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The reaction of ally1 iodide was studied at the surface of four tungsten oxides and molybdenum 
trioxide. On WOz 9( and MOO,, in which crystallographic shear structures are formed on reduction, 
acrolein is produced at 300-400C, whereas WIH049 and WOz. which do not show this property. are 
inactive, as is W03. It is concluded that the transformation of a corner-linked into an edge-linked 
arrangement of metal-oxygen octahedra provides a facile route for insertion of oxygen into a 
hydrocarbon molecule. 

INTRODUCTION 

Some years ago one of the present au- 
thors advanced a multicenter model for the 
selective oxidation of olefins on mixed ox- 
ide catalysts (Z-3). In this it was shown 
that partial oxidation proceeds in a consec- 
utive series of oxidative elementary steps, 
each of them requiring different active cen- 
ters to be present at the catalyst surface. In 
the first step, in which activation of the ole- 
fin molecule takes place, and which con- 
sists of the abstraction of a-hydrogen and 
formation of allylic species, low-valent 
transition metal cations are involved as ac- 
tive centers. As, however, in the majority 
of partial oxidation reactions this step is 
rate determining, studies of these reactions 
cannot yield any information on the succes- 
sive stages of reaction. Bypassing the first 
step by using ally1 iodide, which readily de- 
composes into ally1 radicals, showed (4) 
that Moo3 was able to insert oxygen into 
the organic species in the second step of the 
reaction with very high selectivity. It is of 
some interest to determine which proper- 
ties of the Moo3 are responsible for this 
very high activity and selectivity in the in- 
sertion of oxygen. 

One of the features common to oxides 
known to be good catalysts for selective ox- 

idation of olefins is the ability to form crys- 
tallographic shear (CS) structures (5, 6). 
Removal of oxygen from these oxides 
results in the formation of edge-linked octa- 
hedra characteristic of CS planes. It 
seemed interesting to examine the hypothe- 
sis that the easy evolution of oxygen atoms 
during the transformation from a corner- 
linked to an edge-linked arrangement of 
metal-oxygen octahedra may be one of the 
factors important in enabling these struc- 
tures to insert oxygen into the organic mol- 
ecule in hydrocarbon oxidation processes. 

The group of structurally complex but 
well-characterized oxides which form in the 
tungsten-oxygen system has been chosen 
for this study. This system has already been 
studied for the partial oxidation of propyl- 
ene (7) and for propylene and oxygen ad- 
sorption (8). In the present investigation re- 
actions of ally1 iodide, bromide, and oxalate 
were studied at the surface of two tungsten 
oxides in which CS structures are formed 
on reduction, namely, WO3 and W02.95, 
and two which do not show this property, 
W02.72 and WOz. The structures of these 
oxides are shown in Fig. 1 and full details of 
the structural characteristics of these mate- 
rials are given elsewhere (9. 10). For pur- 
poses of comparison, some experiments 
were also carried out on Mo03. 
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FIG. 1. The structures of the higher oxides studied in this paper. All are composed of linked WOQ 
octahedra, which are shown as shaded squares in (a)-(c) and as shaded squares and diamonds in (d) 
and (e). (a) WOp, slightly idealized to a cubic form; (b) and (c) a {102} and {103} CS plane in reduced 
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W03, respectively. The CS plane is the part of the crystal containing blocks of four edge-shared 
octahedra; (d) W1s049, which contains tungsten in the pentagonal tunnels of the structure and empty 
hexagonal tunnels as well as W06 octahedra; (e) WoZ, which has a distorted variant of the rutile 
structure. the idealized form of which is shown here. 

EXPERIMENTAL 

Apparatus. The interaction of ally1 io- 
dide , bromide, and oxalate (Fluka reagents, 
pure grade, additionally purified by distilla- 
tion) with the oxide catalysts was studied 
by means of the pulse method in a micro- 
reactor. Using a microsyringe, 0.5 or 1 .O ~1 
pulses of the liquid reactant were intro- 
duced into a stream of 99.99% helium, 
which was then passed over a sample of the 
catalyst, placed in the microreactor. Prod- 
ucts formed in the course of the reaction 
were analyzed by gas chromatography us- 
ing columns directly connected to the out- 
put of the reactor. The liquid products were 
determined on a 3 m column filled with 12% 

Carbowax on Chromosorb W (for acrolein, 
benzene, hexadiene) and on a 2 m, 3-mm- 
diameter column filled with 2% Carbowax 
and 2% DEGS on Chromosorb W (for ac- 
ids). The columns were held at tempera- 
tures of 80 and 16O”C, respectively, and a 
flow rate of helium of 40 ml/min was em- 
ployed. Gaseous products (propylene, CO, 
CO2) were analyzed on a 4 m, 3-mm-diame- 
ter column containing DMS at room tem- 
perature . 

