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The reduction mechanism of heteropoly compounds of molybdenum and tungsten as well as the
behavior of water contained in them was investigated. Stoichiometry of reduction by H, and
reoxidation by O,, together with the variation of ir and ESR spectra upon reduction, confirmed that
the reduction of H;PMo,,04 proceeded in two steps. In the first step, a hydrogen molecule dissoci-
ates into protons and electrons, the latter being trapped by molybdenum atoms. Both protons and
electrons migrate rapidly throughout the whole bulk. In the second step, protons react with bridg-
ing oxygen atoms of heteropoly anion and are evolved as water. The anion structure is maintained
in the first step, while it is partially destroyed in the second step.

INTRODUCTION

Since A-type heteropoly compounds are
acids and at the same time oxidizing agents,
they have been used as acid catalysts (hy-
dration of propene in homogeneous sys-
tems is a commercialized process) and also
as oxidation catalysts (methacrylic acid is
industrially produced by the oxidation of
methacrolein). Although several studies
have already been reported on the reduc-
tion process and the structure of reduced
products of heteropoly acids in solution (1),
little is known about the mechanism of re-
duction—-oxidation cycle in the solid state,
which must be closely related to the func-
tion as oxidation catalyst (2—-4). We have
previously proposed a two-step redox
mechanism of heteropoly compounds (2,
4, 5). However, different mechanisms have
also been proposed (6-9) and the redox
mechanism seems still controversial. In this
study we examined in more detail the re-
duction mechanism mainly of 12-molyb-
dophosphoric acid by ir and ESR spectros-
copy.

! See Part IV: J. Catal. 77, 169 (1982).
2 Present address: Showa Denko K. K.
3 To whom all correspondence should be addressed.
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EXPERIMENTAL

Materials. H;PMo,04 - nH,O (abbrevi-
ated hereafter as PMo;;) and H:PW ;04 -
nH,O (PW;,) were obtained commercially
from Kanto Chemical Company, Inc. and
Nippon Inorganic Colour and Chemical
Company Ltd., respectively. PW,, was
used after purification by extraction with
etherand recrystallization. The stoichiomet-
ric salts of alkali were prepared by adding
slowly the aqueous solutions of their car-
bonates to the aqueous solutions of hetero-
poly acids as described previously (10).
Water contents of the starting materials
were carefully measured. These salts will
be abbreviated, for example, as KPMoy,;
and CsPMoy,.

Infrared spectra. Samples (3—-5 mg) were
dispersed on a thin silicon plate and their ir
spectra were recorded in an in situ ir cell,
which was connected to a closed circula-
tion system, by means of a FT-IR spec-
trometer (JEOL, JIR-10), as has been de-
scribed previously (11, 12). In some cases,
ir spectra were taken after the samples
were pressed into KBr disks.

80) exchange between H, 80 and hetero-
poly compounds. Standard procedure was
as follows. Samples on silicon plates were
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first evacuated in the ir cell at room temper-
ature for 1 h. They were heated at 300°C for
1 h in the presence of O, (50 Torr), kept at
200°C for 3 h in the presence of H; %0 (17-
18 Torr), and then evacuated at room tem-
perature for 10-20 min. '30-Enriched water
(99%), H, '®0, was introduced, kept for 8
min, and evacuated. This cycle was re-
peated 2 or 3 times in order to eliminate H;
160 adsorbed on glass wall. During the cy-
cles, the ir spectra characteristic of the
Keggin anion remained unchanged. After
the pretreatment, 16—18 Torr of H, 80 was
introduced and the sample was transferred
to the heating zone of the ir cell, which was
kept at 200°C. Infrared spectra were mea-
sured at room temperature after the sample
was returned into the optical path, as de-
scribed before (2, 10). The color of the
sample during the experiments remained
yellow for Mo-containing samples and
white for PW,, when the contamination
from grease was carefully avoided.

