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II. Double Octahedra’ 
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SCF-SW-Xa calculations for [Mo~O,~J’~~, [Mo,O,,]‘l-. and [Mo~O,~]‘~- are reported. The 
interpretation of inner-shell photoelectron spectra of reduced MOO, is suggested: namely, that the 
molybdenum oxidation number is lowered from +6 to +4 without a change of crystal structure in 
the first stage of reduction while the structure changes from corner-linked zig-zag strings of 
octahedra to clusters of edge-sharing octahedra in the second. 

I. INTRODUCTION 

The structure and chemical bonding in 
molybdenum oxides are still of great inter- 
est because of the catalytic properties of 
molybdenum compounds. Additionally on 
the basis of available data molybdenum 
should be considered to be the most prolific 
of all the metallic elements in the formation 
of homonuclear metal-metal bonds (I). 
There are known species containing single 
to quadruple molybdenum-molybdenum 
bonds (I, 2). However, there are only a 
very few possible cases of double bonding 
between molybdenum atoms. Although the 
existence of Mo==Mo bonds is perhaps 
more certain in Mo,(O-Bu-t),(CO) (3) and 
Mo,(O-i-F%), (4), it is certainly possible that 
such a bond exists in MOO, in which pairs 
of MO atoms, each surrounded by an octa- 
hedron of oxygen atoms, are separated by 
only a small distance (I). 

In a previous paper (5), we have reported 
the results of calculations of the electronic 
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structure of molybdenum oxides which 
were carried out by means of the SCF- 
SW-Xa method (6-8) with the assumption 
of a simple geometrical model for the clus- 
ter, namely one metal atom surrounded by 
an octahedron of six oxygen atoms. The 
main purpose of that work was to discrimi- 
nate between two contradictory experimen- 
tal correlations of the molybdenum 3d bind- 
ing energy and the formal oxidation number 
of the metal (9-10). Such a model (5) was 
able to give a semiqualitative interpretation 
of MO 3d binding energy shifts during the 
course of reduction of MOO, in terms of 
formation of MO”+, Mo4+, and MO’+ ions. 

We have now carried out SCF-SW-X~U 
calculations for two adjacent MO-O octahe- 
dra in order to take into account more 
features of the real molybdenum oxide 
crystal structure and to get some informa- 
tion about metal-metal interactions. We 
have chosen two clusters of corner-linked 
octahedra, [Mo~O,~]‘~- and [Mo~O,,]‘~-, 
and one cluster of edge-linked octahedra, 
[Mo~O,J’~-, as the representatives of the 
substrates and the products of reduction of 
MOO, in the two steps of the reduction 
process, respectively. Results of our calcu- 
lations reported in this paper support our 
prediction (5) that in the first step of reduc- 
tion, a simple reduction of MO”+ ion to 
MO”+ ion without a change of geometrical 
structure occurs whereas the rearrangement 
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of geometry leading to molybdenum-mo- 
lybdenum bond formation happens next. 

2. METHOD OF CALCULATION AND 
PARAMETER CHOICE 

The calculations for all the molybdenum- 
oxygen clusters have been carried out by 
the SCF-SW-Xa method in the muffin-tin 
approximation (6-8). This method has 
proven to be capable of accurately describ- 
ing the electronic structure of quite large 
inorganic molecules and clusters (2, 12- 
1.5). The principles of the method have been 
discussed in the papers just mentioned and 
we will not go into them here. We decided 
to perform spin-restricted calculations 
since the exchange polarization was found 
to be relatively small in similar cases (Z2- 
25). We used the frozen core approximation 
in the first step of the calculations but later 
the molybdenum Is, 2s, 2p, 3s, 3p, 3d, and 
oxygen 1s core orbitals were permitted to 
relax and to adjust their orbital energies 
during the self-consistent procedure. The 
converged ground-state potential was used 
to search for the virtual levels. This poten- 
tial was used as a starting point for the SCF 
calculation of the MO 3d ionization energy 
according to Slater’s transition-state tech- 
nique (7). 

