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Hydrogenation of 2-methyl-1,3-butadiene (isoprene) in the absence of gaseous hydrogen is used 
to reveal and titrate reactive hydrogen species occluded in powdered MO& previously reduced 
under Hr. Highly coordinatively unsaturated (cus) MO ions are generated on MO& by reduction 
treatment at various temperatures between 373 and 973 K. After each reduction treatment, the 
catalyst stoichiometry is measured, so that the values x and y in MO&H, can be established. 
Different compositions where x is between 1.67 and 2.01 and y is between 0.002 and 0.12 have been 
investigated. To probe the unsaturated MO ions, hydrogenation of isoprene and isomerization of 
cis-I ,3-pentadiene are performed at 373 K under 1 atm pressure of hydrogen. Similarly to the case 
of supported MO& on y-AIZOs catalyst, which has already been investigated, a correlation is 
proposed bctwecn the alkadienc transformation activities and the coordinatively unsaturated 
(1010) edge MO ions, viz., hydrogenation and 3 cus ions. isomerization and 2 and 4 cus ions. 
Q 1989 Academic Press, Inc. 

INTRODUCTION 

Sulfide catalysts find extensive use in hy- 
droprocessing reactions and the character- 
ization of the active sites involved in the 
different reaction paths is of great impor- 
tance. To identify these active sites and 
their active species precisely, a link be- 
tween the phase structure and the catalytic 
reaction is necessary. Some years ago, a 
very useful concept was proposed by 
Siegel, who suggested that the number of 
coordinative unsaturation positions on a 
site and the set of elementary reactions in- 
volving hydrogen are connected (1, 2). 
Such a concept has been validated for on 
nickel sulfide catalysts (3) and has been 
widely used by Tanaka et al. (4-6) to give a 
careful description of the edge sites on 
MO& where coordinatively unsaturated MO 
ions are available at various degrees of co- 
ordination. 

More recently, in our laboratory, activi- 
ties in hydrogenation and isomerization of 

1 To whom correspondence should be addressed. 

model molecules have been measured on an 
alumina-supported MO& catalyst with con- 
trolled stoichiometries obtained by hydro- 
gen reduction at various temperatures (7, 
8). The structure of the active phase of the 
MoS2/A1203 catalytic system has also been 
modeled in previous studies (9) as a single 
slab of MO& well dispersed on alumina. It 
was possible to correlate the hydrogenation 
activity with the edge MO ions possessing 
three-vacancies and one sulfur present in 
the (1010) plane of the MO& slabs (7). On 
the other hand, the isomerization activity 
was correlated with the two and/or four 
coordinatively unsaturated edge MO ions 
(8). 

A complete description of these sites 
should take into account the presence of 
the reactive hydrogen species on or in the 
MO& structure. As a matter of fact, the re- 
action of the sulfide catalysts with hydro- 
gen is complex (10) but of great importance 
as the hydrotreating reactions involve, in 
part, hydrogen transfer. There have been 
several previous works concerning hydro- 
gen sorption or reaction on molybdenum or 
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tungsten sulfide. In particular, Badger et al. 
(II) were the first to explore the tempera- 
ture dependence of the sorption in the 
range 273-673 K. Other researchers have 
measured the time dependence of the sorp- 
tion upon hydrogen pretreatment (12). For 
the hydrogen-MO& system (II, 13) mea- 
surements at various temperatures and 
pressures showed the existence of dissocia- 
tive sorption of hydrogen to produce hydro- 
gen-sulfur bonds and uptakes apparently 
much larger than those that could be ac- 
commodated at the accessible surface of 
the material as determined by nitrogen 
physisorption (14). Moreover, inelastic 
neutron scattering measurements have re- 
vealed the existence of two sites at which 
hydrogen may be sorbed on MO& (13, 15). 
One site becomes saturated at pressures 
less than 1 atm and at temperatures less 
than 473 K and is attributed to the site 
which forms linear S-H bonds. The second 
site has been found to be that at which sorp- 
tion occurs at higher temperatures (>423 
K), and which becomes saturated at only 50 
atm (16). However, further discrimination 
between structural models with hydrogen 
atoms multiply or singly bound at edge or 
basal positions is not yet possible (13, 15, 
16). 