ESR spectra. X-Band ESR spectra were
recorded on a JES-PE-1X spectrometer
usually at room temperature. About a 200-
mg portion of samples was placed in an
ESR tube connected to a closed circulation
system. For the quantitative measure-
ments, the signal of Mo®>* was doubly inte-
grated and compared with a doubly inte-
grated signal of CuSO, - 5H,O powder
(standard). Very similar results were ob-
tained when DPPH was used as a standard.

Reduction by H,. The samples were re-
duced by H; in a closed circulation system.
The degree of reduction was followed by
the pressure decrease. The H; reduction of
PMo;; at room temperature was carried out
after PMo,; was mechanically premixed in
an agate pestle with Pd/C (palladium sup-
ported on carbon, Pd:5 wt%, Nippon
Engelhald Inc.) as described previously (5).
The Pd/C content in the mixture was 10
wt%. The mixture will be denoted by
PMo,-Pd/C.

In the case of in situ ir measurements of
the H; reduction of the samples at room
temperature, 220 mg of the sample was
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loaded in a glass basket for the measure-
ment of H, absorption and 3-5 mg of the
sample was on a silicon plate for the ir mea-
surement. During the heat treatment the
two samples were placed close with each
other near the center of the heating zone of
the ir cell. Infrared spectra were similarly
measured for PMo;, reduced at 280-320°C.
Infrared spectra were recorded at room
temperature.

RESULTS

Infrared spectra of water contained in
heteropoly compounds. In Fig. 1, ir spectra
of PMo;; and KPMo,, in the region of
»(OH) and 8(H,0) are shown. The ir spec-
trum of PMo,; which contained about 28
water molecules (spectrum a) exhibited a
broad band at 3650-2800 cm™! with a peak
at 3552 cm~!. After the evacuation at room
temperature (the sample contained about
5-6 water molecules after the evacuation
(10)), a broad band with a peak at 3263
cm™~! remained (spectrum b). In the 8(H,O)
region there were two bands at 1724 and
1612 cm~!. Introduction of D,O vapor in
large excess produced spectrum a’. The
same spectrum as a’ was obtained by the
deuteration at room temperature after evac-
uation at 300°C. The deuterated sample
showed a broad band at about 2600 cm™!
(spectrum a’) and 2426 cm~! (after evacua-
tion at room temperature; spectrum b’),
corresponding to the 3552- and 3263-cm™!
bands of undeuterated sample (spectra a
and b). In the 8(D,0) region there were two
bands at 1412 and 1188 cm™!. The evacua-
tion at room temperature decreased the in-
tensity of these two bands and produced a
new weak band at ca. 1260 cm~!.

In the case of KPMo,;, weak bands were
observed in the »(OH) and 8(H,O) regions
(3622 and 1604 c¢cm™'), as in the case of
CsPMoy;, (11). These ir bands of K and Cs
salts completely disappeared by the evacu-
ation at room temperature. Upon deutera-
tion these two bands shifted to about 2600
and 1188 cm™!, respectively, as expected
from the change in the reduced mass.



386

Absorbance

2600

) .
.‘\_ d
(@) @

1

Wave number/cm

FiG. 1. Infrared spectra of PMo;; and KPMoy,.
PMoy,; (a) In the presence of H,O(17 Torr), (b) after
the evacuation of (a). (a’) Deuterated by D,O (17
Torr), see text. (b') After the evacuation of (a’), all at
21°C. KPMoy,. (c) In the presence of H,O (17 Torr),
(d) after the evacuation of c. (¢’) Deuterated by D,0
(17 Torr), see text. (d) After the evacuation, all at
21°C. (Absorption due to water vapor was subtracted
for (a), (a’), (¢), and (c').)

PW,, containing about 5-6 H,O exhib-
ited broad bands at 3224 cm~! in the »(OH)
region and at 1712 cm™! in the §(H,0) re-
gion. The contact with D,O at room tem-
perature for 6 h, produced two broad »(OD)
bands at ca. 2600 and 2400 cm~'. The
former disappeared after the evacuation at
75°C for 1 h, but the latter remained. In the
8(D;0) region there were two bands at 1450
and 1192 cm~!. Evacuation at room temper-
ature produced a band at 1265 cm™~! and the
band at 1192 cm~! became a shoulder.

