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The photoreduction of Mosf ions supported on a silica gel surface in the atmosphere of H, or CO 
has been investigated at 77 or 300°K. A selective photoreduction of Mo6+ to Mo5+ in H, occurs 
under uv irradiation with 320 < A < 350 nm. On the basis of EPR data it appears that at 77°K Mo3+ 
ions in distorted tetrahedral coordination are predominently formed (g, = 1.811, g, = 1.929, and g, 
= 1.952). After warming the samples to 300°K or after exposure to H,O or C,H, at this temperature 
a rearrangement of the first coordination sphere of MO s’ ions takes place and they get a distorted 
octahedral coordination characterized by an EPR signal with g,, = 1.891 and g, = 1.961. Photo- 
reduction of Mo6+/Si02 in CO under uv light with A 5 340 nm differs markedly from that in H, 
and results mainly in the formation of tetravalent 4+ MO ions which exhibit high reducing properties. 
Mo4+ ions on photoreduced samples are oxidized by N,O, CO*, and H,O molecules at - 150, 100, 
and zl5O”C, respectively. After NO admission at 77°K on Mo4+/Si02 an EPR signal with g,, = 2.075 
and a = 1.996, a,? = 0, a, N = 15 Oe appears which is tentatively assigned to a MoG+ . . . NO*- 
complex involving a two-electron transfer for the MO 4+ ion into NO n* orbitals. It is suggested 
further that at room temperature this complex reacts with another NO molecule giving rise to NZO 
formation. Conceivable reaction schemes of photoreduction processes in H, and CO are discussed. 
It is concluded that photoreduction differs considerably from the thermal reduction process both 
from viewpoints of the selectivity and the chemical properties of reduced molybdenum ions. 

INTRODUCTION 

Study of the valence state and coordina- 
tion of molybdenum ions supported on ox- 
ide catalysts is of considerable importance 
for understanding catalytic reactions such 
as oxidation, olefin metathesis, and some 
others occurring on these catalysts. In a 
number of papers (I-4) dedicated to the 
study of this problem it has been shown 
using spectroscopic methods that high- 
temperature (400-600°C) reduction of 
Mos+/Si02 in the atmosphere of Hz, CO, or 
hydrocarbons usually leads to the forma- 
tion of molybdenum ions in different co- 
ordination and valence states (Mo5+, Mo4+, 
Mo3+). Therefore it was thought interest- 
ing to study the reduction of Mo6+/Si02 
catalysts under milder conditions, namely, 
under uv irradiation at room or lower tem- 
peratures. One might expect that under 
these conditions reduction of Mo6+ ions 
would proceed more selectively. 

EXPERIMENTAL 

Sample preparation. As a supporting ma- 
terial for Mo6+ ions a high-purity silica gel, 
prepared by hydrolysis of SiCI, (5), was 
used. The samples of Mo6+/SiOz were ob- 
tained by impregnating the gel with an 
aqueous solution of ammonium paramolyb- 
date, drying at 100°C and calcinating at 
500°C in air. The molybdenum content was 
1% by weight. 

Catalyst treatment and irradiation. Be- 
fore photoreduction the samples were 
heated in quartz tubes for EPR measure- 
ments under vacuum (-10e4 Torr) for 1 hr 
at 600°C and then in oxygen @ = 50 Torr) 
for another hour at the same temperature. 
The catalyst was then cooled down to 
100°C and evacuated. Irradiation by uv 
light was performed in situ in H2 (Dn) or CO 
atmosphere at pressures of 5-10 Tot-r. The 
uv source was a high-pressure mercury 
lamp, model DRSh-1000, equipped with a 
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water filter. In some experiments glass 
filters BS-4 or BS-5 cutting wavelengths 
shorter than 320 or 340 nm respectively 
were used. To provide a more uniform 
irradiation the powder samples were 
shaken during irradiation using a mechani- 
cal microvibrator. 

