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Catalytic reactions of propylene have been investigated over unsupported Na,WOS to see how 
the metal-insulator transition of the catalyst affects the selectivity toward dimerization or metathe- 
sis. It was found that dimerization was dominant over an insulating solid and metathesis was over a 
conducting one. Especially for Na,,2JW0,, reduction of the catalyst altered the type of the reaction 
completely from dimerizdtion to metathesis at 473 K together with the conductivity transition. A 
contribution of conduction electrons was discussed both from static and dynamical points of 
view. 0 1986 Academic Press, Inc. 

INTRODUCTION 

It was found that dimerization was domi- 
nant over insulating W03 and metathesis 
was over metallic Re03 at 473 K (1, 2). The 
latter is an isoelectronic analog of NaW03. 
W03 and NaW03 are end members of 
Na,W03 and it has insulating properties 
when x 5 0.25 and metallic electrical con- 
ductivity when x > 0.25 (3). Na atom sup- 
plies an electron to a WOj lattice. Thus it 
will be an interesting problem to see how 
the catalytic reaction will change from di- 
merization to metathesis over unsupported 
Na,W03 when x is increased from zero to 
one. 

If dimerization and metathesis occur 
through a two-molecule collision, the sub- 
stantial difference between the two will be 
in the breaking of the double bond between 
carbon atoms. However, metathesis is be- 
lieved to occur via metallacyclobutane es- 
pecially over homogeneous and supported 
heterogeneous catalysts (4). If the model is 
also real over unsupported catalysts, the 
substantial difference between the two re- 
actions would be in the strength of the 
metal-carbene bond assuming that the two 
reactions occur on the same active points. 

In this work, details of a mechanism of 
metathesis will not be considered but ef- 

forts will be made to find out how the 
metal-insulator transition affects the selec- 
tivity toward dimerization or metathesis 
over unsupported Na,WO+ 

EXPERIMENTAL METHODS 

Na,W03 was prepared from 99.9 wt% 
W03, 99.9 wt% WOZ, and NazW04. Start- 
ing materials were mixed and pressed into 
tablets and heated under a vacuum of 10m4 
Tot-r (1 Torr = 133.3 N me2) at 1223 K for 13 
h. Then they were ground into powders and 
mixed again. After pressed into tablets 
again, they were heated under the same 
conditions as before. A bar was cut from a 
tablet for an electrical resistivity measure- 
ment. That was done with a usual four- 
probe method with silver-painted elec- 
trodes. 

The tablets were ground in air for the use 
of catalysis experiments and they will be 
called as-prepared catalysts hereafter. X- 
Ray diffraction patterns were taken to cer- 
tify the formation of Na,WOj. x is the nomi- 
nal value and a chemical analysis was not 
done. The BET areas were as small as 3 m2/ 
g and since the errors were large, experi- 
mental results were not normalized with the 
surface area. 

Chemical reactions were done in a closed 
reactor and experimental details were de- 
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TABLE 1 

Some Examples of Products over NaXW03 

BET area C2H4 + C2H6 CIHs I-C4Hs + 2-G& Who C&n Reaction 
(m%) (x10-j) (X 10-j) iso-CIHs (x10-5) (x10-5) (x10-j) temp. 

(x10-j) WI 

a 0 4.89 3.6 + 1 40 440 430 250 1900 2400 413 2 1 
b 0 4.00 2.6 310 170 14 266 19 210 423 
c 0.08 4.90 2.9 220 2930 900 740 3200 270 473 
d 0.08 4.78 2.9 5 2 4 8 79 473 
e 0.1 4.86 2.0 12 110 1 9 3 160 423 
f  0.1 4.86 2.0 78 53 0 71 0 26 423 
g 0.1 4.02 2.0 570 180 53 390 83 360 423 
h 0.25 4.98 3.2 1 240 3 1 7 3.50 473 
. 
; 0.25 0 4.98 3.01 3.2 2.6 74 104 0 5 72 34 0 0 0 0 423 473 
k B 34 0 15 3 21 31 573 
1 17 0 0 0 0 0 

Note. Concentrations were expressed relative to that of propylene except j. Errors were 210%. Reaction 
period was 20 ruin except c, d, and k. Reduction was done with propylene except g. (a) As-prepared. (b) Reduced 
at 773 K for 20 min. (c) As-prepared, reaction period 12 h. (d) Oxidized in air at 673 K for 3 h, reaction period 12 
h. (e) Reduced at 473 K for 80 min. (f) Reduced at 573 K for 80 min. (g) Reduced with hydrogen at 823 K for 60 
min. (h) As-prepared. (i) Reduced at 673 K for 80 min. (j) Ethylene was reacted over WOs at 473 K for 20 min. (k) 
Propylene was reacted at 573 K for 12 h without a catalyst. (1) Impurity levels in initial propylene. 

