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The successive formation of peroxomolybdenum(VI) complexes is discussed and it is shown that
proton-consuming steps are followed by a proton-producing one; the pH maximum (=10) appears at
a [H20,]/[M004]?~ ratio of 2:1. The approximated formation constants are utilized to calculate the
concentrations of peroxo complexes as a function of the ligand concentration. The mono-, di- and tetrap-
eroxo complexes are formed in only negligible quantities, whereas the oxodiperoxohydroperoxo (simply,
triperoxo) complex proves to be the predominant species. The triperoxo complex may react directly if a
sufficiently reactive partner is present; if not, it oxidizes H, O, to ' O, which reacts further. The activation
parameters of formation of O, are determined as a function of pH: the enthalpy minimum (50.45 k] mol~1)
is found at pH 10, where the negative activation entropy reaches its lowest value (—149.5J K- mol-1).
The possible functions of the peroxo ligands are considered.
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1. Introduction

This paper presents a brief survey of the data currently available
on the peroxo derivatives of Mo(VI), including recent results, and
draws attention to some unanswered questions in connection with
some d, metalate-catalysed oxidations by H,05.

2. Experimental and methods

Aldrich extrapure reagents were used. Measurements on the
decompositions of the peroxomolybdenum(VI) complexes were
carried out by gas volumetry with a slightly modified Metrohm
E 415 Multi-Dosimat gas burette. The reactor was connected via
a switching manometer filled with 10% H,SO4, which helped to
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maintain the internal pressure automatically at atmospheric level.
The decompositions were followed in parallel by absorption spec-
trophotometry at 450 nm.

3. Results and discussion

It was observed by Muthmann and Nagel [1] that monoperox-
omolybdates, M,MoOs, are formed when a moderate quantity of
H, 0, is reacted with alkali metal molybdates. This finding was con-
firmed by Martinez [2], although it had earlier been reported by
Jahr [3a,b] that, in weakly acidic or neutral solution, the molybdate
ion is immediately transformed by H,0, into a yellowish oxohy-
droxodiperoxo complex, HMoOg~, with a simultaneous increase in
pH.

In the early 1930s, it was described by Gleu [4], Rosenheim et
al. [5] and Kobosev and Sokolow [6] that a reddish-brown tetrap-
eroxomolybdate complex is also formed when H,0,, is applied in a
considerable excess. This complex was similarly mentioned in the


http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:ljcsanyi@chem.u-szeged.hu
dx.doi.org/10.1016/j.molcata.2010.02.017

2 L.J. Csdnyi / Journal of Molecular Catalysis A: Chemical 322 (2010) 1-6

paper by Jahr [3a,b], but without any reference to the earlier [4-6]
authors.

It was later observed by Csanyi [7] that, when H,0, is added
in small portions to nearly neutral alkali metal molybdate solu-
tions, the pH initially progressively increases. As the H, 0, addition
is continued, however, the pH eventually starts to decrease.
The maximum pH (=10) is observed at a concentration ratio
[H,0,]/[M0042~]=2:1, which means that, up to completion of the
formation of diperoxomolybdenum(VI) complex, this peroxidation
is a proton-consuming process. It has been considered that the
entering H, O, attacks at one face of the tetrahedron of the molyb-
date ion and forms a weakly bonded intermediate [8]. Addition of
a proton (see Eq. (1)) to one of the oxo groups of the intermedi-
ate then lengthens the Mo-0 bond and strengthens the Mo-ligand
bond, thereby lowering the energy of activation required to form
an activated complex with an expanded coordination sphere. The
rate-determining step may involve both the configuration change
and the bond formation. If one of the coordinated H, O molecules of
the hydrated molybdate ion furnishes the proton for the protona-
tion of the oxo group, an OH~ ion will simultaneously be released
and the pH of the solution will increase:

Mo0042~ +H,0, = Mo0,(OH)(00)~ + OH~ (1)

The formation constant, K;.; was found to be
(9.1240.67) x 107 [9]. The conclusion of Jahr [3a,b] should
be corrected in that the proton-consuming peroxidation occurs
already on the entry of the first ligand molecule.

The next step of the peroxidation, the formation of the oxohy-
droxodiperoxo complex, does not induce further pH change:

MoO5(OH)(00)" + H,0, = MoO(OH)(00),~ + H,0 2)

The formation constant, K>.1, was found to be (2.68 +0.17) x 10°
[9].