In addition, the effect of hydrogen on cat- 
alytic activity during hydrotreating reac- 
tions (e.g., hydrodesulfurization) is not per- 
fectly understood. Molybdenum disulfide is 
able to adsorb a substantial quantity of hy- 
drogen which elevates the hydrogenation 
activity of MO& (12, 17). The specific hy- 
drogenation activity increases as nonstoi- 
chiometric sulfur is removed (18). The 
presence of nonstoichiometric MO&-like 
species with a high density of anion vacan- 
cies and presumably containing appreciable 
amounts of hydrogen is causally related 
(18-20). The key factor is the increase in 
coordinatively unsaturated MO ions. 

As a consequence, the aim of this work is 
not only to characterize the sites involved 
in the hydrogenation and isomerization re- 
actions occurring on bulk MoS2 by using 

probe molecules (isoprene, cis-1,3-penta- 
diene) but also to consider participation of 
the reactive hydrogen of the solid, the 
amount of which is titrated by a dynamic 
method under conditions similar to those of 
catalytic tests. 

EXPERIMENTAL 

Bulk MO&(I) with a specific surface area 
of about 47 m2 g-r was obtained by thermal 
decomposition of ammonium tetrathiomo- 
lybdate (ATTM) under a H2/H2S (90-10) 
flow at 673 K for 4 h. This compound, re- 
duced under Hz at 773 K for 4 h and further 
treated with the H2/H2S mixture under the 
same conditions as above, is transformed 
into MoS2(II) with a specific surface area of 
7 m2 g-l. It must be noted that, for any 
treatment at temperatures higher than or 
equal to 723 K, the MO&(I) and MoS2(II) 
samples correspond to the same com- 
pound. Thus, the differentiation between 
the two solids, I and II, concerns only the 
reduction treatments at temperatures lower 
than 723 K. 

The pretreatment and catalytic experi- 
ments were carried out at atmospheric 
pressure in the all-glass grease-free flow 
apparatus previously described (21). The 
catalyst was first reduced under a purified 
hydrogen flow at various temperatures be- 
tween 293 and 1073 K for 12 h. 

After each reduction step by H2, the solid 
(800 mg) was cooled to room temperature, 
reactants were introduced at constant pres- 
sure (20 or 7 Torr, respectively, with regard 
to the reactive molecule, isoprene or cis-1 , 
3-pentadiene) in a flow of purified hydrogen 
or helium (1 atm, 20 ml min’) in an isother- 
mal reactor. Catalytic tests were carried 
out under hydrogen at 373 K. 

The procedure for hydrogen titration of 
the solids has been largely described previ- 
ously (22). The reduced catalyst was 
flushed under helium at 323 K for 15 min, 
until complete elimination of hydrogen in 
the gas phase, and consumption of the reac- 
tive hydrogen occluded in the solids by iso- 
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prene (0.5% in helium) was carried out at 
423 K. 

Isoprene (2-methyl-1,3-butadiene) and 
c&l ,3-pentadiene (pm-urn grade from 
Fluka) were used after purification by distil- 
lation under vacuum. Hydrogen and helium 
were purified of any traces of oxygen and 
Hz0 which would have resulted in com- 
plete catalyst poisoning. The conversions 
were measured at the steady state reached 
after 15 min and were never higher than 
30%. Reaction products were analyzed by 
gas chromatography using a 100-m squa- 
lane capillary column operating at 3 18 K 
and a flame ionization detector. In parallel, 
after each reduction treatment, the specific 
area was determined by the BET method, 
and microanalyses of the samples were per- 
formed by the “Service d’analyses du 
CNRS” to obtain the S/MO stoichiometry 
of the bulk “MoS2” (the relative error in 
the S/MO ratio is 0.5%). 

RESULTS 

The Catalyst MoS,H, 

Stoichiometry and texture. After each re- 
duction the catalyst stoichiometry was de- 
termined. Figure 1 represents the variation 
in the S/MO ratio as a function of treatment 
under Hz. 

MO&(I) and Mo&(II) solids sulfided un- 
der H2/H2S at 673 K show a S/MO ratio of 
2.05. After successive reduction treatments 
under HZ, large amounts of H2S are re- 
moved, leading to various substoichiomet- 
tic samples from S/MO 2.01 to S/MO 1.67. 
The sulfur ions removed were measured af- 
ter a sufficiently long reduction time (12 h) 
to obtain a steady state. At temperatures 
lower than 373 K, some H2S is removed by 
a simple purge with helium. The sulfur evo- 
lution is slight up to 573 K but becomes 
important above 573 K. 