Prior to each set of runs at a given tem- 
perature, the samples were heated in he- 
lium for 60 min and 5- 10 ml of oxygen were 
introduced in the form of l-ml pulses. On 
such a pretreated sample a series of reac- 
tant pulses were introduced, and the distri- 



398 HABER ET AL. 

bution of products for each pulse was 
measured. After completing a series of 
experiments at a given temperature, the 
samples were subjected to a number of oxy- 
gen pulses at a temperature of 460°C in or- 
der to burn off any carbon deposit. The 
amount of CO2 evolved in this procedure 
was recorded and the oxygen treatment 
was continued until no CO2 was observed. 
The temperature was then lowered to that 
of the subsequent measurement, and the 
sample was kept at this temperature for 30 
min in a stream of helium and was standard- 
ized by again introducing IO ml of oxygen. 
The volume of catalyst was about 0.5 ml, 
the contact time being about 0.7 sec. 

Temperature-programmed desorption 
(TPD) of the ally1 compounds used as reac- 
tants was studied in two series of experi- 
ments. In the first the reactant was ad- 
sorbed at 320°C for 2 min; the sample was 
then cooled in the reactant vapor to room 
temperature and stripped with nitrogen as 
the carrier gas. TPD was then carried out 
from room temperature to 460°C. In a sec- 
ond series the reactant was adsorbed at 
room temperature for 60 mitt; the sample 
was then stripped with the carrier gas and 
thermodesorption studied to 460°C. Before 
each run the sample was standardized by 
outgassing at 100°C for 60 min and then at 
450°C for 30 min. 

Materials. The WOJ and MOOR catalysts 
used were commercial specimens ex Alpha 
Inorganics (reagent grade). Reduced oxides 
were prepared by mixing appropriate 
amounts of WOj and W metal ex Johnson 
Matthey (Specpure grade). The mixtures, 
well ground, were outgassed in a silica tube 
at 50-200°C until the vacuum was better 
than 0.01 N mm2. The silica was then sealed 
under a dynamic vacuum and the specimen 
fired at 900-950°C for 3-4 weeks. At the 
end of the firing treatment the specimens 
were quenched in water. Transmission 
electron microscopy and powder X-ray dif- 
fraction were used to characterize the sam- 
ples (11). The WOj, WO2.72 (Wt80&, and 
W02 were all monophasic. The samples of 

composition WOZ.~~, containing CS struc- 
tures, were never monophasic for reasons 
which are well known (9-ll). In the 
present case the samples contained high 
densities of (102) and (103) CS planes with 
microstructures typical of these phases. 
Moo3 was obtained by thermal decomposi- 
tion of ammonium paramolybdate at 500°C 
for 4 hr. 

RESULTS AND DISCUSSION 

Although the aim of the present study 
was to attempt to discover the mechanism 
by which oxygen was inserted into the or- 
ganic molecules over tungsten oxide cata- 
lysts, we should report at the outset that the 
major product in our experiments was pro- 
pylene. Indeed, at temperatures above 
330°C for WO3, W18049, and W02, and 
above 350°C for W03 and Mo03, practi- 
cally total conversion of ally1 iodide to pro- 
pylene was observed, resulting from the ho- 
mogeneous pyrolysis of ally1 iodide 
successfully competing with the heteroge- 
neous insertion of oxygen. This undesirable 
situation was mainly due to the short con- 
tact time of the reactants with the catalyst 
and the low total surface area of the cata- 
lyst bed. We will not discuss this reaction 
further in this report. 

The reaction of interest in this study is 
that of oxygen insertion at the catalyst sur- 
face to produce oxygenated products such 
as acrolein, acetone, and methylglyoxal. In 
this case, two different modes of sample 
behavior were found. At temperatures be- 
low 450°C acrolein was the main oxygen- 
ated product. We will refer to this as the 
low-temperature region. At temperatures 
above 45O”C, the high-temperature region, 
the main oxygenated product was methyl- 
glyoxal. The differences in these two tem- 
perature regions is illustrated in Fig. 2, 
which shows the selectivity of the reaction 
as a function of the temperature of the reac- 
tion and the number of pulses at the given 
temperature. We will consider only the re- 
action which produces acrolein, i.e., the 
low-temperature region, in this paper. 
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FIG. 2. Selectivity to acrolein and methylglyoxal on reacting ally1 iodide with MOO, and different 
tungsten oxides as function of temperature and number of pulses. 0, Acrolein, 0, methylglyoxal. 

