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In the presence of the heteropolytungstolanthanate anion (Ce(IV)W1003¢, Nd(III)W10034’, and Sm(II)-
W1003_69; LnW10) the kinetic behaviors of hydrogen peroxide decomposition and cyclohexanol oxidation with
H202 were investigated. In CeW10 the H202 decomposition rate tended to reach almost a limited value
with increasing H2O2 concentration, while in NdW10 and SmW10 it decreased considerably after reaching the
maximum value in high H2O3. The kinetic behavior of LnW10 was reasonably explained by a reaction scheme
in which an intermediate species is initially formed (IS;) and then reacts further with HoO2 molecules to change
the inactive species and, thus, to be removed from the catalytic cycle. Cyclohexanol was selectively oxidized
with H2O2 to cyclohexanone according to the reaction order 0.6—0.8 on the H2O2 concentration until the high
H203 region in the presence of all LnW10. The Arrhenius law concerning the overall rates of both reactions of
H20;2 decomposition and cyclohexanol oxidation was maintained in any LnW10; further, a good compensation
effect between the Arrhenius parameters, preexponential factor (log Vo) and apparent activation energy (FEap),
was found for both reactions in the series of LnW10. However, the empirical points concerning the log Vo vs.
E.p plot in the oxidation alined in an inverse manner to those in HoO2 decomposition; that is, the order is
CeW10<SmW10<NdW10 in the former and NdW10<SmW10<CeW10 in the latter. From this finding, both
reactions were suggested to proceed via a common-intermediate species. Furthermore, it was elucidated that
the more stable is the species, the more favorably are the alcohol molecules activated to the final products in

the oxidation reaction.

The chemistry of heteropoly- and isopoly- oxo-
metalates has been developed covering a wide scope.V
Many investigators have been interested in the physico-
chemical properties of these oxometalates as catalysts.
In fact, some of them have been used as catalysts for
partial-oxidation and acid-base reaction processes;? the
others as quite selective catalysts for the epoxidation
of the olefins and carbonylation of alcohols with hy-
drogen peroxide and organic peroxides. Many mech-
anistic studies and confirmation of the intermediate
species related to these reaction processes have also
been attempted.’>—Y

Recently, we found an interesting catalytic prop-
erty for a series of heteropolytungstolanthanate an-
ions, (Ce(IV)W1003¢, NA(II)Wy003¢, and Sm(II)-
W 10034 ; abbreviated as LnW10 below) for the decom-
position of HoO5 and a selective oxidation of alcohol
with Hy0,.'? In CeW10, although the HyOy-decompo-
sition rate tended to reach almost a limited value with
increasing HoO4 concentration, in NdW10 and SmW10
it decreased considerably after reaching a maximum
value at a high-H5O5 concentration. On the other hand,
cyclohexanol oxidation with HoO2 was accelerated with
increasing H,O3, even in such a high region, in the pres-
ence of any LnW10.

In the present study, the catalytic behaviors of
LnW10 for both reactions were analyzed kinetically in
detail. Through a discussion, the property of an inter-
mediate species concerned with both reaction processes,
perhaps a peroxo-complex, has been elucidated to dif-
fer considerably between the CeW10 and the NdW10,
SmW10 catalyst systems. Such a peroxo-complex must

play an important role in both the reaction processes
as a common intermediate species.

Experimental

Preparation of Catalysts. LnW10 (Ln: Ce, Nd, and
Sm) catalysts were prepared according to Peacock’s proce-
dure as follows.'® Nay;WO4-2H,0 (25 g, 75 mmol) was dis-
solved in 100 ml of ion-exchange water, the pH of which
was adjusted to 7.2 by the addition of acetic acid. After
heating at 90 °C with stirring, an aqueous solution con-
taining (NH4)4Ce(SO4)4-2H20 (4.75 g, 7.5 mmol) and a 1
equiv H2SOy4 solution were added to make CeW10 form in
the solution. The Nd and SmW10 solutions were prepared
according to a similar procedure with CeW10, except for
the use of Nd(NO3)s and a nitric acid solution of Sm203
as the lanthanoid reagents. Those solutions were obtained
after filtration and used as catalysts.

Instrumental Analyses. A guanidinium hydrochlo-
ride solution was added to the filtrate in order to obtain a
precipitate of the guanidinium salt of LnW10. An X-ray flu-
orescence analysis was carried out using equipment provided
by Rigaku Denki Co., Ltd. (Model 4455-M3) to determine
the atomic ratio of tungsten to lanthanoid (W/Ln) in the
guanidinium salts. The Rh-radiation (at 50 kV, and 50 mA)
and LiF crystal as an analyzer were used. The FT-IR spec-
tra of the guanidinium salts were also recorded on a Perkin—
Elmer Model 1760X over the frequency range of 4000—450
cm™! with a resolution of 4 cm™! by the normal KBr-disk
method, as an auxiliary measurement for the identification
of LnW10 in the crystalline powder.