The reduction treatment also leads to an 
evolution of the texture of the MO&(I) as 
the specific area, reported by the dashed 
line in Fig. 1, is modified. For reduction 
temperatures lower than 573 K the MO&(I) 
and MoS,(II) samples with x = 2 have spe- 

%o 
2.1 

2 

1.9 

1.8 

1.7 

0 
‘. 

-t 

-&-i--A 

I , , 1 , I 

sz 1 
m 9- 

40 

20 

400 600 800 
T(K) 

FIG. 1. Stoichiometry and specific surface area vari- 
ation of bulk MoS,(II) versus reduction temperature 
under hydrogen. The dashed line corresponds to 
MO&(I) with an initial specific surface area of 47 m2 
g-1. 

cific areas of 47 and 7 m2 g-i, respectively. 
For the bulk catalysts treated in the range 
573 to 673 K, the S/MO ratio decreases 
from 2 to 1.96 and the specific area of 
Mo$(I) decreases from 47 to 8 m2 g-l. Such 
sintering has often been observed for a 
treatment temperature close to 673 K (18, 
23). For reduction temperatures higher than 
673 K, MoS, with x from 1.96 to about 1.7 is 
formed with a specific area of 6 m2 g-t. It is 
also interesting to note that the low surface 
area observed after a high-temperature 
treatment becomes stable even after further 
chemical (H2/H2S) or thermal treatments. 

Reactive hydrogen content. Bulk MO& 
contains some occluded hydrogen species 
able to hydrogenate alkadienes in the ab- 
sence of gaseous hydrogen. These species 
are denoted H* as we are not considering 
their exact charge. 

The H* content of the solid is varied and 
controlled by using a dynamic method al- 
ready described (22). At 423 K under a 
helium + isoprene (0.5% volume) flow, 
alkadiene hydrogenation occurs on MO& 
previously reduced by H2 at different tem- 
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FIG. 2. Relative hydrogenation activity measured at 423 K under a helium + diene flow on bulk 
MoS1(I) reduced (a) at 773 K versus time and (b) at 673 K (0) and at 773 K (m) versus relative H* 
content. 

peratures. It is important to note that these 
highly reactive species do not exist after 
only the sulfiding treatment. A plot of the 
ratio 4 = AH/AH, (where AHo and AH, are the 
initial hydrogenation activity and the hy- 
drogenation activity at time t) versus time 
is obtained. In Fig. 2a, the relative hydroge- 
nation activity (+) versus time under helium 
+ alkadiene flow is reported for MO& re- 
duced at 773 K. For each reduction temper- 
ature a similar curve is obtained, and by 
integrating this curve the total reactive hy- 
drogen H* content of the solid can be deter- 
mined. 

In addition, between t and tf (time at 
which the activity is zero) the percentage of 
reactive hydrogen still present in the solid 
can be estimated. A plot of 4 versus H* 
concentration can be obtained for each re- 
duction temperature. In Fig. 2b the results 
are reported for the solid MO&(I) reduced 
at 673 and 773 K under hydrogen. The 
curves obtained show clearly that there is 
no proportionality between the relative hy- 
drogenation rate consuming H* and the hy- 
drogen content of the solid, and that a diffu- 
sional process must be considered. A clear 
analogy exists between these results and 
those obtained on reduced copper oxides 
(22, 24, 25) which were found to be hydro- 
gen reservoirs. 

The extractable hydrogen content of the 

solid is found to depend on the temperature 
of reduction of the catalyst by HZ, Figure 3 
shows a maximum H*, 7.5 x lop5 mol g-l, 
for a reduction temperature of 723 K. On 
MO&(I) (dashed line), which has an initial 
specific surface area of 47 m* g-l, the hy- 
drogen content is higher than that obtained 
on stabilized MoS2(II) at identical reduction 
temperatures. 