However, we will mention here for com- 
pleteness that other experiments, to be re- 
ported elsewhere, show that the methylgly- 
oxal production takes place by way of a 
totally different mechanism to acrolein pro- 
duction, and that surface reconstruction 
under the influence of the halogen atoms is 
of importance in the high-temperature re- 
gion. 

When we come to consider the results in 
the low-temperature region we find them to 
be quite varied. The highest oxide, WO3, 
showed practically no activity for selective 
oxidation over the whole of the tempera- 
ture range studied and only homogeneous 
pyrolysis was observed. Selective oxida- 
tion was, however, observed for the WOZ.~~ 
samples, where, after a few pulses at 320°C 
acrolein appeared in the products with a se- 
lectivity of about 15%. Moo3 behaved in a 
very similar way to W02.95, and showed a 
selectivity of 22% at 320°C. In this respect 
it has already been shown that ally1 iodide 

can be transformed into acrolein on MoOj 
at 300°C with 100% selectivity and that the 
selectivity decreased with temperature (4). 
In the present study much smaller amounts 
of the catalyst were used and the selectivity 
observed was thus lower, amounting to 
about 30%, at 300” and 22% at 320°C. The 
homogeneous reactions of dimerization and 
cyclization were thus competing more ef- 
fectively than in the case of experiments 
described in Ref. (4). The samples of 
W02.72 and WOZ produced practically no 
acrolein below 400°C. 

In considering these results, we will turn 
to the reduced tungsten oxides first. There 
is clearly a significant difference in the be- 
havior of WOZ.~~, WO2.72, and WOZ, and to 
account for it we should review those prop- 
erties which could be relevant. Perhaps the 
most important of these is the ease of re- 
ducibility, or more strictly speaking, the 
ease with which these compounds can 
change their stoichiometry somewhat. With 
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the compounds used at present, only 
WOt.9s has an easily changed stoichiome- 
try, a process which is accommodated by 
changing the density of CS planes in the 
crystals. In contrast to this, neither WO2.72 
nor W02 is easily oxidised or reduced, and 
they are best regarded as strictly stoi- 
chiometric compounds. Another important 
aspect is the structure of these compounds. 
Only WOZ.~~ contains CS planes while 
W02.72 and WOZ do not. However, W02 
does in fact contain strings of edge-sharing 
W06 octahedra which are similar in some 
respects to those in the CS planes in 
WO2.95, and W02.72 contains pairs of edge- 
sharing octahedra. A final property which 
may have some bearing on the ability of 
these materials to act as catalysts is their 
electronic structure. All of these materials 
are rather similar in this respect, having 
free electrons and a metallic conductivity. 

A consideration of these facts suggests 
that the property of the materials which is 
of most importance here is the ease with 
which the oxides may be slightly reduced or 
oxidized. In the present case this is bound 
up with the presence of CS planes. We can 
note that chains of edge-sharing metal-oxy- 
gen octahedra in WO2 and pairs of edge- 
sharing octahedra in W02.72 do not seem to 
be effective in oxygen insertion, so that the 
geometry of the CS plane seems of less im- 
portance than its role in allowing a facile 
change in the stoichiometry of the crystal. 
This is brought about either by increasing 
the number of CS planes present in the 
crystals by nucleating new CS planes in the 
W03-like matrix between those already 
formed, or else by extending or contracting 
existing CS planes along their lengths. In 
either case, the results tend to indicate that 
the involvement of CS planes in the reac- 
tion is crucial and that their role is in the 
reduction and oxidation of the crystal. That 
is, their role is dynamic rather than passive. 

Turning to the results over MOO,, we 
find a general pattern of agreement. MOO, 
is also selective for the insertion of oxygen. 
In terms of properties it is an insulator, re- 

inforcing the view that electronic behavior 
is not important in the present case. It is 
nevertheless easily reduced at the tempera- 
tures used in the experiments, and on re- 
duction it forms CS planes at a very early 
stage of the reaction (12). However, we 
should note that the geometry of these CS 
planes is different than in the case of re- 
duced W03, which again supports the hy- 
pothesis that it is the formation of CS 
planes that is important rather than their 
structure or geometry. 