Gaseous reactants. Hz and D, were 
purified by dilfusion through a red-hot 
(-SOO’C) palladium capillary. Oxygen from 
a cylinder was at first condensed in a liquid- 
nitrogen trap. Then the liquid nitrogen was 
slowly warmed up and the middle boiling 
fraction was collected. N,O was purified by 
conventional freeze-pump-thaw cycles. 
CO was freed from oxygen contamination 
by passing through a column filled by silica 
gel-supported C$+. NO was obtained by 
HNOB decomposition by Cu wire. Then it 
was submitted to purification from HzO, 
NzO, and NO, by passing in series through 

the traps cooled down by dry ice in acetone 
and liquid oxygen. 

Spectrometers. EPR spectra were re- 
corded with an X-band spectrometer EPR-3 
or a K-band (12 mm) JES-3BS-Q (JEOL) 
spectrometer at 77 or 300°K. Optical spec- 
tra were measured with a SP-700 Pye-Un- 
icam instrument supplied with a diffusion 
reflectance attachment. An analysis of gas- 
eous products was performed by a quadru- 
pole mass spectrometer, model UT1 1OOC 
(UTHE Technology International). 

RESULTS 

A. Photoreduction in hydrogen. Irradia- 
tion of Mo6+/Si02 samples at 77°K by light 
with 320 < A < 350 nm in D, atmosphere 
leads to the formation of Mo5+ ions whose 
EPR spectrum is shown in Fig. la. After 
warming the sample up to room tempera- 
ture the intensity of the signal with g, = 

DPPH 

I 

Flc. 1. X-Band EPR spectra of Mo5+ ions. (a) After irradiation of Mo6+/SiOp in D2 at 77°K (recorded Flc. 1. X-Band EPR spectra of Mo5+ ions. (a) After irradiation of Mo6+/SiOp in D2 at 77°K (recorded 
at 7PK); (b) after warming the sample to 300°K (recorded at 77°K); (c) the same as (b) but recorded at at 7PK); (b) after warming the sample to 300°K (recorded at 77°K); (c) the same as (b) but recorded at 
300°K. 300°K. 
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1.811, g, = 1.929, and g, = 1.952 (signal A) 
decreases, and a new signal with g,, = 1.891 
andg, = 1.961 (signal B) appears (Fig. lb). 
Lines in the lower field part of the spectra 
are due to g5M05+ and g7M05+ ions (natural 
abundance of -24%) having a nuclear spin 
of s/2. 

The spectrum with the same g values is 
observed after uv irradiation of Mo6+/Si0, 
in H2 at room temperature; however, in this 
case g-tensor components are split into 
doublets (Figs. 2a and b) due to hypetfine 
interaction of the Mo5+ d electron with the 
neighboring proton. The hypertine splitting 
constants are equal to 15 and 19 Oe for 
signals A and B, respectively. The tempera- 
ture behavior of signals A and B is differ- 
ent; the former is not seen at room tempera- 
ture (Figs. lc and 2b), whereas the latter is. 

In order to determine the hyperfhre split- 
ting constants on the molybdenum nucleus 
a Mo6+/Si0, sample enriched by s5M~ iso- 

TABLE 1 

EPR g and n Values for 95M05+ Ions 

RI !h x:, 0, (Oe) “2 (04 q, (Od 

Signal A 1.811 1.929 1.952 82 2 3 30 ? 3 30 2 3 

Signal B g,, = 1.891 g, = I.961 n,, = 98 + 5 a, = 43 f 3 

tope (98 at.%) was used. Signal A, obtained 
after uv irradiation of this sample in D, 
atmosphere at 77”K, is presented in Fig. 3. 
Both g and a values for g5M~ signals A and 
B are listed in Table 1. 