Finally, the stoichiometries of the 
MO&H, catalysts obtained by treatments at 
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FIG. 3. H* content versus reduction temperature of 
MO&(U) (7 m2 g-l). The dashed line corresponds to 
MO&(I) with an initial surface area of 47 m2 g-l. 
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TABLE 1 

Specific Surface Areas and Stoichiometries of 
MoS,H, Catalysts after Different Reduction 
Treatments 

Reduction Specific surface MO&H,, 
temperature area 

W Cm2 g-7 

313” 47 MO& da w, 
373 7 MO& o,hm 
473” 47 Mo.%o,Hoao-i 
573” 47 M&o,Hom, 
573 7 MO&& wz 
623” 37 M&sHo~~ 
623 8 MO% vhHo.m~ 
723 7 MO.% do cd’ 
173 MO% da WY 
823 : MO.% wHo.oos 
873 6 MoS I sxHo cm 

0 MO&(I) sample which does not have the specific 
surface area stabilized. 

h This value is quite similar to that found by Moyes 
(10) and is assigned to edge-plane hydrogen. 

different reduction temperatures can be re- 
ported (Table 1). Evolution of the extract- 
able reactive hydrogen content versus MO 
Z&(11) phase stoichiometry is presented in 
Fig. 4a, indicative of a “volcano curve” 
with a maximum S/MO ratio of 1.93. 

The quantities obtained in this study are 
much lower than those reported by other 
authors (20, 14, 26, 27). For example, the 
compound H0,37M~S2 was found by Badger 
et al. (II). It is well known that the amount 
of hydrogen depends largely on the prepa- 
ration method (20, 11), but generally the 
amount of hydrogen is correlated to SH 
species (10, II, 13, 15, 28). The H* titrated 
in this work is different in nature from the 
SH group, as no H* is found on a com- 
pletely sulfided solid. 

Hydrogenation and Zsomerization 
Activities 

The effect of the temperature of reduc- 
tion on isoprene hydrogenation activity 
(HYD) at 373 K of bulk MO& catalyst is 
reported in Fig. 5a. A volcano curve is ob- 
tained with no detectable activity for reduc- 
tion at temperatures lower than 373 K and 
maximum activity for reduction at 673 K. 
The main products of this reaction are 2- 

methyl-1-butene, 2-methyl-2-butene, iso- 
pentane, and 3-methyl-1-butene; only the 
overall hydrogenation activity is consid- 
ered in this work. 

A similar curve is obtained for cis-1,3- 
pentadiene hydrogenation activity (Fig. 
5b). The main products of the hydrogena- 
tion reaction are 1-pentene, cis-2-pentene, 
truns-2-pentene, and pentane. Moreover, 
cis-1,3-pentadiene is a convenient molecule 
as, by the formation of trans-1,3-penta- 
diene, the evolution of isomerization activ- 
ity (ISOM) with reduction temperature is 
also observed (right-hand scale of Fig. 5b). 
The isomerization activity is always higher 
than the hydrogenation activity, except for 
a small reduction temperature range close 
to 673 K. 

The results obtained on bulk MO&(I), 
whose initial specific surface area is 47 m2 
g-l, are represented by the dashed lines in 
Fig. 5, and the intrinsic activities observed 
on each MoS2 are similar. A linear depen- 
dence of specific activity on specific surface 
area has often been observed for catalysts 
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FIG. 4. (a) H* content versus MO&(H) stoichiome- 
try. (b) 1, 2, 3 and 4 cus edge MO ions versus the 
stoichiometry for a modeled hexagonal slab having n 
= 18 MO ions per side (M = 919). 
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FIG. 5. (a) Isoprene hydrogenation activity at 373 K versus reduction temperature. (b) c&1,3- 
Pentadiene hydrogenation and isomerization activities at 373 K versus reduction temperature. The 
dashed lines correspond to MO&(I) which has an initial specific surface area of 47 mZ g-i. A*, n *: 
Obtained with MO& from a different batch of ammonium tetrathiomolybdate. 

prepared with the same procedure and with 
equivalent stoichiometries (29-31). When 
no correlation has been observed, the solids 
used presented a large variation of stoi- 
chiometries (32, 33). 

S/ 
MO 

Mz4681 

FIG. 6. (a) cis-1,3-Pentadiene hydrogenation and 
isomerization activities at 373 K versus MO&(H) stoi- 
chiometry. (b) 2, 3, 4 cus edge MO ion probabilities 
versus S/MO stoichiometry of a modeled hexagonal 
MoS, slab having n = 40 MO ions per side. [The total 
number of molybdenum atoms M in the slab is there- 
fore 4681: see Refs. (6-8) for modeling and calcula- 
tions.] 