scribed elsewhere (2). Catalysts were usu- 
ally about 4 g. Degassing of the catalysts 
were done at 473 K for 60 min under the 
vacuum of 2 x 10d4 Torr when the reaction 
temperatures were lower than 423 K and at 
the reaction temperature when it was 
higher than 473 K. As-prepared catalysts 
were sometimes annealed in air at 673 K for 
3 h to eliminate oxygen vacancies. The re- 
actions were done in the successive way of 
Ref. (2). 

RESULTS 

Table 1 shows some examples of the 
products of 20-min-reactions for various 
catalysts. Concentrations were expressed 
relative to that of propylene and were not 
normalized to a unit area. Lsobutene and l- 
butene were not separated exactly and their 
sums are shown in the table (the same for 
ethylene and ethane). 

As seen from Table 1, the results are 
classified into two groups. In one group, the 
main products are hexenes, pentenes, (iso 

+ l)-butenes, propane, ethane, and ethyl- 
ene. Hexenes were produced mostly. The 
main component of hexenes was 2-methyl- 
2-pentene suggesting that they are not the 
products of the reaction in which lattice ox- 
ygen takes a part (5, 6). In the other group, 
the main products are ethylene and 2-bu- 
tenes and they are the products of metathe- 
sis. The former group will be nominated as 
D group (dimerization) and the latter as M 
group (metathesis). It must be noted that 
these two groups cannot be specified only 
by the x value of Na,W03 but reduction of 
catalysts affected the results for the most 
part. For the D group, not only hexenes but 
also pentenes and other olefins were pro- 
duced as shown in Table 1. Those might 
have been the products of molecular colli- 
sions of propylene because they were pro- 
duced even without a catalyst as shown in 
Table l-k. Moreover 2-butenes were pro- 
duced from ethylene over WO3 indicating 
that dimerization really occurred as shown 
in Table l-j. Thus hexenes will be treated as 
the main products of that process and pen- 
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FIG. 1. Products dependencies in relation to the re- 
action temperature over N%,25W03. Reaction period 
was 20 min. Solid circles and triangles stand for hex- 
enes and 2-butenes, respectively, in the increasing 
temperature over as-prepared catalyst. Open circles 
and triangles stand for hexenes and 2-butenes, respec- 
tively, in the increasing temperature over the catalyst 
which had been reduced with propylene at 673 K for 80 
min. Through the experiment, the same catalyst was 
used successively (2). 

tenes and other olefins will be neglected 
hereafter for D group. 

Figure 1 shows the most drastic effect of 
the reduction on the reaction over 
NQ.~~WO~ which is at the boundary of the 
metal-insulator transition. Solid symbols 
show the results in the increasing tempera- 
ture over as-prepared catalyst which was 
not reduced intentionally prior to the reac- 
tion. The catalyst did not show a metallic 
conductivity before the reaction. After the 
reaction at 673 K for 80 min, it was cooled 
to 323 K and the reactions were repeated in 
the increasing temperature as before. The 
reaction period was 20 min. In the second 
run, the catalyst can be considered to have 
been reduced prior to the reactions because 
it showed a very high electrical conductiv- 
ity. Moreover an X-ray diffraction pattern 
showed a change in the crystalline struc- 
ture. Usually a metal-insulator transition 
accompanies a structure change. Open 
symbols in Fig. 1 show the results over thus 
reduced catalyst. As seen from the figure, 
hexenes disappeared at lower temperatures 
whereas 2-butenes were produced largely 

compared with the former results. Thus the 
type of reaction changed drastically from D 
to M after the reduction. 

The resistivity of a sintered NQ~WO~ 
became very low with reduction as shown 
in Fig. 2. The reduction was done with pro- 
pylene at 673 K for 90 min. The resistivity 
change of the sintered bar might not be 
larger than that of the powdered catalyst 
since the powders were reduced at 673 K 
for 80 min. In Fig. 2, similar results for bars 
of x = 0 (rectangles) and x = 0.4 (triangles) 
are also shown. Solid and open symbols 
stand for as-prepared and reduced cata- 
lysts, respectively. Reductions were done 
under the same conditions as those for 
%.25W03. 