An idealized geometrical model for the 
double-octahedral clusters was assumed in 
which each of two molybdenum atoms was 
surrounded by a regular octahedron of oxy- 
gen atoms. The metal-oxygen bond length 
in MOO, could be easily found from the 
crystal-lattice parameters as 2.431 8, (16). 
[MozO,Jo- and [Mo20J4- clusters were 
constructed from two corner-linked octahe- 
dra with one oxygen atom shared and 
formal ,molybdenum oxidation number 
equal to +6 and +4, respectively. The 
[Mo~O~~]~~- cluster was built from two 
edge-linked octahedra with two oxygen 
atoms shared and molybdenum atoms dis- 
placed from the octahedral centers corre- 
sponding to a shorter molybdenum-molyb- 
denum distance equal to 2.50 8, reported in 
(I 7). Both arrangements of double octahe- 

FIG. 1. Geometrical structure of [Mo20,,]‘*- and 

[MO&I”-. 

dra and coordinate choice are presented in 
Fig. 1. 

Sphere radii in the muffin-tin approxima- 
tion were chosen according to the “touch- 
ing-spheres” requirement. The ratio of ra- 
dii for molybdenum and oxygen was chosen 
according to the ratio of Slater’s atomic 
radii (18). Throughout the calculations the 
stabilizing influence of a surrounding crys- 
tal lattice on the ions was simulated by 
adding to the potential that of a “Watson 
sphere” (19) containing 10, 14, and 12 units 
of positive charge, respectively, uniformly 
distributed over its surface, with radius 
equal to that of the outer sphere. The 
atomic values of the exchange parameter (Y 
were taken from (20); for the inter-sphere 

TABLE 1 

Atomic Coordinates, (Y Parameters, and Sphere Radii 
for [Mo~O~~]‘~- and [Mo,O,,]“- (Nonequivalent 

Atoms Only, Atomic Units) 

Atom x Y Z 

WMM’*- 

out 0.0 0.0 0.0 
MO 0.0 2.3435 0.0 
01 2.9290 0.0 0.0 
02 2.4565 4.9130 0.0 
0, 0.0 2.4565 3.6850 

DfW.AJ”- 

out 0.0 0.0 0.0 
MO 0.0 0.0 -4.5954 
0, 0.0 0.0 0.0 
o* 0.0 0.0 -9.1908 
0, 0.0 4.5954 -4.5954 

R 

6.7042 
2.3435 
1.4076 
1.2113 
1.3442 

10.5368 0.744 
1.3460 0.703 
1.3460 0.744 
1.3460 0.744 
1.3460 0.744 

a 

0.744 
0.703 
0.744 
0.744 
0.744 
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region a weighted average LY was used 
where the weights were the number of 
atoms; the outer-sphere (Y value was equal 
to that of oxygen. Coordinates for non- 
equivalent atoms, (Y parameters, and sphere 
radii are summarized in Table 1. Full Ddh 
symmetry was used to factor the secular 
matrix in the case of [MozOll]“- clusters 
and Dzh symmetry was used in the case 
of [Mo~O,J’~~. 

3. GROUND-STATE ELECTRONIC STRUCTURE 
AND CHEMICAL BONDING 

for [Mo,O,,]“-. Only the higher energy 
levels are listed. The lower levels consist 
of the nearly pure MO 4s, MO 4p, and 0 
2s bands uniformly shifted with respect to 
atomic levels and showing only small 
splitting of each band. For the levels un- 
der consideration the metal contribution 
(calculated from the fraction of the 
charge located in the metal spheres) is 
listed and for those levels having more 
than 20% molybdenum character the ma- 
jor spherical harmonic basis function on 
MO is given. 

The results of the calculations of the Inspection of Tables 2 and 3 shows that 
ground-state energy levels are presented the valence energy levels for different 
in Table 2 for [MozOll]n- and in Table 3 forms of molybdenum oxide can be dis- 

TABLE 2 

Energies (Ry) and Metal Contributions of the Ground-State Upper Valence Levels for [Mo~O,,]‘~- and 

bf~,O,,l’~- 

Level 

Df~@,,l’~- [MMh,l”- 

-E CRY) 24~0 (so) Major MO (I,m) Level -E (Ry) 2Q,, (so) Major MO (I,m) 