It should be mentioned that the acid form of diperoxomolybde-
num(VI) has been prepared [10] by the passage of alkaline solution
of the components through a Dowex 50 cation-exchange resin
column, in R-H form; the acidity constants were determined poten-
tiometrically to be K; =3.0 x 103 and K, =7.94 x 10-10,

The subsequent step of peroxidation is a proton-producing
reaction. The initially light-yellow solution starts to assume a
faint brownish tint when the concentration ratio [Hy0;]/[M004%~]
reaches 1.6-1.8, and becomes a stronger reddish-brown when
H,0, is applied in a considerable excess [9].

The preparations of the pyridinium salts of the mono-,
di- and triperoxomolybdenum(VI) complexes in the solid state
were described by Beiles et al. [11]. An attempt was made
to isolate such large complex anions by precipitating them as
salts of equally large counter-cations. This favours the stabil-
ity of the crystalline state relative to the solution and makes
it easier to obtain crystals of the desired complex, for the lat-
tice energy is inversely proportional to the sum of the radii:
U=f(1/(r++r_-)), whereas the enthalpy of hydration is the sum
of two quantities inversely proportional to the individual radii,
AHyyg =fi(1/r+)+f2(1/r-) [12]. The successful preparation meth-
ods were as follows [11]:

(pyH)2Mo00g: 50dm3 of 20% H,0, was added to 20g of ammo-
nium molybdate, and the resulting solution was
treated with 11g of pyridine in 100dm? of water,
and then acidified with 2 N H,SO4 until a precipitate
appeared (pH 3-5). Pale greenish-yellow glistening
prisms were formed.

(pyH)2Mo007: freshly prepared (pyH),MoOg was dissolved in small
portions in a tenfold excess of 30% H,O, at 3-5°C.
The filtrate was evaporated in a current of air, and the

resulting large greenish-yellow crystals were washed
with acetone.

(pyH);Mo005 the monoperoxo complex was obtained by partial
oxidation of (pyH);MoOg solution with perman-
ganate.

These important findings were subsequently somewhat
neglected for a rather long time. In spite of a successful prepa-
ration of triperoxomolybdate (the tungsten product had a 2.5:1
peroxide:metal ratio), Griffith [13] claimed that “there is lit-
tle evidence for the existence of true 3:1 permolybdates and
pertungstates”. . .“it seems likely from the chemical properties and
analyses that they simply contain molecules of hydrogen peroxide
of crystallisation”. His doubt perhaps arose from the fact that the
existence of the triperoxo species in dilute aqueous solution was
not supported by Raman and IR spectrometry.

Some years later, the X-ray crystal structures of
the dimer salts (pyH");[0<{MoO(00),(H;0)},]>~ and
(pyH*)2[{M00(00),}>00H],2~ with -O- and >OOH bridges
were described in a short note by Mitschler et al. [14] and then
in detail by Le Carpentier et al. [15]. It was emphasized by the
latter authors that the oxodiperoxo complex is decomposed very
slowly at room temperature, but the triperoxo complex loses its
Oact content quite quickly. Despite these significant and confirmed
findings, the opposition [13] was withdrawn only later, when
the Raman and IR investigations of the peroxo complexes were
complemented by %Mo NMR and 83W spectrometry [16]. It is
surprising, however, that the subsequent papers [17-20] ques-
tioned or ignored the triperoxo complex identified earlier in the
solid state [11,14,15] and in solution [9].

During the period when interest in singlet oxygen chemistry
was growing, a valuable screening study by Aubry [21] attracted
particular attention to the chemistry of the peroxo derivatives of
Mo(VI). It was demonstrated that the molybdate-catalysed dismu-
tation of H,0, is a quantitative source of 10,.

Aubry and Cazin concluded in [17] that the dismutation of Hy0,
occurs through a dioxodiperoxomolybdate anion, MoOg2~. The
reaction was found to be first order with respect to MoO42~, second
order at low H,0, concentration, and zero order at concentrations
higher than 0.1 mol dm~3. The pH dependence and the stoichiom-
etry of decomposition were investigated in the presence of RTC
(tetrapotassium rubrene-2,3,8,9-tetracarboxylate) as 10, trap and
the rate maximum was found at pH 10.5.