Apparatus and Procedures for Measuring the
H202 Decomposition and Cyclohexanol Oxidation
with H202. ¢Butanol (15 ml) as a solvent and LnW10
solution (1.6 ml, 9.0x1073—6.4x1072 mmol) as a catalyst
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were mixed in a 200 ml Pyrex glass flask, to which a cool-
ing condenser, a dropping funnel, and a joint connected
to a vacuum pump were attached. The upper part of the
cooling condenser was connected into a vacuum-line system
equipped with a manometer. Before each reaction, the re-
action vessel was allowed 5—10 min for thermal preequili-
bration. A given amount of an H2O2 solution (30%; 0.3—
5.0 ml, 3.7—64 mmol) was then added into the catalyst sys-
tem with stirring under a vacuum condition. The pressure
in the reaction vessel (ca. 0.5 dm®) was then adjusted to ca.
0.9 atm to initiate the reaction. The pressure change was
measured manometrically during the initial stage of 10—40
min in order to evaluate the initial rate of HoO2 decompo-
sition.

For the oxidation reaction of cyclohexanol with HoO2 t-
butanol (15 ml), an LnW10 catalyst (1.6 ml, 4x10~2? mmol)
solution and cyclohexanol (5.0 ml, 48.3 mmol) were mixed
in the flask with stirring. While standing the mixture for
5—10 min, a given amount of an H2O> solution (30%; 0.6—
5.0 ml, 7.7—64 mmol) was added in order to initiate the
reaction. A gas-chromatographic analysis was carried out
using a Shimadzu Model GC-14A with a capillary column
(Hicap-CBP-M25-025) and an FID detector to check the
reaction during the initial stage of 0—90 min. The reaction
temperatures were changed over the range of 30—65 °C with
an accuracy of £0.5 °C.

The reagents purchased from Kanto Chemical Co., Inc.
were used without any treatment.

Results and Discussion

Identification of LnW10 Formed in an Aque-
ous Solution. The atomic ratio (W/Ln) in the guani-
dinium tungstolanthanates was determined by an X-ray
fluorescence analysis to be approximately equal to 10.
The FT-IR spectra of those compounds are illustrated
in Fig. 1. The huge bands at 3500—3200 cm™! and the
sharp band at 1600 cm ™! are assignable to those of the
guanidinium group. The characteristic bands for these
compounds are summarized in Table 1. The crystal
structure, which was determined by an X-ray analysis,
indicates that isodecatungstate is formed by a coupling
of pentatungstate; in the cerium-decatungstate anion
(CeW10), the Ce(IV) ion is sandwiched by the pen-
tatungstate units, that is, the Ce(IV) ion is inserted
into the center of the decatungstate.!* According to
Sasaki et al.,'>!® the ca. 940 cm~! band is ascribable

Table 1. Characteristic Bands in Infrared Spectra of
LnW10 Compounds

Frequency/cm™!

Sample®

v (Ln-0) v (W-0Ot) v (W-Ob-W)
CeW10 Unknown 944 823, 760
NdW10 Unknown 926 847, 792
SmW10 Unknown 925 851, 804
W10055 — 960 900, 800

a) Guanidinium salts of LnW10 and tetrabutylammoni-
um salts of Wmog;.lilf‘)
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Fig. 1. FT-IR spectra of the prepared LanW10 guani-

dinium salts.

to the W=0 stretching mode, and the ca. 850 and 790
cm~! bands to the W-O-W stretching. Therefore, the
formation of LnW10 in the solution was confirmed from
measurements of the atomic ratio (W/Ln) and a com-
parison of the IR bands.

Kinetic Behaviors of H,O2; Decomposition in
the Presence of LnW10. In the presence of CeW10,
NdW10, and SmW10, the H,O,-decomposition rate was
measured at 50 °C under various HoO, concentrations,
as shown in Fig. 2. The rate increased with the HoO»
concentration and reached a limited value above ca. 1.0
mol dm~3of H,O, addition in CeW10, while reaching a
maximum value at ca. 1.0 moldm~—3; it decreased con-
siderably with a further addition in the NdW10 and
SmW10 systems. With the CeW10 catalyst system,
the temperature dependence of the rate was examined
further, as shown in Fig. 3. The tendency for a decrease
in the rate in the high-H5O, region is also seen, even at
lower temperatures, though the extent of this tendency
is more or less small.