B0 exchange between H, '*0 and hetero-
poly compounds. Infrared spectra of
PMo;y;, CsPMo,,, and PW,, varied as shown
in Fig. 2, when they were kept in contact
with H; 80 (16—18 Torr) at 200°C for 2 h.
Each band can be assigned as indicated in
the figure according to the literature (/3). In
the case of PMo); the bands assigned to
v(Mo=0), terminal oxygen, and v(Mo
—O0O—Mo), bridging oxygen, shifted to
lower frequencies, demonstrating that the
isotopic exchange of oxygen proceeded.
The shifts were 39-46 cm~!. The relative
intensities of the shifted and unshifted
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bands indicate that after 2 h 60-70% of the
oxygen was exchanged with 80 of water.
There was little difference in the rates of
exchange between Mo=0 and Mo
—O—Mo. The magnitude of the isotope shift
isclosetothosereportedby Tsunekieral. (6),
Rawatetral.(14),and Hewettetal. (15). After
1'hat 300°C the '30 exchange of both Mo=0
and Mo—O—Mo was almost completed.
The v(P—QO) band also shifted as the ex-
change of Mo=0 or Mo—O—Mo pro-
ceeded, as reported before (/6). However,
the shift was very small for this band (~10
cm™!).

In the case of CsPMo; the extent of ex-
change reached about 25% after 0.5 h, but
the rate was greatly reduced at this stage
and the extent increased only to ca. 30%
after 2 h. Even at 300°C, the extent of ex-
change was only 40-50%. No difference in
the rate of exchange was observed between
Mo=0 and Mo—0O—Mo of CsPMo,.

Results of PW,, were quite similar to
PMo,,. The rate of exchange for PW;; was
comparable with or slightly slower than for
PMoj;. The isotope shifts (ca. 40 cm™!)
were in agreement with those reported by
Vilchez and Griffith (/7). As the reaction
temperature was lowered to 70 or 100°C,

Absorbance —»

1100 1000 900 800 700
Wave number/cm™!

FiG. 2. Infrared spectra of 12-heteropoly com-
pounds before and after the 0O exchange with H; '*0
vapor for 2 h at 200°C. Broken line: before the 20
exchange. Solid line: after the '®0 exchange.
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the rate of exchange was greatly reduced.
At these temperatures, the exchange for
PW,, was much slower than that for PMo,.

Reduction by H, at room temperature.
According to the temperature programmed
reduction (TPR), the reduction of PMo;; by
H, started at ca. 250-300°C. When Pd/C
was added in order to promote the dissocia-
tion of hydrogen molecule, PMo,, was re-
duced at much lower temperatures (5). Fig-
ure 3 shows the results. PMo;~Pd/C
absorbed one hydrogen atom per anion in 1
min at room temperature and further up-
take of hydrogen continued slowly. In con-
trast, the uptake was very small for PW,,.
The H, uptake of Pd/C or PMo;; alone was
less than one-tenth the uptake of PMo—
Pd/C.

Figure 4 shows how the intensities of ir
bands due to the Keggin structure of
PMo,»- and CsPMo;,~Pd/C changed by H,
reduction at room temperature. In the case
of PMo,, it was found that the intensity of
the ¥(P—O) band decreased by about 20%
only by dehydration and reversibly restored
upon rehydration. Since this change is pre-
sumably not directly related to the reduc-
tion process, the band intensities given in
Fig. 4a were normalized to the intensity af-
ter the evacuation at room temperature. On
the other hand, the band intensities of
CsPMo; did not change upon dehydration
or rehydration.
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F16. 3. Hydrogen uptake by PMo,, and PW;, mixed
with Pd/C at 19°C. An arrow indicates the reduction
level of 2 electrons/anion. Those without Pd/C and Pd/
C itself are shown for comparison. PMo;,, PW,;: 225
mg with or without Pd/C (25 mg).
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F1G. 4. Change in the infrared peak intensity by H,
reduction of PMo,~ and CsPMo,»-Pd/C at room tem-
perature. (a) PMo,~Pd/C. (b) CsPMo,-Pd/C. ®, O,
©, and O correspond to the relative intensities of
v(P—O), v(Mo—O-—Mo, 883 cm™!), ¥(Mo—O—Mo,
791 cm™!), and »(Mo=0) bands. Plots of the peak
areas against the degree of reduction gave very similar
trends. Data indicated by an arrow are for CsPMo, -
Pd/C which was reduced at 100°C. Reduction beyond 3
electrons/anion was very slow at room temperature.