Figure 3 shows the reduction effect on 
the catalytic reactions over W03 where 
solid symbols stand for reduction with pro- 
pylene at 623 K for 20 min and open sym- 
bols at 773 K for 20 min. After the reduc- 
tion at 773 K the W03 turned blue. As seen 
from Fig. 3, reduction made metathesis 
more active and suppressed dimerization as 
before. 

d I I I 
400 500 600 

T I  K 

FIG. 2. Resistivities of sintered oxides under vac- 
uum were plotted against measuring temperature. Rec- 
tangles stand for WO,, circles for NaoZ5W09, and tri- 
angles for Na,,.4W0,. Solid symbols stand for 
as-prepared oxides in the increasing temperature and 
open symbols for reduced oxides in the decreasing 
temperature. Reductions were done with propylene at 
673 K for 90 min, respectively. Some discontinuities in 
the curves were due to introduction of propylene of I 
atm for a short while at those temperatures. 
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FIG. 3. Product dependencies in relation to reaction 
temperature over W09. Reaction period was 20 min. 
Circles and triangles stand for hexenes and 2-butenes, 
respectively, in the increasing temperature. Solid sym- 
bols are for WOs reduced with propylene at 623 K for 
20 min and open symbols are for W09 reduced with 
propylene at 773 K for 20 min. 

The type of reaction may be represented 
with a parameter y which is defined as 

y = (2-butenes)/(2-butenes + hexenes), 
(1) 

where quantities are concentrations. Thus 
it is M type when y is equal to one and D 
type when y is zero. Figure 4 shows how 
this y changed as the reaction temperature 
was raised for various catalysts. y became 
larger when a catalyst was reduced. For in- 
stance, y of WOs was smaller than 0.1 at 
473 K before the reduction but increased to 
about 0.6 after reducing the catalyst with 
propylene at 773 K for 20 min; this is more 
evident for x = 0.25. The reduction effect 
was also obtained when a catalyst was re- 
duced with hydrogen instead of propylene 
as shown in Fig. 4b with an open triangle 
where x was 0.1. That reduction was done 
at 823 K for 60 min. Kobylinski ef al. found 
that metathesis selectivity is greatly en- 
hanced by a prereduction with olefins (7). 
In our case, it is difficult to compare the 
effect of propylene and hydrogen as the 
surface concentration of oxygen vacancies 
was not known. 

As a common trend, y increased with 

temperature for nonreduced catalysts and it 
decreased for reduced ones. The change in 
y after reduction was largest over 
N~~.J~WO~ and that was from 0.002 to 1.00 
at 473 K. 

Adsorption of propylene was also inves- 
tigated (Fig. 5 shows that on WO3. The 
oxide was degassed at 473 K for 30 min 
under a vacuum of 10m7 Torr prior to an 
introduction of propylene at 1 atm. Adsorp- 
tion of 1.5 mg corresponds to a one-to-one 
coverage of a propylene molecule over a 
tungsten ion. As is seen, only a little chemi- 
sorption was observed. Over N%.4W03 that 
was much smaller by more than one tenth 
and was hardly observed. 

Through the experiments, it was found 
that NaXW03 became harder to reduce as x 
increased. For instance, N~o.~WO~ could 
not be reduced appreciably with propylene 
even at 673 K for 60 min. 

DISCUSSION 

In a previous work (Z), it was found that 
dimerization of propylene was dominant 
over W03 and metathesis was over Re03. 
WO3 is an insulator and Re03 is electrically 
metallic. In this work it was intended to see 
whether the selectivity of the reaction 
changes discontinuously at x = 0.25 at 
which a metal-insulator transition occurs. 

It was also found (2) that metathesis was 
enhanced when Re03 was slightly reduced 
and an oxygen vacancy was important for 
the reaction. Many authors already found 
that prereduction is very important to en- 
hance the activity of metathesis over sup- 
ported catalyst also (8-15). As the smaller 
particles of oxides on supports will have 
different physical properties compared to 
larger single crystals, it is not clear how the 
present result correlates with those. In case 
of unsupported oxides, a difficult problem 
is that an oxygen vacancy behaves as a do- 
nor and the conductivity is controlled both 
by Na ions and oxygen vacancies. Thus a 
boundary of the metal-insulator transition 
will shift to a smaller x than 0.25 when a 
catalyst is reduced. 
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FIG. 4. a. Selectivity parameter y  was ptotted against reaction temperature. y  is defined by Eq. (1) in 
the text. Solid symbols stand for as-prepared catalysts and open symbols for reduced ones in the 
increasing temperature. The catalyst was WOr. Reduction was done with propylene at 773 K for 20 
mm. b. N%.rWOr. Reduction was done with propylene at 573 K for 80 min (open circles). Open triangle 
stands for N%.rWOr reduced with hydrogen at 823 K for 60 min. c. N%.zsWO,. Reduction was done 
with propylene at 673 K for 80 min. 