The number of Mo5+ ions produced by 
photoreduction in H, was calculated by 
integration of the EPR spectra as well as by 
measurement of the oxygen amounts con- 
sumed during the reoxidation of photore- 
duced samples at 400-500°C. In the last 
case it was accepted that one oxygen mole- 
cule oxidizes four Mo5+ ions. The results of 
both sets of experiments are summarized in 

b 

FIG. 2. X-Band EPR spectra of Mo5+ ions. (a) after irradiation of Moa+/SiOo in H2 at 300°K (recorded 
at 77°K); (b) the same as (a) but recorded at 300°K. 
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FIG. 3. X-Band EPR spectrum of 95Mo 5+ ions after photoreduction of g5M06+/SiOZ in D, at 77°K 
(recorded at 77°K). 

Table 2, showing that the Mo5+ concentra- 
tions determined by the different ways co- 
incide within the experimental errors. It 
should be noted that the reduction degrees 
of Table 2 are apparently not the highest 
possible ones, since no attempt was made 
to get a maximum Mo5+ concentration by 
prolonged irradiation of a Mo6+/Si0, sam- 
ple with filtered light. Furthermore, photo- 
reduction was found to proceed much 
faster when unfiltered light of the mercury 
lamp was used. For example, in one experi- 
ment the reduction degree of about 30% 

TABLE 2 

Reduction Degrees of Moa+/SiOz in Hz as a 
Function of Irradiation Time 

Irradiation MC++ concn, MoS+ concn. Reduction 

time (hr) from EPR spectra (g“) by reoxidation (g-l) degrees of 
Most ions 

(%) 

2 1.21 k 0.12 x 10’8 1.4 k 0.2 x 10’8 2 
5 6.5 k 0.6 x 1O’8 8.2 t 1.6 x 1O’8 10 

was already achieved after uv irradiation 
for 3 hr. 

After exposure of photoreduced samples 
to water vapor at room temperature signal 
A disappears, and g values of signal B are 
slightly changed, becoming gll = 1.895, g, 
= 1.952. The proton hyperfine splitting is 
no longer seen in the spectra. Analogous 
changes in the EPR spectra take place after 
C,H, admission @ = 5 Torr) at room tem- 
perature . 

N20 adsorption at room temperature 
does not give rise to any appreciable 
changes in the EPR spectra. However, N20 
decomposition followed by N, evolution in 
the gas phase is found to occur at tempera- 
tures higher than 100°C. It is accompanied 
by disappearance of the Mo5+ signals. 

B. Photoreduction in carbon monoxide. 
Irradiation of Mo6+/Si02 samples at room 
temperature in CO atmosphere by light 
with A 5 350 nm results in CO, evolution in 
the gas phase. In a series of experiments an 
average valence state of photoreduced mo- 
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lybdenum ions (x) was determined using the 
equation 

TABLE 3 

Average Valence State of Molybdenum Ions Formed 
after Mos+/SiO, Irradiation in CO by Unfiltered uv 

Light 

where Ncoz is the number of CO2 molecules 
evolved and N,,s+ is the total number of 
molybdenum ions in the sample (see Table 
3). The average valence state of MO ions 
calculated from the series of three experi- 
ments is found to be 3.9. 

RW 
number 

Irradi- 
time 

(hr) 

Number of 
CO, molecules 

evolved 

Total number 
of MO ions 
in sample 

AVW@E- 
valeoce 
State of 
MO ions 

Thus, the photoreduction in CO differs 
considerably from that in Hz, where, as 
described above, mainly Mo5+ ions are pro- 
duced. This difference is further confirmed 
by spectroscopic data. 

