression involving two parallel
pathways, one dependent on HSOs~ and the other on SOZ*".
For the reaction HSO5~ <> SO + HY, the K, = 4.0(9) X
107, Combination of this relationship with eqn. (24) results
in rate expression (25), where ke, = 4.6(4) X 10" dm™® mol®
s and ko =2.6(4) X 107 dm™’ mol* s,

+d[MnMo,04,5)/ds = (25)
kAC(Za)[MnPr][MnM0903267][HM0047]75[80527] +
kAC(zb)[MnH][MnM09O3267][HM0047]75[H5057]

It should be noted that previously, SOs*~ has been shown to
be the active oxidant under acidic conditions in the slow
oxidation of [Co™W,0,,]° to [Co™W,,0,,]°".° The emergence
of the second pathway in the rate law above suggests that
HSO,™ acts as the preferred oxidant in acidic medium, while the
deprotonated species SOs*~ becomes the more favoured oxidant
under less acidic conditions and also kinetically slow oxidation
conditions.

Temperature dependence. The temperature dependence was
studied from 15.0-34.7 °C at pH 5.25, and the data are given in
Table 8. An Arrhenius plot of In k., against 1/T" produced a
linear relationship (R? = 0.9962) and an Arrhenius activation
energy, E,, of 28 kJ mol™'. The linear nature of the plot
suggests that there is negligible change in speciation in the
actual [MoO,*] in solution resulting from any change in
molybdate polymerization over the temperature range exam-
ined, which is close to the actual temperatures used for the
determination of the stability constants. The data in Table 8
may also be used to estimate the enthalpies and entropies of
activation for both oxidative pathways, using autocatalytic rate
constants from which the pseudo concentration dependences

on [MoO,"], [H"] and [oxidant] have been removed. The data
give AH* =~ 26 kJ mol ™' for both pathways and AS* ~ —900 and
—800 J K™! mol™! for the major (SO,>~ oxidation) and minor
(HSOs™ oxidation) pathways, respectively. As solvation effects
dominate in reactions between ionic species, the large negative
activation entropies for both pathways indicate significant
solvent rearrangement during formation of the transition state,
likely involving a large increase in solvation, particularly of the
dissociated HMoOQO,™ ions, in forming the transition states of
the two pathways.

Mechanistic considerations. The rate expression established
above suggests that, prior to oxidation, five monomeric proto-
nated molybdate units are lost from an initial Mn(11)-Mn(1v)-
polyoxomolybdate anion (ie. [Mn™n'YMo,0,,]*"). This
“unwrapping” allows the oxidant (SO5* or HSOs") to enter the
primary coordination sphere of the Mn(11) and effect a two-
electron oxidation of Mn(1) to Mn(1v), probably as two sequen-
tial one-electron steps. The loss of the five HMoO, ™ units likely
exposes the Mn(11) so that it can be coordinated in a bidentate
manner, a coordination mode that can also be inferred in the
oxidation of Co(m) by HSOs™ in the presence of molybdate to
give [H,C0,M0,,0:5]° .4 If either oxidant (SOs*~ or HSOy")
were to favour monodentate coordination, then the rate law
would likely have been similar to that with BrO;™ as oxidant.

The mechanism of oxidation can be expressed by equilibria
(26)—(33), in which the rate-determining steps are (32a) and
(32b) for the major and minor pathways, respectively.

Mn" +[Mn""Mo,0.,1* :#[Mn”MnIVMOQOSZ]* (26)

[Mn"Mn"™Mo,0;,]*" + H,0 7=

2 27
[Mn"Mn"™Mo,0,,HF"" + HMoO,”
g g IV -k
[Mn"Mn "Mo,O,,H] — (28)
[Mn"Mn"Mo,0,;]"" + HMoO,"
[Mn"Mn"Mo,0,,]*" + H,0 = )
[Mn"Mn"™Mo,0,,H|" + HMoO,
it v ,L)
[Mn"Mn "MoO,,H] — (30)
[Mn"Mn"Mo,0,,]" + HMoO,"
[Mn"Mn"Mo,0,,]’ + H,0 == 1)
[Mn"Mn"Mo,0,,H]" + HMoO,"
[Mn"Mn" Mo,0,.H]' +S0.> —%
415 5 (32a)
[Mn""Mn"Mo,0,;HSO, |
[Mn"Mn""Mo,0, H]' + HSO,” —%& (32b)
[Mn""Mn""Mo,0,,H,S0O,]’
[Mn""Mn"YMo,0,;HSOs]” + 14MoO* + 15H" —
2[MnMo,0;,]*” + 8H,0 + SO,* (33a)
[Mn™Mn'YMo,0,sH,SO.]’ + 14MoO2 + 14H* —
2IMnMo,OL,]~ + 8H,0 + SO (33b)

It should be noted that the above equations have been
written without the express involvement of solvent, except
where water molecules are required for correct stoichiometry.
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Water molecules are assumed to be involved in rapid loss/
addition to Mn() and Mn(1v), presumably maintaining six
coordination around these ions, and also in solvation of the
HMoO,  ions. The rate determining steps, (32a) and (32b), are
followed by fast reactions (33a) and (33b), which involve, in
either case, the breakdown of the double Mn(1v)-containing
species and the assembly of the polyoxomolybdate framework
around each Mn(1v) centre. Combination of steps (26)—(31)
with either (32a) and (33a), or with (32b) and (33b), yields the
stoichiometry given above in eqn. (20).