Let us now pass to the discussion of the 
behavior of WO3. In spite of the fact that 
WO3 is known to form CS planes, this oxide 
showed practically no activity in selective 
oxidation in the whole low-temperature 
range and only homogeneous pyrolysis was 
observed. At first sight this result is surpris- 
ing, as it is known that reduction of W03 in 
vacuum leads, in the first instance, to the 
formation of (102) CS planes of exactly the 
same sort as in W02.95. However, in other 
experiments (1 I) it has been found that the 
reduction of W03 crystals in a vacuum 
ceases below about 450°C and heating 
crystals of WO3 together with tungsten 
metal in sealed tubes at temperatures of up 
to 400°C for periods of time of up to 6 
months does not reduce the W03 crystals 
by any significant degree and no CS planes 
form. It is certainly true that in the catalysis 
experiments we may have fiercer reducing 
conditions due to the presence of organic 
molecules or hydrogen, but as the heating 
times are so short we would expect no re- 
duction of the W03 to CS plane-containing 
crystals. This result also has a bearing on 
our previous comments, as it indicates that 
the W03-like matrix in W02.95 will also be 
ineffective in oxygen insertion. 

This difference between W03 and W02.9=, 
is quite important. In W03, we cannot nu- 
cleate CS planes at the temperature of the 
experiment and no acrolein is produced. In 
W02.95 we will also not be able to nucleate 
CS planes, but the compound does oxidize 
and reduce, and also produces acrolein. 
The only other mechanism for the oxidation 
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and reduction is by way of the growth or 
shrinking of existing CS planes, and this 
process must therefore take place during 
the incorporation of oxygen into the or- 
ganic molecule. We thus conclude that it is 
not the CS plane as a geometrical entity 
which is important in the catalytic process, 
but rather the transformation of a corner- 
linked to an edge-linked arrangement of 
metal-oxygen octahedra which provides a 
route for the insertion of lattice oxygen into 
the hydrocarbon molecules. 

Other studies make this quite reasonable. 
The terminations of CS planes can be re- 
garded as dislocation loops, and as such are 
regions of very high elastic strain energy 
(13). It is this elastic strain energy which 
accounts for the high chemical reactivity of 
dislocations and probably accounts for the 
enhanced reactivity of the CS plane termi- 
nations in oxidation and reduction. Indeed, 
this strain energy at the CS plane termina- 
tions is also one of the reasons why CS 
planes will not nucleate in WOj at tempera- 
tures below about 45O”C, as CS plane nucle- 
ation will involve the lattice in considerable 
strain. 

Taking the idea that it is the change of the 
linkage of the metal-oxygen polyhedra at 
CS plane terminations that is of central im- 
portance in the insertion of oxygen into or- 
ganic molecules, a number of other experi- 
ments were carried out to attempt to 
confirm it in a little more detail. The first of 
these was to check the involvement of io- 
dine in the reaction, as this element should 

TABLE 1 

Yield of Different Products (%) on Reacting Ally1 
Iodide and Ally1 Oxalate at 320°C with MOO, and 

wa 

Product 

GHn 
1.5-Hexadiene 
Acrolein 
Acetone 
Benzene 

MOO? woi 

Iodide Oxalate Iodide Oxalate 

6.8 2.0 23.5 12.0 
Trace Trace Trace 12.0 
16.4 68.0 Trace 3.0 

I .o 4.0 Trace 2.0 
4.1 6.0 0.2 15.4 

not interfere with the corner-to-edge-shar- 
ing mechanism in any way; iodine-tungsten 
oxides are unknown. To do this, catalytic 
experiments with W03 and Moo3 at 320°C 
were carried out using ally1 oxalate. De- 
composition of the latter is known (14) to 
be a clean source of ally1 radicals, CO* be- 
ing formed as the only other product. 
Results of the experiments are summarized 
in Table 1 and indicate that the presence of 
iodine has practically no effect on the abil- 
ity of the catalyst to insert oxygen at lower 
temperatures, corresponding to the highest 
selectivity of the formation of acrolein. 

The facility of the removal of surface ox- 
ygen atoms, created by the CS transforma- 
tion, should be reflected in the adsorption- 
desorption properties toward oxygen- 
containing molecules linked to the sur- 
face through their oxygen atoms. As indi- 
cated by infrared spectra (15), acrolein is 
adsorbed at the surface of molybdates and 
MoOj through its oxygen atom, which com- 
pletes the coordination of the surface cation 
by occupying a site normally taken by sur- 
face oxygen. A similar situation can be as- 
sumed to exist at the surface of W03. Thus, 
adsorption of acrolein on W03 and Moo3 at 
320°C was measured by the pulse chro- 
matographic technique. The results which 
are shown in Fig. 3 indicate that the amount 
of acrolein adsorbed on W03 is one order of 
magnitude greater than that adsorbed on 
Mo03. This is consistent with our earlier 
comments on the ease with which the two 
oxides may be slightly reduced or oxidized. 
Thus, acrolein formed on oxidation of ally1 