1 4 6.2 x 10” 6.0 x IO” 3.92 

2 3.5 6.5 x 10” 6.0 x IO” 3.90 
3 3.5 1.4 x 101* 1.3 x 10’9 3.92 

After photoreduction in CO the samples 
show an EPR signal of relatively low inten- 
sity withg,, = 1.875 andg, = 1.947 charac- 
teristic of Mo5+ ions in octahedral coordina- 
tion. The number of Nor’+ ions estimated 
from EPR spectra is approximately 100 
times smaller than the number of CO, mole- 
cules formed during photoreduction. Nei- 
ther CO desorption at 100°C nor Hz0 or 
NH3 adsorption at room temperature 
results in any appreciable increase in the 
intensity of Mo5+ EPR signals. 

outgassing at room temperature. The com- 
plete CO desorption occurs only at temper- 
atures higher than 100°C. After CO removal 
the samples display a green color. In Fig. 4a 
a diffusion reflectance spectrum of such a 
“green sample” is presented. CO adsorp- 
tion at 20°C causes a remarkable change in 
the spectrum (Fig. 4b). Note that samples 
photoreduced in CO which were not out- 
gassed at 100°C give very similar spectra. 

After photoreduction and CO desorption 
at 100°C “green samples” show very high 
reducing properties. Several examples are 
given below. 

Carbon monoxide molecules are rather (1) Adsorbed NzO is reduced by Mo4+ 
strongly bonded to the surface on photore- ions at temperatures as low as - 12O”C, 
duced samples and cannot be removed by resulting in Nz evolution in the gas phase. 

FIG. 4. Optical spectra of samples of Mo6+/SiOz photoreduced in Co after (a) CO desorption at 
100°C; (b) CO adsorption at 20°C. 
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The number of N, molecules is equal to that 
of COz molecules formed during photore- 
duction. The EPR spectrum is not changed; 
however, the green color disappears. 

(2) CO, decomposition with CO forma- 
tion proceeds with a considerable rate al- 
ready at 90°C. No change in the EPR spec- 
tra is observed. The number of CO 
molecules evolved approximately corre- 
sponds to that of CO, formed during photo- 
reduction. 

(3) H,O is reduced at tempertures higher 
than 150°C. Simultaneously hydrogen is 
evolved in the gas phase. The intensity of 
Mo5+ EPR signals increases 4-5 times. 

The green color vanishes after reactions 
(2) and (3) are completed. 

(4) After NO admission at 77°K a new 
EPR signal with gll = 2.075 and g, = 1.996 
appears. Its intensity drastically increases 
(more than 100 times) after the sample is 

a 

taken out of the liquid-nitrogen bath and 
kept at room temperature for lo-15 set 
(Fig. 5). There is also a remarkable increase 
in intensity of the EPR signal after uv 
irradiation of the sample, containing ad- 
sorbed NO, at 77°K. However, it is not 
clear whether this effect is linked to a 
photoreaction or to a small temperature rise 
during the irradiation. 

By integration of the EPR spectra the 
intensity of this signal was estimated to be 
-2 . 10ls g-l or -30% of the total molybde- 
num ion content in the sample. As seen 
from Fig. 5 the perpendicular component of 
the g tensor consists of three hyperfine 
lines separated by 15 ? 1 Oe, owing to 
interaction of an unpaired electron with the 
14N (I = 1) nucleus. Both keeping the 
sample at room temperature for 30 min and 
oxygen adsorption at this temperature de- 
stroy this EPR signal. 

2.00 
1 

I 1 

-. H l 

35oe b 

FIG. 5. EPR spectra of samples of MoGf/Si02 photoreduced in CO after NO adsorption: (a) X-band; 
(b) K-band. The spectra were recorded at 77°K. 
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N20 and small amounts of N, are found 
to be the products of NO interaction with 
photoreduced Mo/SiO, samples at room 
temperature and the N,O/N, ratio depends 
on the amount of NO adsorbed. 

DISCUSSION 

Photoreduction in hydrogen. Let us first 
discuss coordination states of Mo5+ ions 
formed by photoreduction in H,. Signal B g 
values are characteristic of Mo5+ ions in 
distorted octahedral coordination. Similar 
EPR signals were detected (2) after high- 
temperature reduction of the Mo6+/Si02 
system in hydrogen. 