Until the degree of reduction reached ca.
two electrons per anion, the ir spectrum lit-
tle changed. As it exceeded two electrons
per anion, the intensities of the v(Mo
—0O—Mo) and »(P—O) bands started to
decrease, while that of the »(Mo=0) band
remained almost unchanged. At the later
stage the lower frequency band of v(Mo
—O—Mo) changed in a complicated man-
ner (791 — 810, 779 — 810, 725 cm™!) and
the »(Mo=0) band shifted to 964 c¢cm™!
from 980 cm™'. But the bands due to
v(P—O0) (1065 cm™') and »(Mo—O—Mo)
(883 cm™') did not shift. Ir spectra of
PMo,~Pd/C which was reduced to different
extents at room temperature were also
measured after quickly pressing them into
KBr disks. The changes in intensities were
in essential agreement with those in Fig. 4a,
although the change in ir spectra tended to
start at slightly lesser extent of reduction.
Reoxidation of the prereduced sample took
place in air at room temperature, but the
extent was small (less than 20%). In the
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case of CsPMo,—Pd/C (Fig. 4b), ir spectra
did not change until the sample was re-
duced by about 3 electrons/anion, and
changed similarly to the results shown in
Fig. 4a by further reduction.

Figure 5 shows the change in the number
of protons and the intensity of »(OH) upon
H; reduction of PMo,,~Pd/C at room tem-
perature. The sample was reduced in the
same manner as described above. The
amount of Brgnsted acid sites was esti-
mated from the ir intensity of pyridinium
ion (BPy) which was formed in the reduced
sample. The sample (PMo;,~Pd/C) which
had been reduced was contacted in the ir
cell with pyridine vapor at room tempera-
ture and then evacuated at 100°C for 1 hr.
The ir spectrum showed only BPy as char-
acterized by the 1535-cm~! band and no
bands due to coordinated pyridine (e.g.,
1440 cm™'). As the reduction proceeded
from 0 to 2 electrons/anion, the amount of
BPy changed from 3 to almost 5 molecules/
anion. With further reduction, it decreased.
The intensity of the »(OH) band little
changed at the initial stage of reduction, but
the intensity of the 3275-cm~! band started
to increase when the degree of reduction
exceeded 2 electrons/anion. The »(OH)
band changed only slightly by the evacua-
tion at room temperature, but disappeared
by the evacuation at 200°C.
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F1G. 5. Change in the integrated intensity of v(OH)
band and the amount of absorbed pyridine (proton-
ated, BPy) for PMo;,-Pd/C reduced by H, at room
temperature.
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FIG. 6. ESR spectra of reduced PMo,~Pd/C. (a) Pd/
C only. (b) Before the reduction. (c) After the reduc-
tion at room temperature by 0.39 electrons/anion. (d)
After the reduction at room temperature by 0.84 elec-
trons/anion. (e) After the evacuation of sample (d) at
200°C. (f) After the evacuation of a sample similarly
reduced as sample (d) at 300°C. Spectra (¢) and (f) are
presented in a reduced scale of 1/40.