Now, from the fast equilibria (26)—(31), expression (34) can
be derived.

[Mn"Mn"“Mo,0, H"]=

.34
klk2k3k4k5k(, [Mn2+][Mn[VMO‘)O3267][HMOO47]73

Also, from eqns. (32a) and (32b) the two-term kinetic equation
for the rate-determining step is given by (35).

+d[MnMoy0,,* /dt = k,[Mn™Mn'YMo,0,sH*][SOs> ] +
kMn"Mn"Mo,0,,H*][HSO, ] (35)

Combining eqns. (34) and (35) gives eqn. (36) for the rate-
determining step, which may then be written as (37), where k,,)’
= kikokoskakeskghoalk ke _sk _sk_jk_sk_g and ki)' = kikokskkskeks/
k_ik_sk_sk_jk_sk_q. This is equivalent to eqn. (25), with kg, =
Kac@ay and k)" = kac(ap), assuming that the pre-equilibria (26)—
(31) are faster than the rate-determining steps (32a) and (32b).

+d[MnMo,0,,* )/dr = (36)
—kkll:‘fk;ckszﬁklz [Mn?*][MnMo,0,,* J[HMoO, 1°[SO,* 1+
S LA A LA L L

ke, sk fesk gl

[Mn**][MnMo,0,,* [[HMoO, ] °[HSO, ]

+d[MnMo,0,,* J/dt =
Kay' [Mn?*][MnMo,05,* [HMoO, ] [SOs* ] +
Ky Mn**J[MnMoy05," [HMoO, ] °[HSOs] (37)

The rate law and mechanism are consistent with a series
of fast equilibria involving the original formation of a
Mn"-Mn"V-polyoxomolybdate anion (required to create the
observed autocatalysis) followed by sequential loss of HMoO,~
(or H* and M0O,*") from this species. The substrate actually
oxidised can reasonably be assumed to be a solvated [Mn"M-
n"YMo,O,sH]" ion. Exchange of water molecules is presumably
very fast, allowing facile coordination of SO4*~ in the major
pathway and HSO;™ in the minor pathway, subsequently
leading to a two-electron oxidation of Mn(m) to Mn(1v).
Electron transfer is facilitated by coordination, and is effect-
ively intramolecular. Notably, both oxidant species coordinate
to a species with a positive charge, which is electrostatically
favoured, and which also favours SO~ over HSOs, which is
consistent with the former oxidant participating in the major
oxidative pathway. Both oxidation steps must be slower than
the reversible loss of HMoO,™ from the labile precursor, and
hence oxidation is the rate-determining step(s). Following
oxidation, fast ligand reorganization/breakdown is assumed to
occur which most likely involves a rearrangement of the
primary coordination sphere of the newly oxidised Mn(1v) and/
or breakdown of the reduced “SOs*™” or “HSO4* ” ligand to
SO, and an O*” or OH" ion, which then ends up protonated
as H,O. This step was not kinetically observed, which indicates
a fast change in the nature of the immediate oxidation product.
At some stage this must involve separation of the two Mn(1v)
centres, while any ligand replacement would involve exchange
of the weakly coordinated SO,*~ by MoO,>". The resulting
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separated Mn" centres have only partially built polyoxomoly-
bdate environments and so would undergo fast HMoO,  (or
MoO,*>") addition to yield the observed product species,
[MnMoyO;,]*". Interestingly, the mechanism of oxidation of
Co() by HSOs™ in the presence of molybdate is similar,* in
that it also involves a series of fast equilibria involving loss of
three HMoO, ™ ions and one H" from [H,Co™™o00,,]* to
give solvated “[H,Co™Mo0,0,,*"”, which is subsequently
oxidised by the coordinated oxidant. Although the inverse [H]
dependence in the rate law obtained in that study could be a
reflection of the involvement of SOs*~ rather than HSOs as
oxidant, it is considered that HSOs™ is the oxidant as that
reaction is kinetically quite fast, unlike in the present case. It
is suggested that the emergence of a pathway involving SOs*~
occurs only under kinetically slow reaction conditions.