As far as we know, signal A with a much 
higher g-value anisotropy was not observed 
earlier on Mo6+/Si0, catalysts. On the 
other hand, it is well-known that transition 
metal ions such as V4+, W+, etc., on silica 
gel support very often occupy positions 
inside the oxygen tetrahedra. The crystal 
field theory gives the following ratio for d’- 
transition metal ions in &,-distorted tetra- 
hedral coordination (6): 

g, - gll hll 4 
g,-g*=G= * 

For signal A, Ag,,/Ag, is equal to 3.12 (if 
one accepts gll = g,, g, = g, + g,/2); this 
value is rather close to the theoretical one. 
Therefore it seems reasonable to assign 
signal A to Mo5+ ions in distorted tetrahe- 
dral coordination. 

This interpretation is confirmed by the 
disappearance of signal A after H,O and 
C,H, adsorption, indicating the coordina- 
tive unsaturated state of Mo5+ ions respon- 
sible for this signal. Furthermore, the ab- 
sence of signal A in EPR spectra at room 
temperature is also characteristic of d1 ions 
in tetrahedral coordination and is linked to 
the short spin-lattice relaxation time at this 
temperature. Earlier (7), similar behavior 
for CIs+ and V4+ supported on silica gel was 
reported. 

Photoreduction of Mo’j+/SiO, probably 
occurs according to the scheme which is 
similar to that proposed earlier (8) for V5+ 
ions: 

+ H2 + bMo5,+ 
I \ + H. 

/ 
,J2- \02- 

\ 

g2- OH- , 

(1) 

At the first step under uv light corre- 
sponding to the charge transfer band of 
[MoOJ- complexes there is an electron 
transfer from the 02- anion to Mo6+ ion 
giving rise to a short-lived electronically 
excited complex [(MoO,)~-]*. The latter 
was shown to reveal chemical reactivity 
very similar to that of the adsorbed O- 
anion radicals, and it readily reacts with 
hydrogen molecules even at 77°K. As it 
follows from the experiments where irradi- 
ation was carried out by filtered light, the 
lowest photon energy required for reaction 
(1) corresponds to the long-wavelength bor- 
der of the charge transfer band in the opti- 
cal spectra of Mo6+ . . . 02- complexes. 

Scheme (1) is evidenced by the presence 
of proton hyperhne splitting in Mo5+ EPR 
spectra owing to delocalization of the un- 
paired d electron onto u-orbital of the 
neighboring OH group. 

According to this scheme OD groups 
must be formed under irradiation in D2. 
However, in this case hyperline splitting 
becomes 6.5 times smaller and therefore it 
cannot be seen in the EPR spectra. 

It follows from Fig. 1 that the major part 
of Mo5+ ions produced by uv irradiation at 
77°K is in tetrahedral coordination. Since at 
such low temperature a rearrangement of 
the first coordination sphere of Mo5+ ions 
seems to be unlikely, it is reasonable to 



assume that in original samples MO”+ ions 
would also occupy positions in the center of 
oxygen tetrabedra. After warming the sam- 
ples, which were submitted to irradiation at 
77X, to room temperature or after H,O 
and C,H, adsorption a rearrangement of the 
first coordination sphere of Mo5+ ions takes 
place and they get octahedral coordination. 
Signal B corresponds to these Mo5+ ions. 
No chemical reaction *occurs under these 
conditions. On the contrary, N,O interacts 
with Mo5+ ions at -100°C in the following 
way: 

2 Mo5+ + N,O --f 2 Mo6+ i- 02- + N,. 

It has been shown earlier (I, 4) that N,O 
admission on Mo6+/Si02 samples previ- 
ously reduced in Hz at high temperatures 
results in appearance of O- species in EPR 
spectra. However, on photoreduced sam- 
ples no O- could be detected after N,O 
treament in similar conditions. 