The initial statementsin [17], however, are in contradiction with
the earlier observations of Le Carpentier et al. [15], who observed
that the dioxodiperoxo complex is decomposed very slowly at room
temperature, whereas the triperoxo complex loses its O,c; content
quite quickly. Aubry et al. [18] emphasized that the protonated ion
HMoOg~ becomes inactive for 10, production. They stated that the
naphthalenic endoperoxides serve as useful chemical sources of
10, at moderate temperature (30-50°C).

Lydon et al. [22] investigated the kinetics of formation and dis-
sociation of the peroxo complexes in acidic perchlorate solution
with a stopped-flow method, and found that the entry of the second
peroxo ligand is rate-determining in the formation of the oxodiper-
oxomolybdenum(VI) complex. They observed that the hydrolysis
of MoO(0O0), to MoO(OH)(00),~ proceeded with an equilibrium
constant of 0.014.

A further, similarly important contribution to the chemistry
of peroxomolybdenum(VI) was the finding by Schwane and
Thompson [23] of an unusual rate law for the formation of
oxodiperoxomolybdenum(VI): the H,O, concentration was of sec-
ond order at [H*]>0.1mol, but of first order at [H*] <0.003 M.
This means that the entry of the second H,0, molecule is rate-
determining in the former case, whereas the entry of the first H,0,
is limiting in the latter case. This can be regarded as direct proof
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of the stepwise formation of peroxomolybdate complexes, but also
indicative of the transitory formation of the monoperoxo deriva-
tive, Mo(0O),(OH)(00)~. The latter could not be detected as it is
unstable, and the higher peroxo complexes are formed very quickly
even at lower ligand concentration. It should be noted that Thomp-
son’s group later succeeded in precipitating MoO,(OH)(0OO)~ ion
through use of the chelating agents 2,6-pyridinedicarboxylate and
nitrilotriacetate as heteroligands [24].

3.1. Spectrophotometric detection of triperoxomolybdate in
dilute aqueous solution

The series of absorption spectra of Mo(VI) recorded in the pres-
ence of increasing concentrations of H,0O, at pH 7 reveal only
one peroxide species at the maximum of 310nm (and an isos-
bestic point at 253 nm): oxohydroxodiperoxomolybdenum(VI) [9].
In H0,-rich molybdate solution, a new maximum is formed at
450 nm, that of the red-brown tetraperoxomolybdate (see Eq. (4),
below). Variation of the concentration ratio [H,0;]/[M0042~] from
9 to 100 at pH 10 is accompanied by a considerable change in the
absorbance ratio A380/A%30, from 15.6 to 0.3, and the maximum at
450 nm is never reached; instead, a monotonously rising absorp-
tion curve is obtained towards shorter wavelengths. The molar
absorbance of the oxohydroxodiperoxo species at 380 nm at pH
7 is 78.2dm3 mol~' cm1, but it decreases appreciably as the pH
increases. It was concluded from this that, besides MoO(OH)(00), —,
a more strongly coloured species must also be present in the solu-
tion to account for the higher absorbance observed at 380 nm.
This is logically oxotriperoxomolybdate, MoO(00)32~ [9]. These
spectrophotometric observations prove that MoO(00)3%~ is indis-
putably present in dilute solutions too:

MoO(OH)(00),~ + H,0, S MoO(00)32~ + H30* (3)

The formation constant, Ks.;, was found to be
(1.26 £0.06) x 106, Reaction (3) explains the slowing-down of
the increase, followed by a decrease in the pH as the concentration
ratio [H,0,]/[Mo0O42~] approaches and surpasses 2 [9].

At the same time, Griffith’s group [16] furnished support for
formation of the triperoxo species by means of Mo and 183W
NMR spectrometry. They established that the principal species
are [M(00)4]>~, [MO(00)3]%~, [M203(00)4(H;0);]>~ (M=Mo or
W) and, at lower pH, complexes containing the [MO(0O0)]**
unit. Parallel studies on the catalytic oxidation of alcohols and
alkenes in an excess of H,O, in the pH range 0.5-7 suggest that
[M;03(00)4(H,0), ]2~ is the most effective oxidizing species.

The findings of Aubry et al. [17] were confirmed by Bohme and
Brauer [19] by measurement of the infrared phosphorescence of
10, at 1270 nm. They established that in the concentration range
0.1<[H0,]<0.3moldm~3 di- and tetraperoxo-molybdenum(VI)
complexes are formed, but the latter does not contribute sig-
nificantly to 10, formation. On the other hand, the similar
investigations by Niu and Foote [20] showed that 10, was produced
during the decomposition of the freshly dissolved tetraperoxo
derivatives, but they did not consider that the less stable tetraper-
oxo complex decomposes through the partial loss of ligands during
dissolution and 10, is released by the lower complex.