In the presence of CeW10, the reaction might be pos-
tulated to proceed by reaction schema (1) and (2), espe-
cially at lower HoO2 concentrations and temperatures.
However, in the HyO2—NdW10 and SmW10 reacting
systems, additional steps (3) and (4) could not be ignor-
ed, except for the lower H,O5 concentration:

k
H,O + (LaW10) kzl ISy, 1)

ko

IS1 —2, 1/20, + Hy0 + (LnW10) @)
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Fig. 2. H2O2-concentration dependence of the H2O»-
decomposition rates in the presence of CeW10 (O),
NdW10 (O), and SmW10 (A) at 50 °C. The full
curves indicate the theoretical ones according to Eq. 6
in text. Catalyst: 1.6 ml, 4x1072 mmol; Hz0,:
0.3—5.0 ml, 3.7—64 mmol; +BuOH: 15 ml.
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Fig. 3. Changes in the H,O2-decomposition rates with
the H202 concentration on CeW10 at 30 °C (O), 40
°C (0), and 50 °C (A). Catalyst: 1.6 ml, 4x1072
mmol; H202: 0.3—5.0 ml, 3.7—64 mmol; +-BuOH:
15 ml.

()

k
ISz + H2O2 —Mk—‘i 1S3, (4)
—4

Here, IS1, IS,, and IS5 indicate some kind of intermedi-
ate species, and (LnW10) is not necessarily the LnW10
species, as it is in an aqueous solution. In fact, at a
low-H5 O, concentration, such as 0.45 mol dm™3, the de-
composition rate at 40 °C depends upon ca. 1st-order
kinetics for the catalyst concentration (Fig. 4), in which
plots of the log(rate) versus log(catalyst-concentration)
are given.

If steps (3) and (4) are ignored, the rate expression
is deduced as

r = Vi[H202]/ (K1 + [H202])), (5)

where Vi = k[LnW10]o, K = (k-1 + k2)/k1  and
[LnW10]o denotes the initial concentration of LnW10.
In this case, it seemingly corresponds to the mecha-
nism for enzyme kinetics, as formulated by Michaelis—
Menten.'” Such a kinetic behavior has been reported
concerning HyO» decomposition and hydrocarbon ox-
idation with HoO2 in the presence of many kinds of
metal ions coordinated by various ligands.*%1%:19)

A general rate expression containing steps (3) and (4)
is given as

r=Vi/((1+ (1/K3)[H202]
+(1/K3K4)[H202)? + K1/[H202)), (6)

where K3=(k_3/k;) and Ky=(k_4/k4). In general, such
an equation has been induced in the case of the presence

1 L § ]
T—C:
E10F :
g 0 ]
=
10‘2: E
1 L 1 *
10°° 10 °

[LoW10] o/mol dm "

Fig. 4. Changes in the HO3-decomposition rates
with the concentration of CeW10 (O), NdW10 (OJ),
and SmW10 (A) at 40 °C. Catalyst: 1.6 ml,
9.9—64%x107% mmol; Hy02: 0.6 ml, 7.7 mmol;
t+BuOH: 15 ml.
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of an inhibitor instead of HoO2 molecules (substrate,
itself).29
The inverse rate in Eq. 5 is expressed as

1/r = (K1/V1)(1/[H202]) + (1/W1). ()

The relation of 1/7 to 1/[H202] was examined with
the data of the HoO2—CeW10 reacting system given in
Fig. 3. The plots give linear lines to all the temperature
runs, as shown in Fig. 5, although the points scatter
more or less, especially at lower temperatures. We can
easily estimate the Vi- and Kj-terms from the slope
and the intersection on the vertical axes, respectively,
as summarized in Table 2.

On the other hand, a set of the unknown parameters
(K3 and K4 in Eq. 6) was determined so as to make
the empirical points fit Eq. 6, especially in the higher
H;0; region. V; and K; in Table 2, which were de-
termined based on the data in the lower HoO9 region,
were used in a simulation procedure. The full curves
that were added to the empirical points in Fig. 2 re-
veal the results of a simulation on Eq. 6. It has thus
been clarified that the empirical data can be favorably
explained by the assumed schema, Egs. 1, 2, 3, and 4,
as a possibility. If Eq. 2 is the rate-determining step,
k1 and k_1>>ky might hold, whether or not the contri-

80 T T v T T T N T

rate /dm hmol
S 3

N
(@]

1,, 3 -1
[H:0.] /dm mol
Fig. 5. Plots of 1/r versus 1/[H202] in Eq. 7; 30 °C
(0), 40 °C (), and 50 °C (A).