TABLE 2 

Yield of Different Products (%) on Reacting WOJ 
with CjH51 and then CIHsI + O2 

Reactants 

C,H51 (after 
20 pulses) 

C,HjI + Oz 

Yield (%) 

G& GH,o CA Acrolein 

35.5 0.5 0.6 0.8 

9.4 Trace Trace 36.0 
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FIG. 3. Adsorption of acrolein on WOx and MOO, at 320°C. 

species at the surface of Moo3 can be fairly 
easily desorbed whereas any that might be 
formed at the surface of W03 is retained 
much more strongly and might poison or 
block any active centers. 

It also seemed interesting to check 
whether the strongly adsorbed acrolein 
formed at the surface in the course of the 
reaction could be displaced by oxygen, 
which could adsorb on tungsten ions adja- 
cent to the adsorbate and then fill the sites 
left by the desorbing acrolein. Table 2 
shows the results of an experiment in which 
a sample of W03 was at first exposed to 20 
pulses of ally1 iodide (yields to different 
products observed in the 20th pulse are 
given in the first row) and then a pulse of 
C~HSI + 02 was introduced (second row). It 
may be seen that even after 20 pulses of 
ally1 iodide only about 37% of the products 
formed leave the catalyst bed, and less than 
1% are oxygenated products. When, how- 
ever, the CjH51 + O2 mixture is introduced, 
acrolein becomes the main product desorb- 
ing from the catalyst. It may be thus con- 
cluded that the surface of WO3 has some 

small ability to insert oxygen at low temper- 
ature into the ally1 species, but desorption 
of the oxygenated product accompanied by 
the transformation from the corner-linked 
into edge-linked arrangement of, tungsten- 
oxygen octahedra cannot take place. This 
agrees with our findings concerning the re- 
duction of W03 described above. 

Further light is shed on this process when 
we note that the desorption of oxygenated 
products takes place very easily in the case 
of WO2.95, which differs from WO, only in 
that it has been slightly reduced and CS 
structures have been already formed. We 
have already stated that the WOJike ma- 
trix in W02.95 will not support the growth of 
new CS planes and once again the evidence 
supports the fact that it is the CS planes 
which are already in existence which are 
important in this process. Moreover, as we 
are removing oxygen from the lattice in the 
desorption process, we must increase the 
CS plane length somewhat, which is in 
agreement with the suggestion that it is the 
dynamic growth and shrinkage of CS planes 
which is of importance. 



TUNGSTEN OXIDE CATALYSTS 403 

‘I’ H ,-c~c’l~,H 
0xb- m l C) H‘ 0 

FIG. 4. Schematic mechanism for the insertion of 
oxygen into a hydrocarbon molecule. In (a) the forma- 
tion of an oxygenated species leaves the surface of the 
material, shown as two corner-linked MO6 octahedra, 
with a terminal oxygen atom missing. In (b) a CS type 
rearrangement of these octahedra ensures that the 
metal atoms preserve their normal octahedral disposi- 
tion of oxygen neighbors, and no “vacancy” need be 
formed. 

The conclusion to be drawn from all of 
the experiments described in this paper is 
that it is the ability of the molybdenum and 
tungsten oxides to rearrange their coordina- 
tion polyhedra, manifested in the appear- 
ance of CS structures, which plays an im- 
portant role in the catalytic insertion of 
oxygen into organic molecules. This mech- 
anism is shown schematically in Fig. 4. It is 
quite different from that which occurs for 
non-CS-forming oxides, where desorption 
of the oxygenated product must result in 
the generation of an oxygen vacancy. This 
is an energetically expensive process which 
the CS mechanism avoids. Indeed, the CS 
rearrangement ensures that each cation re- 
tains its preferred nearest neighbor coordi- 
nation polyhedron while allowing oxygen to 
be abstracted from the structure. In this 

sense it is therefore analogous to the role of 
dislocations in deformation mechanics. A 
dislocation allows a material to slip or de- 
form without the necessity of bond break- 
ing, thus making an energetically unfavor- 
able process possible for much lower 
energy outlay. Similarly the C’S operation 
allows the energetically costly oxygen ab- 
straction to take place without changing the 
total number of nearest-neighbor M-O 
bonds, thus making it possible at lower tem- 
peratures and with a relatively small energy 
involvement. 
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