The final peroxidation step is the formation of tetraperoxo-
molybdenum(VI):

MoO(00)32~ + H,05 = Mo(00)42~ +H,0 (4)

The best least squares fit was for K4.1 =1.58 +0.02 [9]. There is
another possibility for formation of the tetraperoxo complex: on
the action of alkali, oxohydroxodiperoxo-molybdate may undergo
dismutation:

2MoO(OH)(00),~ +20H™ < Mo(00)42~ + Mo042~ + 2H,0.
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Fig. 1. Dependence of the rate coefficient of the Mo(VI)-catalysed dismuta-
tion of H,0; on the ligand concentration. Conditions: 0.005 moldm? Na;MoO,,
0.18 moldm?3 phosphate buffer, 0.005 moldm? EDTA, pH 10.5, 298K; (e) values
obtained by gasvolumetry; (A) values obtained by spectrophotometry at 450 nm.

The tetraperoxo complex exhibits distorted tetrahedral (slightly
disphenoidal) geometry, in which the bidentate peroxo ligands
deviate from the isosceles triangular structure in consequence of
the greater interaction of the oxygen 2 s orbital (axial > equatorial)
with the molybdenum p; orbital [25]. Such deviations of bidentate
peroxo ligands from the isosceles triangular structure are observed
for all the peroxo derivatives of the other d, transition metals [26].

3.2. The triperoxomolybdate complex is sole source of 10,
formation

Mention must be made of a lecture delivered by Thompson
[27a,b] at the 14th Conference on Coordination Chemistry (7-11
June 1993, Smolenice, Slovakia), in which it was first announced
that the triperoxo complex is alone responsible for the formation of
10,, significant contributions from other peroxo complexes being
completely precluded. This conclusion was supported by sensitive
calorimetric and Mo NMR measurements.

Some months later (14 October 1993) the present author gave
a talk at the jubilee session of the Hungarian Academy of Sciences
on the occasion of the 85th birthday of Professor Zoltan G. Szabd, in
which he presented a similar statement about the role of the triper-
oxo complex, supported by two figures (the talk was delivered and
published in Hungarian [28]). Fig. 1 depicts the rate coefficient of
the molybdate-catalysed decomposition of H,O, as a function of
the ligand concentration in the [H,0,]/[M0042~ | range of 5-80. The
points denoted by (e) and those by (A) were calculated from the
volume of O, evolved, and from the light absorption change mea-
sured at 450 nm, respectively. It is clearly seen that the two types
of measurements yielded almost identical data. The rate coefficient
decreased considerably on increase of the ligand concentration. At
a higher ligand excess, however, the rate coefficient dropped to
close to the low value for the self-decomposition of H,O, observed
in the absence of molybdate. This observation reinforced the ear-
lier finding of Bohme and Brauer [19] that decomposition of the
tetraperoxomolybdate species does not contribute significantly (in
our observations not at all) to the molybdate-catalysed dismuta-
tion of H,0,. It should be mentioned, however, that it was used
in [28] at a molybdenum(VI) concentration five times higher than
reported by Bohme and Brauer (see Fig. 2 in [19]).

The Arrhenius parameters of the molybdate-catalysed decom-
position of H,0, as a function of pH are presented in Fig. 2.
The changes in activation enthalpy, AH*, and entropy, AS*, are
denoted by x and e, respectively. It is seen that AH* decreases with
increasing pH and reaches its minimum, 57.17 kJ mol~!, at pH 10,
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Fig. 2. Dependence of the Arrhenius parameters of the Mo(VI)-catalysed dismuta-
tion of H,0, on the pH. Conditions: 0.0068 mol dm? Na;Mo0y4, 0.080 mol dm? H,0,,
0.09 mol dm? phosphate buffer; (x) AH*; (o) AS.

increasing sharply at higher pHs. The change in AS* displays a simi-
lar tendency. Between pH 7 and 10, the initially small positive value
becomes negative, reaches its minimum, —149.5J K~ mol~!, at pH
10, and then increases steeply in response to pH increase. In our
view, the observed minimum in AH* and the fairly large negative
AS* are probably connected with the rearrangement of the coor-
dination sphere of Mo(VI) into the mixed ligand triperoxo complex
MoO(00),(0O0H)~, whichis formed by a condensation of H, O, with
the precursor MoO(0O),(0OH)".