B. Photoreduction in carbon monoxide. 
Photoreduction in CO differs markedly 

from that in H,. The data of Table 3 show 
that mainly Mo4+ ions are produced. An 
alternative explanation, namely, formation 
of equal amounts of Mo3+ and Mos5” ions, 
can apparently be ruled out because no 
Mo3+ EPR signal is detected and the num- 
ber of Mo5+ ions formed corresponds only 
to about 1% of COZ molecules evolved. 
One might suggest further that a certain 
fraction of Mo5+ ions formed would not be 
detected by EPR at 77*K, since they are in 
a regular tetrahedral coordination and as a 
consequence are characterized by a very 
short spin-lattice relaxation time, I;. How- 
ever, as no change in EPR spectra of Mo5+ 
ions was found to occur after H,O or NH, 
adsorption at room temperature this sug- 
gestion cannot be taken into account. Note 
that MO*+ ions (electron co~guration 8) in 
polycrystalline powder samples have never 
been observed by EPR. 

The formation of Mo4+ during photore- 
duction in CO can be presented in the 
following way: 

02- . . g*- 
\\ fl hv 

[ $- p- f Q2- ,co 
Mo6’ - - I toS= I +x0 - )dof+ + co2 (2) 
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The first step, electron transfer from the 
02- anion to the MO++ ion, was discussed 
earlier. The excited complex [(MoOJ’-]* 
then interacts with CO molecules giving 
rise to CO, formation and to the transfer of 
one more electron to the Mo5+ ion. Thus, 
reaction (2) is in fact a two-electron-trans- 
fer process which proceeds under uv light. 

As discussed above, in original samples 
Mo6’ ions are predomin~tly in tet~hedr~ 
coordination. One may conclude from 
scheme (2) that photoreduction in CO might 
have been accompanied by removal of one 
ligand from the first coordination sphere of 
the MO ion. Apparently this site is replaced 
by a CO molecule and consequently tetra- 
hedral coordination of Mo4+ ions is re- 

stored. Generally speaking, the CO desorp- 
tion at 100°C would lower the complex 
symmetry. However, the presence of mo- 
lybdenum ions on the silica gel surface 
characterized by coordination number less 
than four seems to be unlikely. Therefore it 
is reasonable to assume that after CO re- 
moval a rearrangement of the first coordi- 
nation sphere of the Mo4+ ion occurs and a 
c~rdination close to tetrahedral coordina- 
tion is restored. The MO-O bond formed as 
a result of such reconstruction is rather 
weak and can be easily broken by CO 
adsorption. 

Based upon these considerations let us 
now examine optical spectra of Mo4+/Si0, 
photoreduced in CO. 
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The literature data concerning optical 
spectra of Mo4+ ions are not numerous and 
mainly refer to the octahedral halide com- 
plexes. For [MoClJ- the adsorption band 
with maximum at 21,510 cm-l has been 
assigned to the 3T1, + 3T2, transition while 
two other bands at 25,640 and 27,780 cm-’ 
have been ascribed to the 3Tl, + “T,,(P) 
and 3Tl, + 3A2, transitions, respectively 
(9). Later (ZO), where adsorption spectra as 
well as that of magnetic circular dichroism 
of a Cs,ZrCl,: Mo4+ single crystal have 
been studied, it has been supposed that the 
absorption bands in 26,000- and 28,000- 
cm-’ region are due to charge transfer 
transitions. 

What concerns oxide catalysts, the opti- 
cal data, are less reliable. In a number of 
papers (2, II, 12), reduced surface molyb- 
denum ions (Mo3+, Mo4+, Mo5+) supported 
on y-Al,O,, MgO, and SiOz have been 
investigated using diffuse reflectance op- 
tical spectroscopy. The reduced ions have 
been produced by thermal reduction in H, 
or CO at 400-600°C. Under these condi- 
tions MO ions in various valence states and 
coordinations are usually formed, and 
therefore assignment of absorption bands in 
optical spectra is rather ambiguous owing 
to the bands overlapping. In (12) the ab- 
sorption band at 20,000 cm-’ has been 
assigned to the 3Tl + 3T, transition of 
octahedral Mo4+ ions on the basis of the 
correlation between optical spectra of 
Mo6+/y-A&O3 reduced in H2 and that of 
MOO, where Mo4+ ions are known to be 
localized in distorted oxygen octahedra. 