Table 2. Temperature Change of Kinetic Parameters,
Vi and Ki, in HoO2 Decomposition of CeW10

Temp Vi k2 (turn over freq.) K,

K moldm3h~* h~! mol dm ™3
303 0.13 58.1 1.53
313 0.51 236 3.25
323 3.13 1456 11.0
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bution of such degradation steps as (3) and (4) so that
K, can be regarded as being a stability constant for the
intermediate species (IS;) formed by step (1); that is,

K, = exp (AG1/RT) = exp (—(AH, — TAS,)/RT), (8)

and
log (K1) = —AH; /2.30RT + AS; /2.30R. (9)

Since V; is equal to k2[LnW10]o, the Arrhenius param-
eters for the elementary step (2) can be estimated from
the temperature change given in Table 2. The tempera-
ture dependences of K; and k; according to Egs. 9 and
11 are shown in Fig. 6.

K, = Vi = k2[LnW10]p = A[LnW10]oexp (—E./RT)
= Apexp(—Ea/RT), (10)

and
log (V1) = log Ay — Ea/RT. (11)

From these linear relations we can estimate the physico-
chemical parameters, as summarized in Table 3.

At low H2O2 we measured the temperature depen-
dences of the overall rate for the HyO5 decomposition.
The Arrhenius plots are given in Fig. 7, and the pa-
rameters estimated from the linear plots are summa-
rized in Table 4. In the case of CeW10, such degrada-
tion steps as (3) and (4) can be approximately ignor-
ed; at least at such a low H;O,, the parameters for

sl 4

U mp rom/ Ty

K./mol dm”

T/10° K"

Fig. 6. Plots of the kinetic parameters for (a) K; (O)
and (b) Vi (@) versus 1/T.

Table 3. Physicochemical Parameters for K; and V3
in the H202 Reacting Process on CeW10

AH; [kcal mol ™! 19
AS:/cal mol 'K™! 65
E,/kcalmol™! 32
log Ag/moldm~—3h~! 22
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Fig. 7. Arrhenius plots for the overall rates of (a)

H202 decomposition and (b) cyclohexanol oxidation
for CeW10 (O) and (@), NdW10 (OJ) and (M), and
SmW10 (A) and (A). (a) Catalyst: 1.6 ml, 4x10~2
mmol; H2O2: 0.6 ml, 7.7 mmol; +BuOH: 15 ml. (b)
Catalyst: 1.6 ml, 4x10~2 mmol; H2O2: 5.0 ml, 64
mmol; Cyclohexanol: 5.0 ml, 48.3 mmol and +-BuOH:
15 ml.

Table 4.  Arrhenius Parameters (E.p, and log Vo)
for Overall Rates of H2O2 Decomposition and
CeH11OH Oxidation with HoO2 in LnW10

Ryuji SHI0ZAKI, Hideya GOTO, and Yoshiya KERA

E, !
LnaW10 Reaction Ld og Vo
kcalmol™! moldm™3h™!

CeW10 H202 decomposition 13 7.9
CeH110H oxidation 18 11

NdW10 H;02 decomposition 19 12
CeHuOH oxidation 5.7 2.0

SmW10 H302 decomposition 16 10
CGHHOH oxidation 13 7.6

the elementary step (2) is certainly regarded as being
quite correct. Therefore, by assuming that k_;>>k» and,
thus, K1=k_1/k:, the apparent activation energy (FE,p)
should be comparable to the value of (E,—AH;) in Ta-
ble 3 (E,p=13 kcalmol™?). In fact, a good coincidence
is seen in a comparison of both values. Thus, the energy
diagram for the HyO, decomposition process is reason-
ably described in Fig. 8.2

Furthermore, with the HoO2—-NdW10 and SmW10 re-
acting systems, the contribution of Eqs. 3 and 4 should
be weighted to a great extent; that is, the k3- and k-
terms should not be ignored. In these cases, based on
parameters V; and K; estimated from the data at lower
H,>O, concentrations, the empirical points in Fig. 2
were similarly simulated (as mentioned above). The full
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Fig. 8. Schematic energy diagram of the HoO2-decom-
position process on CeW10.

curves added indicate the best fittings. In the Nd and
SmW10 reacting systems, the contributions of the Kj3-
and Ky-terms relative to the V; and K;-terms, in fact,
were shown to be qualitatively quite larger than those
in the CeW10 system. Thus, such a great decrease in
the reaction rate with increasing HoO2 concentration
in the NdW10 and SmW10 systems could be favorably
understood by these discussions.