The concentration data presented in Table 1 were computed
from the formation constants of the peroxomolybdenum(VI)
complexes, obtained earlier by means of spectrophotome-
try [9] (conditions: 0.005moldm—3 Na,MoO,4, room temper-
ature, pH 10). For comparison, Table 1 contains the data
of Nardello et al. [29] (obtained by %Mo NMR spectrome-
try at 1.0moldm=3 Na,MoOy4, 0°C, natural pH; K;=1.5x 102,
K;=12x103, K3=2.1x10%, K4=1.4+0.1). It should be empha-
sized that both proton-consuming and proton-producing processes
during the peroxidation of Mo(VI) were discussed by Csanyi et
al. [9], though they were rejected by Nardello et al. [29] as some
of the data in their argument differed from those in [9] (e.g. K3:»
was never used, while K3.; was 1.26 x 106 and not 1.26 x 10-8).
The distribution data obtained indicate that the mono-, di- and

Table 1

tetraperoxo complexes are formed in only relatively low quantities,
the triperoxo complex proving to be the predominating species.
At low metal concentration (0.005 mol dm~3), the concentration
maximum for MoO(00)32~ was observed only at higher ligand con-
centrations (4 and 15 times higher, respectively) than expected, but
at 1.0mol dm—3 Mo0,42~ the maximum is obtained at the expected
3.0moldm—3 H,0, in both cases.

3.3. Role of triperomolybdate in formation of 10, and some
closing comments

It was recently shown by Nardello et al. [30] that the oxida-
tion of tiglicacid (CH3 CH = C(CH3 )CO, H) follows different pathways
in the Mo(VI)-H,0, system when the pH of the reacting solution
is altered under similar conditions of temperature and concentra-
tion. In deuterated water at pD < 7.2, 2-epoxy-2-methylbutanoic
acid and a little diol were produced. The same epoxo derivative
was obtained when tiglic acid was oxidized with a potassium
tetraperoxodimolybdate preparation in H,O at pH=>5.4, whereas
in aqueous alkaline medium tiglic acid was transformed into 3-
hydroperoxy-2-methylenebutanoic acid. In our opinion, in each
case the triperoxomolybdate complex is the true oxidizing reagent.
In acidic medium, the MoO(0O),(O0H)-, like other peroxo acids,
behaves as a reactive epoxidizing agent, probably reacting accord-
ing to the Sharpless mechanism ([26], and [30] in 1,3,4,7 papers
cited therein). In alkaline medium, the —~OOH ligand of the triper-
oxo complex starts to deprotonate [10,17] and peroxidation of the
tiglate is performed by Mo(0)(00)32~, producing 10,, which is
inserted into the CH- group of the reagent.

The oxidations of certain hydrophobic organic substrates
(rubrene, diphenyl-anthracene, tetracylone, a-terpine, dibenzyl
and diphenyl sulfide, etc.) were investigated by Aubry and Bout-
temy [31] in reverse microemulsions (water in oil) with chemically
generated 10, (Mo(VI)-catalysed dismutation of H,0,) and with
flash photolysis. The latter studies demonstrated that in such media
10, exhibits kinetic behaviour similar to that observed under
homogeneous conditions. It was shown that only sufficiently reac-
tive compounds can be completely oxidized by this method; the
lifetime of 10, in microemulsion was found to be 42 s, while in
water it was only 4.4 us.

The M042--H,0, systems were also investigated by Nardello
et al. [32] by reacting 0.1 moldm~3 Na,MO,4 (M =Mo and W) with
0.6 moldm—3 H,0, at pH > 10 and measuring the time dependence
of the luminescence of the 10, formed in the absence of reducing
partners. The luminescence maximum was observed at 20 min in
the tungstate system, and at 2 min in the molybdate system. Stud-

Products of peroxidation of molybdenum(VI) as a function of ligand concentration, calculated using the cumulative 8 constants, in moldm=3 and %.