ESR spectra of Mo’*. ESR spectra of
PMo,~-Pd/C which was reduced to various
extents and measured at room temperature
are shown in Fig. 6. No essential differ-
ences were observed between the 180° out-
of-phase signals and in-phase signals. The
unreduced sample which was preevacuated
for 2 h at room temperature showed only
single signal (g = 2.004) due to Pd/C. The
signal of Pd/C appeared at the same posi-
tion with the same intensity (spectrum a),
regardless of the mixing with PMo,; or the
reduction of PMo;,. Figure 7 shows the
change in the signal intensity with the re-
duction of PMo;,-Pd/C. No Mo’* signal
was detected by the reduction of 0.08 elec-
trons/anion at room temperature. Upon fur-
ther reduction, the intensity of Mo’* signal
increased linearly with the extent of reduc-
tion, as indicated in Fig. 7, curve a. How-
ever, the amount of Mo’* detected by ESR
corresponded only to 1/150 of the amount
of hydrogen uptake.

The ESR signal of Mo** remarkably in-
creased when the sample which had been
reduced by 0.84 electrons/anion at room
temperature was heated in vacuum as re-
ported before by us (3, 18, 19) and by
Eguchi et al. (9). The intensity became 15
times greater by the evacuation at 200°C
and 60 times by the evacuation at 300°C,
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FiG. 7. Amount of Mo** detected by ESR at room
temperature for PMo,~Pd/C reduced by H,. (a) After
reduction at room temperature. (b) Samples were
evacuated at 200°C after reduction at room tempera-
ture. (c)&), Samples evacuated at 300°C after reduc-
tion at room temperature, and @, PMoy, (without Pd/
C) reduced at 300°C by 0.84 electrons/anion.

although the extent of reduction in average
should not have changed.

In order to examine the influence of Pd/C
on the mechanism of the reduction of
PMo,,, PMo;, without Pd/C was reduced to
the same extent at 300°C. The signal inten-
sity of this sample agreed with the intensity
of PMo,~Pd/C which was reduced by 0.84
electrons/anion at room temperature and
then heated in vacuum at 300°C, as shown
in @ and ® in Fig. 7. This fact indicates that
Pd/C played a role only in the activation of
H, molecules and the H,-reduction mecha-
nism of PMo;, was not interfered by the
presence of Pd/C. ESR signal appeared
when PMo,-Pd/C was heated in vacuum in
a grease-free system, although no ESR sig-
nal appeared when PMoy, alone was heated
similarly. However, the intensity was not
great (see Fig. 7, at 0 electron/anion).

Reduction of PMoy, by H, at 280-320°C.
Figure 8 shows the changes in the ir band
intensities of PMo,;, (without Pd/C) upon
the reduction by H, at 280-320°C. The re-
duction little changed the intensity of
v(Mo=0). On the other hand, the intensity
changes of ¥(Mo—O-—Mo) and v(P—O)
bands exhibited an induction period in the
initial stage of the reduction and the inten-
sity decreased with further reduction.
These results are very similar to those in
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Fig. 4a. The bands of v(P—O) and v(Mo
—0—Mo) (H) (#(Mo—0O—Mo) at higher
wavenumber) were at 1065 and 883 cm™!,
respectively, and did not shift by the reduc-
tion. In the region of the absorption band of
795 cm™!, v(Mo—O—Mo) (L) (¥Mo
—O0—Mo) at lower wavenumber), a new
band appeared at 760 cm ™! as the reduction
proceeded. These results are in general
agreement with those reported by Eguchi et
al. (7), Tsuneki et al. (6), and Misono et al.
(2). No bands appeared in the »(OH) re-
gion, The ESR signal of Mo’ increased
with the reduction up to 1 electron/anion,
but changed only slightly with further re-
duction, as in the previous results (3).

DISCUSSION

Behavior of water contained in hetero-
poly compounds upon heat treatment.
There were two bands (1724 and 1612 cm™!)
in the 8(H,0) region of PMo,, (Fig. 1). It
has been reported that the hydrated proton
(for example, H*(H,0) or H*(H,0),) has a
band at 1700 cm~' (20, 21). Therefore, the
band at 1724 cm~' may be assigned to the
hydrated proton as was previously sug-
gested (10, 11). The absence of this band in
the case of the salts of PMo,; supports this

10¢
>
0
&
EO05 1
@
2
5
@
o
0 1 i
0 1 2

Degree of reduction/electron-aniori!