6% 0.295 

2hu 0.297 

2b,, 0.298 

% 0.307 

Iall,n 0.343 

k, 0.343 

Se,, 0.352 
2bn, 0.353 

de, 0.354 

4a2,, 0.355 

4e,, 0.355 

2bu 0.357 

3e, 0.368 

34, 0.374 

3e,, 0.376 

% 0.412 

2e, 0.426 

3a2,, 0.449 

leg 0.462 

lb,,, 0.468 
16, 0.487 

2al, 0.489 

bv 0.506 
ho 0.51 I 
lb,, 0.519 
lb,, 0.519 

lb,, 0.519 

1 aza 0.577 

58 
44 
60 
68 

0 
0 
0 
0 
0 
0 
0 
0 
5 

2 
13 
9 

13 
48 
50 
44 
25 
46 
40 
48 
48 
48 
44 

6e,, 0.083 
2b,,, 0.085 
2b,, 0.086 
5e,” 0.097 
h 0.151 
1 azg 0.151 

2b,,, 0.163 
56, 0.163 
% 0.165 
de,, 0.168 
2bm 0.169 
4az,, 0.171 
34, 0.192 
3e, 0.193 
36, 0.201 
% 0.219 
2e, 0.250 
lb,, 0.268 
1 b,, 0.270 
3a,,, 0.279 
leg 0.280 

le, 0.297 
24, 0.305 

2a,, 0.306 
1 bm 0.307 
lb,, 0.308 
la,s 0.321 
hu 0.379 

60 dzz - 4, 
60 4, - 4, 
59 4, + 4, 
54 4, + dn 

0 
0 
0 
0 
0 
0 
0 
0 
2 
6 
6 

16 

38 
38 
12 
23 
31 
31 
31 
43 
43 
24 
38 

4, + 4: 
4, - 4, 
d,, - d,, 
d,, + d,, 
d,,-,z - d,,-,, 
d,,-,, + d.+,z 
d,. f d,, 
d,, - d,, 

D The highest occupied level. 
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TABLE 3 

Energies (Ry) and Metal Contributions of the Ground-State Upper Valence Levels for [Mo,O,,]~*- 

Level -E WY) 2Qm(%) Major MO (I,m) Level -E WY) 2Q,,(%) Major MO (I,m) 

4b,, 0.067 62 4, + 4, -S, 0.353 0 
%u 0.076 out 3b,, 0.354 1 
70, 0.115 out &, 0.386 1 
34, 0.117 60 4, - 4, 4ag 0.404 4 
4b,, 0.121 46 4, + 4, %,, 0.418 4 
5b,u” 0.147 50 42 - 4, 2b,, 0.418 4 
6% 0.218 51 d,+,, + d,,-,, 3a, 0.427 9 
%, 0.271 6 %, 0.430 9 

%u 0.273 1 1 bzg 0.481 20 4, + 42 
%, 0.282 0 la, 0.498 23 4, - 4, 
4h, 0.285 2 %,, 0.505 24 d,, - d,, 
2b,, 0.294 6 20, 0.511 27 d,, •t d,, 

% 0.2% 4 lb,, 0.527 31 4, + 4, 
4hu 0.299 2 lb,, 0.570 24 4, + 4, 
20, 0.314 3 ‘ha 0.574 28 d,,-,A - d,,-,, 
3bm 0.322 2 lb,,, 0.575 30 4z - 4, 
%, 0.322 0 1 bat 0.582 31 4, - 4, 
4bw 0.323 3 la, 0.588 37 d,rzeyz + d,r.zc”z 
% 0.326 4 

a The highest occupied level. 

tinctly separated into several categories. 
We shall discuss the arrangement of the 
levels in detail only for [Mq0,1]14- and 
[Mo,O,,,]~~- since the features of the 
level diagram of [Mo~O~~]~~- are close to 
that of [Mo~O~J~~- except for the shift of all 
the levels due to different number of elec- 
trons and some insignificant interior rear- 
rangements of the order of levels inside 
each category. Roughly in order of increas- 
ing energy we can distinguish the following 
categories of levels: (1) levels having 20- 
40% MO character, the main contributors to 
covalent MO-O bonding; they are 12 in 
number in the range -0.268 to -0.379 Ry 
for [Mo~O~J~~- and 10 in number in the 
range of -0.481 to -0.588 Ry for 
[Mo~O~~]‘~-. Electrons occupying those 
levels form the bonds between molybde- 
num and oxygen atoms in excellent agree- 
ment with the number of bonds expected on 
the basis of simple geometrical consider- 
ations. (2) A number of closely spaced 
levels having 90-100% oxygen character, 
21 levels in the range -0.151 to -0.279 Ry 

in the former case and 20 levels in the range 
-0.271 to -0.430 in the latter one, repre- 
senting nonbonding oxygen electrons and 
contributors to ionic MO-O bonding. (3) 
Levels having 40-60% MO character com- 
posed of mostly metal 4d orbitals. 