L Csanyi et al. [9] Nardello et al. [29]
HiMiLy HiMi L, HoM;i L3 HoM;iLg HoM;Ly HoM; Ly HoM; L3 HoMiLs
0.0050 8.293-09 5.928-07 1.574-03 6.477-07 6.266-04 1.033-03 2.982-04 5.737-07
1.65-04% 12.6%
0.010 6.857-09 7.670-07 3.188-03 2.052-06 5.969-04 1.854-03 1.008-03 3.654-06
1.53-02%
0.015 2.339-09 5.438-07 4.690-03 6.282-06 3.876-04 2.075-03 1.945-03 1.215-05
41.51%
0.020 7.847-11 1.023-07 4.961-03 3.723-05 1.986-04 1.785-03 2.809-03 2.947-05
98.22%
0.025 5.086-08 4.920-03 7.387-05 1.405-03 3.378-03 5.412-05
0.070 4.290-03 3.225-04
0.075 4.293-03 3.517-04
85.86%
0.080 4.292-03 3.806-04
Conditions: 0.005moldm~—3 Na;MoO4, pH 10.0, 0.005moldm~3 EDTA, 298K; H;M;L; =Mo0,(OH)(00)~, H;M;L, =MoO(OH)(00),~, HoM;Ls =Mo0(00)32",

HoM;Ls =Mo(00)42, HoM;L; =Mo03(00)?>~, HoM;L =M00,(00),2-, log 81 [9]=7.96, B> [9]=13.39, B3 [9]=10.39, B4 [9]=10.58, log B1 [29]=2.176, B, [29]=5.255,
B3 [29]=7.577; B4 [29]=7.723 and for both computations the acid dissociation exponent of H,05, log 85 = —11.6, was used.
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ies of the pH dependence of 10, formation with use of the RTC trap
further revealed that the maximum appeared at pH 10.5 in both
systems. Accordingly, these systems behave very similarly in many
ways, but the tungstate catalysis is considerably slower. However,
183W NMR spectroscopy indicated only mono-, di- and tetraperoxo
complexes; triperoxo species were not detected at all. The absence
of the triperoxo signal was explained in that diperoxotungstate is
converted directly into tetraperoxotungstate, which was found to
be much more stable than the diperoxomolybdate. It was therefore
concluded that the main precursor of 10, here is diperoxotungstate
[32]. If we accept this explanation, then we have to account for
how the disproportionation of diperoxometalate complexes takes
place: how and why one of the bidentate 00%~ ligands behaves as
an oxidizing agent, and the other as a reductant. Another question
that emerges is why the conversion of the diperoxo complex into
tetraperoxotungstate is so fast, in spite of the fact that, according
to the explanation, it could occur only in trimolecular collisions. It
would be a more logical conclusion that 83W NMR spectrometry is
not sensitive enough for the observation of the triperoxotungstate
species formed in such a low concentration, k3_,4 probably being
larger than k,_ 3. Otherwise, Fig. 8 (a plot of equilibrium (13):
{WO0,(00)4_,, + nH,0, = W(00)42~ +nH,0} according to Eq. (15))
in the paper [32] (Supporting Information) may furnish experimen-
tal support for the foregoing conclusion. The calculated slope (n) is
here 1.92 rather than 2.0, which means that, besides W0,(00),2-,
some WO(00)32~ complex was also formed, resulting in a lowering
of the number of (H,05 )see molecules exchanged at equilibrium
(13). Triperoxotungstate was likewise prepared by Beiles et al.
[11]; its very similar behaviour to that of the molybdenum system
strongly supports the above conclusion.

The Mo042~-H,0, system is known to behave as a fairly strong
oxidizing agent, probably because of the presence of the perhy-
droxyl ligand in the triperoxo complex [14,15]. This is considerably
more active than uncomplexed H,0,, its activity approaching
those of peroxomonosulfuric (Caro’s) acid (E°=1.842V [33]) and
some organic peroxo acids. Bromide ion is rapidly oxidized to
bromine in acidic solutions. It should be noted, however, that the
Br—/Br, test is positive in slighty acidified > 30% H,0, solutions
too, in which the formation of the perhydroxyl ion contain-
ing adduct is conceivably due to the autodissociation of H,0,:
H,0,+H,0, = {H302+-00H_}.