FiG. 8. Changes in the infrared peak intensity by H,
reduction of PMo,; at 280-320°C.
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assignment. The 8(D,0) bands (1424 and
1260 cm™!) are similarly assigned to
8(D*(Dy0),) (n = 1,2), because D*(D,0),
shows ir bands at 1400 and 1250 cm~! (21).
The band at 3263 cm~! (Fig. 1b) may be the
v(OH) band of protonated water, since hex-
ahydrate of PWp[(H*(H;0),); - PW;04],
which is formed by the evacuation at room
temperature has a band at 3224 cm™!, and
Kazanskii er al. (22) already assigned a
broad band at 3100 cm~! of PW,, to
(H*(H,O);). Further, it is known that
(H30)*Br~ gives a band at 3250 cm~! due to
v(H*(H,0)) (23).

The bands at 3552 and 1612 cm™! are as-
signed to unprotonated water, which are
usually observed for water of crystalliza-
tion and adsorbed water. Relatively small
bands in the »(OH) and 8(H,0) regions for
KPMo;; and CsPMo;; may be assigned to
water of crystallization or physically ab-
sorbed water. Eguchi et al. (24) indicated
that this is zeolitic water because the X-ray
diffraction pattern did not change at higher
temperatures. Niiyama et al. assigned this
to physically adsorbed water (25). Consid-
ering the structural characteristics (26), the
latter assignment seems more probable.
Variations of the ir spectra upon heat treat-
ment are consistent with the change in the
water content (/0).

Rapid 80 exchange between water and
heteropoly compounds. As is shown in Fig.
2, the exchange proceeds throughout the
bulk of PW; and PMo,,. The rate was much
more rapid than that observed for other ox-
ide catalysts (2). This is due to the fact that
water is easily absorbed into and desorbed
from the bulk (2). The lattice oxygen rap-
idly exchanges with H,'®0 which is ab-
sorbed in the bulk and the exchanged water
comes out of the bulk. In contrast, in the
case of CsPMo; only a part (20-30%) of
the lattice oxygen exchanged rapidly and
the remainder exchanged very slowly. If
the high surface area of CsPMo,; (170 m%/g)
is considered, the lattice oxygen of
CsPMo; which exchanged rapidly at 200-
300°C can be assigned to that on the surface
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monolayer. CsPMo,; is insoluble in water
and the secondary structure does not
change easily, so that only the surface oxy-
gen exchanges rapidly and the exchange of
bulk oxygen would be very slow.

Though the »(P—O) band shifts by iso-
topic oxygen exchange, the shift is much
smaller than is expected by isotope effect.
This oxygen is located inside the anion and
it must be difficult to exchange with water.
So the small shift of »(P—O) is probably
due to an indirect effect of isotopic ex-
change of oxygen located at outer part of
the anion, as suggested before (5, 6). With
hydration and dehydration the »(Mo=0)
band shifted owing to the change in hydro-
gen bonding, but no shift was observed for
the v(P—O) band. This is reasonable, since
the Mo=0 bond is located outside the an-
ion and the P—O bond is inside the anion.

The rates of exchange for the terminal
(M=0) and bridging oxygen (M—0—M,
where M==Mo or W) are almost equal. It is
probable that the exchange or rearrange-
ment in the anion itself is rapid.

Mechanism of H, reduction of PMo,.
We previously proposed a reduction mech-
anism as shown in Fig. 9, mainly on the
basis of the stoichiometry of H, reduction
and O, reoxidation cycle including water
evolution (2) and temperature programmed
reduction (5). The reduction consists of
two steps in this mechanism. Note that the
degree of reduction is not apparently con-
sidered in this scheme (We do not mean
that the second step begins when the anion
is reduced exactly by two electrons.)