The transition state. Examination of the components
of the rate-determining step gives a transition state that can
be represented by [Mn"™Mn'YMo,0,sH(HSO; or SOs;) *
n(H,0)]® o 1725 The most compact polyoxometalate structure
for six metal atoms involving only edge bridging is that of
[MogO,o]* . Thus in the above transition state there is already a
deficit of oxygen atoms and several water molecules must be
included in the structure (i.e. » > 0 in the above formulation).
(Although face sharing of neighbouring polyoxometalate
polyhedra could be considered, this would lead to three oxo
bridges between the transition metal atoms and much less
likelihood of labile monomeric molybdate or manganese units.)
However, in the [Mo4O,4]*~ structure each metal atom has only
one terminal oxygen atom, and the evidence presented above
suggests that bidentate coordination of the oxidant (SOs*~ or
HSOy") is necessary. A more open structure would be required,
and a plausible transition state can be built from a fragment of
a Mn(1v)-centred Anderson structure, with a capping hydrated
Mn(n) ion, as shown in Fig. 3(b). It should be noted that
Mn(1v) at the core of an Anderson structure is known in
Nag[Mn"VW,0,,]-18H,0.*° The proposed structure involves the
Mn(1v) bordered by four molybdate units that are edge-bridged
to each other and to the “central” Mn(1v). The latter thus has
five oxo bridging ligands. As an unprotected Mn(1v) is capable
of oxidizing water, it can easily be protected if the sixth
coordination site is assumed to be a hydroxo ligand, involving
the one H atom in the transition state (neglecting the water
molecules). The Mn(11) does not take up another position that
would generate the planar Anderson structure as no room
would be left for the HSO5 /SO4*™ oxidant to easily coordinate
to the Mn(m). Rather, it can be placed on top of the central
Mn(1v), thereby sharing three oxo ligands. Assuming six
coordination of the Mn(i) in this transition state, as is
likely, the other three coordination sites can be occupied by the
oxidant in a bidentate manner and the other by a water
molecule. In Fig. 3(b) the three sites have been shown occupied
by a water molecule and SOs*~ oxidant anion, the latter the
major oxidant, although it could easily be replaced by a HSO,~
oxidant anion. The four octahedrally coordinated Mo(v1) ions
have either one or two terminal oxo ligands and all have one
water molecule, with the latter poised to accept an oxo ligand of
another monomeric molybdate unit and begin the generation
of the complete polyoxomolybdate frameworks around the two
(separated) Mn(1v) centres following oxidation of the Mn(1) to
Mn(1v).

BrO;~ versus HSO; /SO~ oxidation. A comparison
between the two systems indicates that the polyoxomolybdate
framework behaves differently in the cases detailed in the
present work. This is likely dictated by the mode of electron
transfer that is favoured by the two oxidants, BrO;” and
HSO,7/SO4>". In the former case, coordination through a single
oxygen atom would seem to be preferred given the single
coordination site available in the lacunary structure, although



electron transfer across the polyoxomolybdate framework is
also possible, as occurs in the oxidation of the o-Keggin
structure of [Co™W ,0,]®” to [Co™W,,0,° under highly
acidic conditions using a variety of oxidants.>*3-*% This is,
however, a result of the robustness of the polyoxotungstate
framework under such highly acidic conditions. In the case of
oxidation by both HSO4~ and SOs*", however, in order to
account for the difference in the mechanism, it would appear
that both of these oxidants require bidentate coodination to
effect electron transfer. The “labile” polyoxomolybdate frame-
work over the pH range investigated is able to accommodate
these requirements because of the facile loss of HMoO,™
(or H* and Mo0O,*"). It should be stressed that the presence
of molybdate, despite highlighting the difference in the two
oxidants, plays an important role in both systems in that the
final Mn(1v)-containing species in each case is the soluble
[MnMo,O,,]*" ion, rather than, say, MnO,.

Finally, re-examination of the experimental rate law
determined for the oxidation of Mn(1) by HOCI in the presence
of added molybdate at pH 4.0-5.4 and 20 °C,' shows that it can
be written as eqn. (38).

+d[MnMo,0,,* |/dt =
kAC(s)[Mn2+][MHWM0903267][HMOO47]2[OC17] (38)

This is identical with rate eqn. (18), except that BrO,™ has
been replaced by OCI™ as the oxidant. Presumably, the latter
is the actual oxidant rather than HOCI, as was postulated
originally, which is feasible as the pK, of HOCI is 7.53 at
25 °C.** Thus the form of the transition state is the same as
proposed for BrO;~ oxidation, with the OCI™ oxidant singly
coordinated through its oxygen atom.

In conclusion, therefore, oxidation of Mn(u) by BrO,~
and HSO,  in the presence of molybdate both follow an
autocatalytic mechanism (as does oxidation by OCI"), with
the product species actively involved in formation of the
transition states of the reactions. These can be interpreted
in terms of the well-known Keggin and Anderson structures
that are exhibited by polyoxometalates, with the latter
generated by loss of monomeric HMoO, ™ units. The differences
in behaviour of the polyoxmolybdate framework (ie
rearrangement to give a Keggin-type structure for BrO;~
oxidation, and fragmentation to an Anderson-related structure
for HSOs™ oxidation) are related to the coordination of the
oxidant (mono- and bi-dentate, respectively). This likely stems
from the requirements of the electron transfer processes of the
two oxidants. Finally, from a comparison of the three rate laws,
the species HMoO, ™ is now firmly established as the primary
building block for polyoxomolybdate formation.
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