A mechanism of the transition is not 
clearly understood. However, a percolation 
view (26, 17) might be a suitable one what- 
ever a mechanism of a localization of a con- 
duction electron may be. In this view, Na 
ions are considered to distribute randomly 

*- 
300 400 500 600 

T/K 

FIG. 5. Adsorption of propylene of 1 atm on WO,. 
Solid and open symbols stand for adsorption in the 
increasing and decreasing temperature, respectively. 
The rate was 10 K/mm. Adsorption of 1.5 mg corre- 
sponds to a monolayer coverage, that is, one propyl- 
ene molecule over each tungsten ion. 

and donated electrons localize on certain 
number of ions. When the concentration of 
donated electrons exceeds a critical value, 
0.25 in this case, macroscopic conductive 
passes span a sample from one end to the 
other and it turns out to be metallic. Elec- 
trons are supplied nonthermally from Na 
ions and thermally from oxygen vacancies. 
The oxide is macroscopically homogeneous 
(18). A property of the localized electrons 
is not clear but we might consider that they 
do not localize on one tungsten ion each 
(16). 

Turning to the chemical reactions over 
unsupported catalysts, their characteristic 
features are small turnover numbers, oxy- 
gen vacancy dependences, and stereoselec- 
tivity of 2-butenes (I, 2). For instance, a 
turnover number over Re03 was less than 
0.002 molecule/Re ion min at 473 K (2). 
That number might be underestimated be- 
cause all Re ions were assumed to be ac- 
tive. If an amount of chemisorbed propyl- 



100 KOSAKA, SAKAI, AND TSUDA 

ene was considered as an amount of active 
centers, it would have about one third of Re 
density. Thus though the turnover number 
might have been underestimated, it is still 
too small compared to those of supported 
catalysts (23). As for the stereoselectivity, 
cis-Zbutene was produced more than 
trans-Zbutene over Re03 (2). 

The experimental results now will be dis- 
cussed. The results in Fig. 4 show that re- 
duction of oxides was very effective to en- 
hance metathesis and to suppress 
dimerization. That was most drastic for 
N%.25W03 where metathesis replaced di- 
merization completely. That result suggests 
that metathesis and dimerization occurred 
at the same active points and both reactions 
were competing reactions. Otherwise both 
products will be expected to coexist. It 
must be noted that NG,J~WO~ became 
highly conductive after the reduction as 
shown in Fig. 2. It might not be so clear 
from Fig. 2 that the catalyst became metal- 
lic because the resistivity became smaller 
as temperature was raised as if that was a 
semiconductor. However, similar behavior 
was also observed for metallic N%.dWO3. 
Moreover it is known that a sintered metal- 
lic material sometimes behaves as a semi- 
conductor (19). Therefore NG.z~WO~ 
would have been metallic after the reduc- 
tion considering the largeness of the change 
in the resistivity. 

On oxides other than N~~JsWO~, the 
change from dimerization to metathesis 
was incomplete and both reactions coex- 
isted. For these oxides, we did not obtain 
any conclusive data showing the occur- 
rence of the metal-insulator transition. If 
the complete substitution of the chemical 
reaction over N~o.z~WO~ is really due to the 
metal-insulator transition, that coexistence 
of metathesis and dimerization suggests 
that the distribution of oxygen vacancies is 
not homogeneous and metallic and nonmet- 
allic regions coexist over the surfaces. This 
may be related to the experimental result 
which indicates that the oxides are harder 

to reduce as Na content is increased. Thus 
lattice oxygens which are located apart 
from Na ions may be removed through re- 
duction first and the aggregation of them 
will be possible when Na content is low. 

The selectivity of chemical reactions is 
mainly determined by a static property 
of electrons, that is, how HOMO’s and 
LUMO’s distribute energetically and spa- 
tially. However, our results show that a 
dynamical property of electrons may also 
be important to determine the selectivity. 
The importance of the relaxation effect was 
already pointed out by Shirley (20). 
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