As far as we know there are no literature 
data on the optical spectra of Mo4+ ions in 
tetrahedral coordination. Therefore we 
start with some theoretical predictions for 
d-d transitions of Cp ions. 

According to the crystal field theory (13) 
the ground state of dL ions in fields of 
tetrahedral symmetry is characterized by 
3A, term. 

There exist three spin-allowed d-d tran- 
sitions, namely, 3A, + 3T2, 3A, + 3T,, 3A, + 
3Tl (3P). It seems to be likely that three 

absorption bands in the spectrum in Fig. 4b 
labeled (Y, p, and y at 10,000, 20,000, and 
27,000 cm-’ are due to these transitions. 
The absorption bands at shorter wave- 
lengths in the spectra, presented in Fig. 4a, 
are attributed to the charge transfer transi- 
tions; they will not be discussed further. It 
follows from the crystal field theory of d2 
ions that the frequency corresponding to 
the longest wavelength transition is equal to 
the crystal field parameter, 10 Dq; in the 
case under consideration lO(Dq) = 10,000 
cm-l. Since (Dq)t,t,. = 4/9(Dq),,,., the value 
of lO(Dq),,,,, = 10,000 cm-’ agrees well with 
that of lO(Dq),,,. = 20,000-21,500 cm-’ for 
the MO*+ octahedral complexes with oxy- 
gen (22) or chlorine (9) ligands. 

Changes in the spectrum of tetrahedral 
Mo4+ caused by CO desorption at 100°C 
(Fig. 4a) can be tentatively attributed to an 
essential symmetry distortion of the oxygen 
tetrahedron. However, an unambiguous as- 
signment of the three absorption bands in 
the spectrum of Fig. 4a requires further 
investigation. 

As far as we know, very high reducing 
properties of Mo4+ ions in photoreduced 
samples are unique. Apparently COz reduc- 
tion by Mo4+ at 100°C occurs in the follow- 
ing way: 

Mo4+ + CO, + Mo6+ + O*- + CO. 

This reaction can explain CO evolution in 
the gas phase as well as the absence of 
surface paramagnetic species after the reac- 
tion is completed. 

In a similar way, but at much lower 
temperatures, N,O reduction proceeds: 

Mo4+ + N,O --, Mo6+ + O*- + N,. 

Hz0 reduction at temperatures as high as 
500°C accompanied by H, formation has 
been observed (14) over catalysts contain- 
ing CP ions. On photoreduced Mo4+/Si0, 
samples this process takes place with ap- 
preciable rates at lower temperatures 
(150°C); it can be described by the follow- 
ing scheme: 
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Mo4+ + HZ0 --+ Mo5+ + OH- + $H,. 

Mo5+ ions produced in this reaction are 
observed by EPR. 

An interaction of NO with Mo4+ ions 
should be discussed in more detail. It is 
seen from the lineshape of the spectra 
shown in Fig. 5. that they are due to a 
species with S = 4. The hyperline splitting 
of g, into three lines means that only one 
NO molecule enters the complex under 
study. Comparison of the g values for the 
observed EPR signals (gl = 2.0, gll > 
2.0023) with the data of (25, 16) reveals that 
they cannot be attributed to adsorbed NO 
molecules. 