These latter levels are considered for 
special attention because of the possibility 
of direct MO-MO bond formation in the 
case of [Mo~O,,]‘~-. In [Mo~O~J’~- only 
one of these levels, 5e, with energy -0.097 
Ry, is occupied by four electrons and it is 
antibonding with respect to the MO-MO 
interaction. In the second case the situation 
is rather different. The first orbital from this 
group, 6a, (-0.218 Ry), is the bonding 
combination of MO ds2-* orbitals with 51% 
MO character and is essentially the occu- 
pied u component of the MO-MO bond. The 
last occupied orbital, 5b,,, with energy 
-0.147 Ry, is the bonding combination of 
d,, orbitals with 50% MO character and 
forms the rr component of the MO-MO 
bond. The bonding character of these two 
orbitals is obvious-they are clearly sepa- 
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rated from the top of the 0 2p band as well 
as from the bottom of the virtual levels. The 
bonding-antibonding energy gap for rr(d,,,, 
- 4,) - +?d,, + d,,) equals 1.1 eV 
whereas in the (T-U* case the energetic 
separation is much larger so that (~*(d+~ 
- dSZ--yZ) has been eliminated from the 
diagram since it is of positive energy (this 
indicates that the (T-C? separation is larger 
than 3 eV). The next virtual orbitals may be 
regarded as unoccupied 6,6*, and ++ coun- 
terparts to the bonding ones; the remaining 
two orbitals, 7a, and S&,,, seem to be 
antibonding counterparts of the MO-O 
bonding orbitals in category I with diffused 
outer-sphere characters. One thus has a 
rather classic energy-level diagram for a 
transition metal complex in the upper va- 
lence region in order of increasing energy, 
metal-ligand bonding, nonbonding and 
metal-ligand antibonding orbitals, except 
that the last are severely perturbed by being 
strongly bonding with respect to metal- 
metal interactions. 

The wavefunction contour plots for the 
two highest occupied orbitals in 
[Mo~O~,,]‘~- are presented in Figs. 2 and 3 in 
order to show the effective MO-MO bond- 
ing directly. The first contour diagram (Fig. 
2) shows that 64, MO consists mainly of MO 
4d,rLpG orbitals resulting in the main compo- 

FIG. 2. Contour plot of 6a, wavefunction values for 
[Mo,O,,]“- in xy plane. The outermost contours have 
the values 20.0236, with the contour spacing equal to 
0.0231. Dashed lines represent negative wavefunction 
values. 

FIG. 3. Contour plot of 5b,,, wavefunction values for 
[MozO,,]‘“~ in yz plane. The same contour values as in 
Fig. 2. 

nent of the MO-MO CJ bond. The 5b1,, level 
is strongly MO-MO TT bonding as can be 
qualitatively seen from Fig. 3. The dashed 
lines represent negative wavefunction 
values. The outermost contours have the 
values 20.0236 with the contour spacing 
equal to 0.023 1. 