It has been reported by many authors that isopoly-
and heteropoly-oxometalates of molybdenum and tung-
sten easily react with H,O5 to form various kinds of per-
oxo complexes.®'? In general, the initial structure of
those oxometalates has been confirmed to be destroyed
upon the formation of such peroxo-complexes by apply-
ing FT-IR, Raman, NMR techniques, and so on.*%!V

We have attempted to detect such IS;, ISo, and IS;3-
species based on a kinetic treatment by in-situ FT-
Raman?? and IR measurements. However, the struc-
tures of (LnW10) and IS; in Eq. 1 cannot be clarified.
At present, it is also not clear whether or not species
IS; and IS, can be converted reversively to ISy and IS3
according to Egs. 3 and 4, respectively.

Kinetic Behavior of Cycohexanol-Oxidation
with H,0, in the Presence of LnW10. In the
presence of CeW10, NdW10, and SmW10, the initial
rates of cyclohexanol-oxidation with HyO, were mea-
sured at 40—60 °C under various H,O2-concentrations.
Cyclohexanone was quite selectively obtained as the
only product. The reaction rate increased with the
H50O5-concentration in any LnW10 system, even though
the H;O2-decomposition rate decreased considerably
with NdW10 and SmW10 in the high-H,0, region, as
can be seen in Fig. 2. The log-log plots for the rate
versus HyO2-concentration at 40 °C give roughly a lin-
ear relation to any catalyst system, as shown in Fig. 9.
The reaction order on the HoO5 concentration was es-
timated to be nearly 0.7—0.8 from the slopes of the
plots.

The temperature dependences of the rates on LnW10
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Fig. 9. Changes in the cyclohexanol-oxidation rates

with the H2O2 concentration in the presences of
CeW10 (O), NdW10 ([J), and SmW10 (A) at 40 °C.
Catalyst: 1.6 ml, 4x10~2 mmol; Cyclohexanol: 5.0
ml, 48.3 mmol; H2O2: 5.0 ml, 64 mmol; +BuOH: 15
ml.

were measured; Arrhenius plots for the overall rates give
a linear relationship to those catalyst systems, as added
in Fig. 7. The Arrhenius parameters for the reaction
has also been added to Table 4, in which the data for
the oxidation are concerned with a high-H,O5 region
(2.4 moldm—3 H,0,), although those for the HyOs-
decomposition with a low-H2O5 region (0.45 moldm~3
H503). The relationship between the Arrhenius param-
eters for both reacting systems given in Table 4 was ex-
amined; the plots of the preexponential factor (log Vj)
versus the apparent activation energy (E,p) for the cat-
alyst systems had a good linear relationship and, fur-
ther, the data points for both reactions aligned almost
along the same line, as shown in Fig. 10. Since a ki-
netic compensation effect was confirmed at the same
time in those LnW10-catalyst systems, both reactions
were suggested to occur through a similar intermediate
state.?® It should be noted that the points concerned
with each catalyst align on the same straight line, but
that the sequences are inverse to each other; that is,
E.p is higher in the order NdW10>SmW10>CeW10
for the HoO5 decomposition, and on the contrary, the
order is CeW10>SmW10>NdW10 for the cyclohexanol
oxidation.

These findings suggest that the intermediate species
in the HyO5 decomposition, which might be some kind
of peroxo-complex, also becomes a key species in the
cyclohexanol oxidation. In the case that the interme-
diate species (IS;) is more stable, the next decomposi-
tion step will be more restricted, so that a higher acti-
vation energy is required during HoO2 decomposition.
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Fig. 10. Relationships between the Arrhenius param-
eters, apparent activation energy (FEap) and prefac-
tor (log Vo), for H2O2 decomposition (O) and cyclo-
hexanol oxidation (@) in Table 4.

That is, the order of the stability of the intermediate
species is regarded as being IS; (Nd-W)>IS; (Sm-W)>
IS;(Ce~W). On the contrary, we can postulate that the
more stable is the IS; species, and/or the stronger is
the interaction between HyO42 and (LnW10), the cyclo-
hexanol molecules are activated more favorably in the
oxidation process. Thus, the sequence of E,, for the
oxidation becomes CeW10>SmW10>NdW10. This is
an interpretation of the question why such an inverse
alignment arose on plots of log Vj versus E,p.

Through the discussion, it is concluded that such a
peroxo-complex plays an important rule in both reac-
tion processes as a common intermediate species.
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