Following Refs. (17, 19), where an inter- 
action of surface ions CrZ+ (d4), Fez+ (d6), 
and Ni2+ (8) has been studied by EPR, one 
may suggest that an electron transfer from a 
NO rr* orbital to a Mo4+ d orbital could 
occur with the formation of a dj low-spin 
configuration. As stated above, in this case 
symmetry of a complex formed in such a 
way would be close to tetrahedral coordina- 
tion. Then, according to the molecular or- 
bital diagrams, calculated in Ref. (20) by 
the Wolfsberg-Helmholz method for nitro- 
syl complexes of various symmetries, the 
lowest energy state for C,, or C, symmetry 
will be either double generated (e(x2 - y2, 
xy)) or quasi-generated (u”(xy) and u’(x* - 
y*)), respectively. In both cases detection 
of any EPR low-spin signal (S = 3) espe- 
cially at room temperture is unlikely. Fur- 
thermore, none of the molecular orbitals 
discussed above have any NO n*-orbital 
contribution; therefore no hypertine split- 
ting on 14N could be expected in EPR 
spectra. Also g values of the signal in Fig. 5 
do not agree with those expected for Mo3+ 
(8) ions, since the latter must be character- 
ized by g,, < g, = 2.0023. Thus, the 
suggestion about an electron transfer from 
the NO molecule to the Mo4+ ion should 
apparently be ruled out. 

On the other hand, taking into account 
the high reducing properties of Mo4+ ions 
one may assume donation of two electrons 

from the Mo4+ d orbital into NO rr* orbitals 
with the formation of species which can be 
formlaly written as NO*-. These species 
are isoelectronic to 02-, and so Kanzig and 
Cohen’s formula (21) may be applied for g- 
value calculations. According to this for- 
mula one may obtain for NO*-gl = 2.0 and 
g,, > 2.0; these values are consistent with 
our experimental findings. The isotropic 
hype&me splitting constant on 14N Uiso = 
2a, + a,,/3 and the anisotropic constant are 
equal to 10 and 5 Oe respectively. Taking 
into account the anisotropic splitting con- 
stant on 14N 2p = 34 Oe (22) one can find 
that the unpaired electron orbital in NO’- 
to an appreciable extent (-30%) consists of 
nitrogen p orbital. 

Certainly, the description of Mo4+ inter- 
action with NO based upon an ionic model 
is only a rough approximation, since the 
Mo4+-NO bond as well as that in other 
nitrosyl complexes has a covalent charac- 
ter. Therefore one must take into account 
not only a transfer of electron density from 
the Mo4+ ion into the NO 7~* orbital but as 
well as a reverse process, namely, back 
donation from filled NO orbitals into the d 
orbital of the MO ion. Nevertheless, even 
this rough model explains well the observed 
g values of EPR spectra. 

N,O formation as a result of NO and 
Mo4+ interaction probably proceeds via a 
Mo6+N02- complex: 

Mo6+N02- + NO + N20 + Mo6+ + 02-. 

Appearance of a small amount of N, is 
apparently due to a byproduct reaction: 

Mo4+ + N,O + N, + Mo6+ + O*- 

which was shown to occur already at 
- 150°C. 

CONCLUSIONS 

The data presented in this paper show 
quite clearly that low-temperature photore- 
duction of Mo6+/Si0, in H, and CO differs 
considerably from the thermal reduction. 
On one hand, photoreduction is a much 
more selective process leading either to the 
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formation of Mo5+ ions or under certain 
conditions to the practically complete con- 
version of Mo6+ to Mo4+ ions. On the other 
hand, Mo4+ ions formed during photoreduc- 
tion reveal unusually high reducing proper- 
ties. For example, it has never been re- 
ported in the literature that thermally 
reduced molybdenum-silica catalysts are 
able to dissociate CO, and H,O molecules 
or to form NOZ- species by interaction with 
NO. The oxidation temperatures of these 
samples by NzO is about 200” higher than 
that for photoreduced samples. The exact 
reasons for such great differences in prop- 
erties of the surface Mo4+ ions, produced in 
different ways, are not yet clear and can be 
the subject of a further investigation. 

However, it is likely that this difference 
may arise from lower coordination states of 
molybdenum ions in a photoreduced sys- 
tem. In this case oxygen vacancies near MO 
ions produced by the low-temperature pho- 
toreduction process are conserved whereas 
in high-temperature reduction they are kas- 
ily eliminated by rearrangements of the first 
coordination sphere of MO ions. 
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