4. CORE-LEVEL IONIZATION POTENTIALS 
AND THEIR INTERPRETATION 

The SCF-SW-Xa method with addition 
of Slater’s “transition-state” concept (7) 
gives ionization potentials generally in bet- 
ter agreement with experiment than 
semiempirical calculations (21, 22). There- 
fore one of our purposes was to calculate 
MO 3d ionization potentials for the series of 
molybdenum oxides with different oxida- 
tion number of the metal central atom and 
different structures and to compare them 
with experimental ESCA results. We calcu- 
lated the corresponding binding energies by 
performing the self-consistent procedure 
after removal of 0.5 electron from the level 
under consideration. Since the calculations 
were performed in a spin-restricted manner 
we did not obtain the splitting between the 
3d:,,, and the 3d5,, doublet. The results of 
our present calculations are listed and com- 
pared with our previous work (5) and the 
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experimental data of Haber et al. (9a) in 
Table 4. The effect of enlarging the size of 
the cluster is obvious. Our present results 
differ only by 2 eV (- 1%) from the values 
of ionization potentials obtained in solid- 
state measurements by means of ESCA 
spectroscopy, whereas the simple octahe- 
dra calculations (5) gave discrepancies of 
over 6 eV. On the other hand double- 
octahedral cluster calculations give the pos- 
sibility of further understanding of the 
molybdenum oxide reduction process and 
of drawing a more realistic interpretation of 
the phenomena observed. The real struc- 
ture (I6) of MOO, consists of strings of 
octahedra which are linked mostly by cor- 
ners whereas in the case of MOO, there 
appear clusters of edge-sharing octahedra. 
In the latter arrangement the distance be- 
tween the two molybdenum ions decreases 
and it is possible to form a bond between 
the two paired Mo4+ ions. Thus the inner- 
shell ESCA spectra obtained in the differ- 
ent steps of the reduction process may be 
ascribed as follows: (1) the spectrum of 
pure MOO, represented by two Mo6+ ions 
surrounded by two comer-linked oxygen 
octahedra; (2) the spectrum of slightly re- 
duced MOO, represented by two Mo4+ ions 
surrounded by the same arrangement of 
oxygen ions; and (3) the spectrum of MoOz 
represented by two Mo4+ ions surrounded 
by two edge-linked octahedra. The first 
shift of the MO 3d binding energy should be 
therefore due to the change of the formal 
molybdenum oxidation number followed by 
the change of electron density whereas the 

TABLE 4 

MO 3d Ionization Potentials (eV) as Given by 
Experiment (9), Calculated within the 

Single-Octahedron Model (5) and Obtained in the 
Present Work 

Experiment Theoretical Theoretical 
results for results for 

single octahedron double octahedra 

234.7 Moe+ 240.9 [MoOJ- 233.3 [Mo*O,,l’O- 
233.2 MO’+ 239.0 [MoOJ- 231.3 ~M%0111’4- 
231.4 MO’+ 237.8 [MOO,]‘” 228.8 [Mo,O,,Y- 

second shift should be due to the molybde- 
num-molybdenum bond formation. 

5. DISCUSSION 

Our results presented in the previous two 
sections seem to create a fairly good picture 
of the electronic structure and chemical 
bonding in molybdenum oxides. It was ex- 
pected that the enlargement of the cluster’s 
size would improve the agreement of the 
calculated ionization potentials with experi- 
ment. Introduction of clusters composed of 
two octahedra allows more possibilities 
for investigations of the influence of the 
structure and gives a more realistic model 
of the real structure of the solid state as 
well. On the other hand metal-metal 
bond formation has become recognized as 
one of the most distinctive features in the 
chemistry of lower-oxidation-state transi- 
tion metals. We tried to establish if such 
a phenomenon occurs in the MOO, case 
and the data obtained seem to indicate a 
positive answer on this question. In the 
cited paper of Haber er al. (9~) the inter- 
pretation of the photoelectron spectros- 
copy results for reduced MOO, involving 
the formation of Mo4+ and Mo2+ ions was 
suggested and our previous simplified cal- 
culations (5) supported this idea. The 
present paper may be also regarded as a 
more detailed contribution into the cur- 
rent discussion (23, 24) on the relation- 
ship between 3d binding energy and oxi- 
dation state in molybdenum oxides, 
dealing as it does with better developed 
models in a more quantitative way. On 
the basis of the present results we can 
draw much better the conclusion that due 
to the bond formation between the two 
paired Mo4+ ions the effective charge of 
each molybdenum ion may be regarded as 
corresponding to the apparent oxidation 
number of +2. 

The SCF-SW-Xa calculation, despite its 
shortcomings, has helped us to arrive at a 
consistent correlation of the ESCA spectra 
and bonding in molybdenum oxides. We 
feel that the total picture of the electronic 
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structure of the oxides under consideration 8. 

is reasonable and internally consistent pro- 
vided that the crucial contribution to the 9. 
electronic structure of these systems is the 
participation of metal atom d orbitals in the 
formation of molecular orbitals whose pri- 10. 
mary role is to bind the metal atoms to- 
gether. Il. 
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