The question arises of whether the rapid oxidation of bromide
ion (and other oxidizable substrates) is due to the immediate
appearance of the HOO~ group in the mixed ligand triperoxomolyb-
denum(VI) complex, or to the 10, which is probably formed during
a further reaction of H,0, with the mixed ligand complex. It is
thought that this event depends on the reactivity of the reducing
partner. If the partner is quite reactive, then the HOO~ ligand reacts
immediately. If the partner is not reactive enough, then the mixed
ligand triperoxo complex will react first with H,O, in excess via
H-bond interactions of the O-atoms of the HOO~ ligand of triper-
oxomolybdate. Thereby, a six-membered transition adduct (A) is
formed, which quickly disintegrates into 10,, H,O and the precur-
sor Mo(O)(OH)(00),~. The reaction scheme:

date:
Mo(0)2(00),2~ +Hp05 — 105 +Mo(0)3(00)%~ + H,0.

The monomolecular decomposition of
date was similarly assumed as a possible source,
Mo(0)(00)32~ — 10, +Mo(0)3(00)2~, and decomposition of
the diperoxomolybdate [17,18], Mo(0),(00),2~ — 10, + M0042-,
was rejected.

Further, it does not seem at all probable that one (or both)
of the bidentately bound 002~ ligands of MoO,(00),2" is proto-
nated to give HOO~ group(s) in slightly acidic medium, this being
the explanation of the bromide test. The positive Br—/Br, test is
due to the characteristic behaviour of the systems of molybdate
(and tungstate and vanadate) with H,0,. As a counter-example,
the behaviour of the peroxotitanium(IV) complex in acidic medium
should be mentioned. According to Beck [34], Ti(IV) stabilizes H, 0,
(in 1:1.1 stoichiometry) in the form of the bidentately bound lig-
and 002~ to such an extent that this complex can be used as a stock
titrimetric solution. On the other hand, Aubry [21] observed a 70%
RTCO, yield in the presence of Ti(IV) and Zr(IV) in 0.1 moldm~3
NaOH solutions.

It may also be considered that the rather active redox functions
observed in the molybdate- (and the tungstate- and vanadate-)
H,0, systems may be assigned simply to metal ion catalysis involv-
ing changes in valence of the d, metal centres or to the formation of
oxidizing radicals. These explanations, however, must be rejected
because, in the presence of H,0; in excess, neither lower oxidation
state ions of these metals nor oxidizing radicals such as OH, HO,,
H, 03, etc. are to be expected.

Finally, we may refer to the widely known fact that H,O,
is a redox amphoteric substance: it is capable of both oxida-
tion and reduction reactions: Hy0, +2e+2H" = 2H,0 (1.77 V), and
0, +2e+2H" < H,0, (0.682 V). If these redox equilibria are added
together, we obtain the electrode potential of O, +4e +4H* = 2H,0,
i.e.\[1.226\,{\rm V} =(2 \times 1.77 + 2 \times 0.682/4)\] according
to the Luther-Wilson rule [35a—c]. This mean of the two extreme
redox potentials of H, O, provides some orientation as to what reac-
tion of H,0, takes place with a given reactant. If the redox potential
of the reagent is more positive than 1.226V, then H,0, will be
oxidized to O,, whereas if it is more negative, then HyO, will be
reduced to H,0. The redox potentials of certain d, metalates, i.e.
molybdenum(VI), tungsten(VI) and vanadium(V), are all somewhat
lower than 1.226V, and consequently they are all incapable of the
oxidation of H,0; to O, i.e. these oxidants cannot produce 10,
directly, albeit H,0, is also in the singlet spin state.

triperoxomolyb-

4. Conclusions

It is generally accepted that, in neutral and alkaline solutions,
the reaction of d, molybdate with H,0, results in mono-, di-
, tri- and tetraperoxo complexes. The reaction mixture behaves
as a strong oxidizing agent because of the appearance of a
hydroperoxo ligand in the predominant mixed ligand triperoxo

MoO(00),0H" + H,0, —— "MoO(00),00H + H,0 ——= A

In such cases, the reductants will presumably be oxidized by the
10, formed.

It should be noted that [29] mentions an analogous but (in my
opinion) less probable reaction of H,0, with oxodiperoxomolyb-

——» 10, + H,0 + MoO(O0),0H"

complex. At present, however, it cannot be decided whether
triperoxomolybdate oxidizes the reductant directly or indirectly,
because 10, is detected in the absence of reductants, and the
Mo(VI)triperoxo species alone has been found to be the only source
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for this. In the presence of a phase-transfer reagent and in D, 0, the
lifetime of 10, can be considerably lengthened.
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