Present results confirmed this redox
mechanism. At the initial stage of the re-

Ul 9 950 11 5+ R
-Mo-0-Mo-+Hy — -MO-0-Mo-+2H (1)
| I

o] o] o_ 0O
N5+  15* . 15+ 15+
-MO-0-Mo-+2H —-Mo Mo-+H,0 (2)
I mn

Fi1G. 9. Proposed mechanism for the reduction of
PMOlz by Hz.
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duction, ir spectra little changed (Fig. 4 and
8) and the increase of proton is almost
equivalent with the uptake of hydrogen
atom (Fig. 5). This is consistent with Eq. 1
of the scheme: H, molecule is dissociated,
becoming electrons and protons, and the
electrons are trapped by the anion keeping
the anion structure (I and II) unchanged. In
the second step the protons react with lat-
tice oxygen of PMoy; to form H,O. The in-
crease of the band at 3275 cm™! (Fig. 5)
presumably reflects the formation of H,0 in
the second step. Eguchi et al. (7) recently
reported that the »(Mo—O—Mo) and
v(P—O) bands decreased by the removal of
bridging oxygen from the beginning of the
reduction. Their reduction temperature was
considerably higher than the present study,
so that the second step to form the water
(Eq. 2) should have proceeded very rap-
idly.

The interpretation of the changes in the
v(Mo—O0O—Mo) and »(P—O) bands are still
controversial. Some consider that the in-
tensity of the v(Mo—O—Mo) band de-
creases only by the removal of bridging ox-
ygen (6, 7), but it was recently suggested
that the ¥(Mo—O—Mo) (and also »(P—0))
bands were considerably reduced by the
electrochemical reduction, where no struc-
tural changes probably took place (8). So
further studies are required about the
changes in the intensities of v(P—O) and
v(Mo—O—Mo) bands caused by reduc-
tion.

ESR studies also support the two-step re-
duction mechanism. Pope et al. (27) re-
ported the ESR signals of Mo’* in PMo,,
which was electrochemically reduced by 1
electron/anion. The original structure of
PMo,; was retained by electrochemical re-
duction (28, 29). The Mo’* signal which
was isotropic at 9 K became much broader
as the temperature of measurement in-
creased. This change was attributed to the
rapid hopping of electron among 12 equiva-
lent Mo atoms in a Keggin anion. The tem-
perature dependency of the line width dem-

391

onstrates that the signal would hardly be
detected at room temperature. In this con-
nection, Pope et al. (30) also reported that
the electron was localized on W atom in the
case of non-Keggin-type polyacids. There-
fore, it may be presumed that, when the
anion structure is maintained, the electron
can hop rapidly in an anion.

In the present work only a very small
ESR signal was observed for PMo~Pd/C
when it was reduced at room temperature.
This result suggests that the electron is hop-
ping rapidly and the Keggin structure is re-
tained as was also indicated by the very
small change in ir spectrum. That is, the
reduction remains almost at the first stage
(Fig. 9, Eq. 1).

Remarkable increase in the intensity of
the ESR signal observed when the prere-
duced PMo,; was heated in vacuum is rea-
sonably understood as the second stage of
the reduction took place (Fig. 9, Eq. 2), as
was suggested before (79).

When the temperature is raised, water is
formed from oxygen atoms of anion and
protons, producing coordinatively unsatu-
rated Mo atoms. Unpaired electrons which
are introduced by reduction will be local-
ized at this coordinatively unsaturated Mo
and then exhibit an anisotropic Mo’* signal
even at room temperature. Thus, the ESR
measurement in the present study is con-
sistently explained by the two-step mecha-
nism for the H, reduction of PMo,;,.

The oxidation of methacrolein over
PMo,, proceeds by a redox mechanism, and
the rate-determining step is probably the
abstraction of hydrogen from an intermedi-
ate, which is accompanied by the reduction
of PMoy; (2, 3). There was a fair correlation
between oxidizing power or reducibility of
heteropoly anion and the catalytic activity
(5, 31). Therefore, the reduction mecha-
nism as discussed in the present work could
be closely related with the mechanism of
the oxidation reaction of aldehydes. Fur-
ther studies on this correlation are now in
progress.
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