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LETTERS TO THE EDITORS 

On the Relationship between Binding Energy and Oxidation State 
of MO in Molybdenum Oxides 

In a recent paper, Broclawik et al. (1) 
discuss the relationship between the bind- 
ing energy of MO and it,s oxidation states 
in MO oxides and compare their theoretica. 
results with some experimental data re- 
ported in the literature. Since their con- 
clusions seem to contradict our previous 
work (9) we think it is appropriate to take 
up the subject again, in view of the fact 
that the problem is of general interest, as 
it relates to the interpretation of the XPS 
experimental data on oxides in general, 
and in particular to the surface charac- 
terization of oxide catalysts. 

Binding energy (BE) values of the 3d 
levels for the different oxidation states of 
MO have been reported by several authors 
(s-8). The data are in good agreement, with 
the exception of the MoOz value reported in 
Ref. (S), which is -1.5 eV higher than 
the value reported by us. It should be 
noted, however, that a subsequent paper 
by Patterson et al. (7) gives a value 1.5 eV 
lower. The earlier higher value seems origi- 
nated by an erroneous deconvolution of 
Fig. 3 of Ref. (8). The absolute values of 
BE can differ slightly depending on the 
choice of the reference, but there is no 
doubt, as pointed out, by us (8, t.hat the 
plot of the 3d BE vs oxidation number 
(ON) is not linear. A nonlinear plot was 
also obtained by Lepage et al. (6). 

Haber et al. (6’) studied by XPS the 
reduction of MoOa and interpreted their 
data on the basis of the presence of two 
different types of Mo4+, isolated and paired, 

instead of Mo5+ and Mo4+. A linearity of 
BE vs ON was assumed, so that the paired 
Mo4+ came to have an apparent oxidation 
number of +2. Similar conclusions were 
drawn from the reduction of WOa (9). 

While a linear relationship between BE 
and charge of ions has been observed in 
several cases, which involve compounds 
with closely related structures and similar 
types of bonding (10-l,?), a better approxi- 
mation must include the electrostatic po- 
tential generated by the surrounding 
(potential model) and, finally, the relaxa- 
tion energy. It should be noted that the 
ON is a formal quantity, not necessarily 
related to the effective charge. Thus the 
plot of Fig. 5 of Ref. (6) is really a plot 
aiming at defining the effective charge, 
not the ON. 

It can be concluded that, experimentally, 
it is well established that the BE of the 
MO 3d levels, in the metal, in MoOp and 
Moor, are not on a straight line, the MoOz 
value falling 1 to 1.5 eV below. Linearity 
of BE vs ON has been observed in several 
cases, but, as a general rule, there is no 
theoretical reason why it should occur 
(10-12). 

Recently, Broclawik et aE. (I), from 
SCF-SW-Xar calculations for MoOss-, 
MoO$-, and MOO&~- clusters, concluded 
that the interpretation of Haber et al. (6) 
has to be preferred. 

The model used by Broclawik et al. (1) 
does not take into account final stat.e 
effects, assumes undistorted tetrahedra and 
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a constant MO-O distance. These assump- 
tions are not realistic (for example, Mo4+ 
and Mo6+ have different ionic radii), but 
once they have been made and relaxation 
effects are ignored, the only variable left 
is the charge on MO, so that linearity of 
BE vs ON follows as a natural conse- 
quence, since it is built into the model 
itself. This type of model could be adequate 
for a series of compounds, like the chlorides 
of MO, where final state effects can be 
considered reasonably constant. BE values 
for chlorides (5) confirm this fact and 
clearly point to the different behavior of 
Moon. This oxide is a conductor, itinerant 
4d electrons being present. Extra-atomic 
relaxation has to be expected and must 
be taken into account. 

The calculation of Broclawik et al. (1) 
can be considered a demonstration of the 
fact that if relaxation effects are ignored 
a linear BE vs ON plot is obtained. 
Similar results would be given by any 
MO-type calculation, but correct BE 
values are obtained only if relaxation 
energy is included, and this term can be 
particularly important in conducting 
oxides. The proper way to deal with the 
lowering of the BE in Moo2 and WOZ 
consists in taking into consideration final 
state effects (particularly extra-atomic 
relaxation). 

The assignment to Mo5+ of the BE value 
between MO’+ and Mo6+ seems the most 
logical conclusion. The objection that 
Mo5+ is not seen by ESR (6) is not 
stringent since in reduced MoOl (and 
WOJ the presence of conduction electrons 
obscures the ESR signals. We also wish 
to note that the BE values for the 4f 
levels of W in W oxides reported in the 
literature (9, 13) give a nonlinear BE vs 
ON plot, as do our own data on Re 
oxides (14). 

The presence of extra-atomic relaxation 
has been reported in PbOz (15), Cd0 (16), 
and Co804 (17). It is apparent that the 
occurrence of final state effects (relaxation) 

in oxides is the rule rather than the ex- 
ception, especially in compounds with con- 
ducting properties. 

In the case of MO and W oxides (6, 9) 
the linearity has been assumed. Such an 
assumption is untenable since it has no 
theoretical or experimental basis and leads 
to the introduction of an apparent oxida- 
tion number, which does not seem to 
fulfill any useful purpose and can be 
misleading. 

We can summarize our discussion as 
follows : 

(a) Published experimental BE values 
for 3d levels in MO oxides and 4f values 
in W oxides are in substantial agreement 
and it is well established that they do not 
give a linear BE vs ON plot. 

(b) The correct explanation of the de- 
viation (-1.5 eV) from the straight line 
of the MoOz (and WOZ) value has to be 
sought in the increased extra-atomic rc- 
laxation due to the presence of conduction 
electrons (screening of the core hole by 
itinerant 4d electrons and 5d electrons). 
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