It must be noted also that after high-tem- 
perature treatment (~723 K), the c&1,3- 
pentadiene HYD and ISOM activities 
remain constant, whereas S/MO stoichiom- 
etry decreases. It is possible that the degree 
of unsaturation at the surface after reduc- 
tion at temperatures higher than 723 K re- 
mains unchanged as long as there is enough 
sulfur in the bulk to ensure a steady state at 
the surface, but we have no direct evidence 
to demonstrate this point. 

The variation in the activities versus MO 
Sz(II) phase stoichiometry can therefore be 
deduced and is presented in Fig. 6a. HYD 
and ISOM functionalities are strongly de- 
pendent on the S/MO ratio. Interestingly, 
after sulfidation, the catalyst has been 
found to be inactive for both ISOM and 
HYD, whereas significant activity appears 
only for S/MO < 2. The maximum HYD 
activity is obtained at an S/MO ratio of 1.96. 
ISOM activity increases with decreasing 
S/MO ratio in a similar way, as already ob- 
served for the supported catalyst (8). 

DISCUSSION 

Hydrogenation and Isomerization 
Active Sites 

In previous works on the MO&/~-AllO 
catalyst, the active phase was described 
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and modeled as single MO& slabs of similar 
shape and size well dispersed on the alu- 
mina surface (9). Bulk MO& also contains 
MO& slabs of larger size but with an impor- 
tant stacking as no support is present (34- 
36). Nevertheless, the structure of a slab is 
always the same with different molybde- 
num ion locations at internal or basal (b), 
corner (c), and edge (e) positions. Different 
sulfur ions can be also distinguished such as 
Sb, S,, and S,. 

Highly coordinatively unsaturated MO 
ions have been generated by reduction of 
the bulk MO& we have prepared under hy- 
drogen at different temperatures. Lo Ja- 
cone and Hall have already observed that 
the concentration of anionic vacancies in- 
creases with the reduction temperature 
(37). 

Without changing the core of the MO& 
slab, large variations in the S/MO ratio can 
result only in the removal of peripheral sul- 
fur ions. Such a possibility was proposed in 
a previous study as a function of crystallite 
size (9). With the MO&/-~-Al203 (9.2 wt% 
MO) catalyst, the stoichiometry variations 
were observed in a markedly broader range 
(from 2.3 to 0.5) with reduction tempera- 
tures from 473 to 1100 K. In that particular 
case, this evolution has been well corre- 
lated to the removal of peripheral sulfur 
ions of a 61-MO-ion mean size MO& slab 
(17) starting schematically from the termi- 
nal sulfur ions [( 1010) edge plane], whereas 
bridged S ions [(TOlO) edge plane] are fur- 
ther removed at higher reduction tempera- 
tures. The low S/MO stoichiometries ob- 
tained at the highest temperatures are due 
to the beginning of destruction of the Mo!$ 
structure. 

Thus, the hydrogen reduction pretreat- 
ment allows us to scan the entire S/MO ra- 
tio range, from the completely saturated 
slab to the completely unsaturated slab at 
the edges. The experimental values ob- 
tained on bulk MO& after sulfurization 
(S/MO = 2.05) and reduction at 373 K 
(S/MO = 2.01) and at 873 K (S/MO = 1.88) 
can result from the loss of peripheral sulfur 

ions of MO& crystallites larger than those 
of the MO& slab supported on alumina (slab 
length of about 30 A) (9). Such a hypothesis 
is highly probable and supported by results 
in the literature (35, 36). Thus, by compari- 
son with the supported catalyst, the evolu- 
tion of the sulfur stoichiometry can be ex- 
plained by the removal of terminal S ions at 
reduction temperatures lower than 373 K, 
whereas bridged S ions are removed mainly 
above 573 K. Evidently, for reduction tem- 
peratures higher than 873 K, the attack on 
the basal sulfur ions probably begins to oc- 
cur with the destruction of the MO& slab. 

Consequently, the activity results from 
the generation of coordinatively unsatu- 
rated (cus) sites, as has often been pointed 
out (Z-6, 38-40). Furthermore, it must be 
noted that each functionality follows very 
different behavior as a function of the ex- 
tent of reduction. 

Siegel proposed that the HYD reaction 
occurs on 3 cus ions, whereas ISOM would 
occur on 2 cus ions (1,2) a formalism which 
was demonstrated by Tanaka et al. on 
MO& (41) and also extensively reported on 
other catalysts (4-6, 24, 42). In particular, 
on MO&/~-Al,O, it has been shown that the 
statistical number of 3 cus sites in the (7010) 
edge plane could be computed versus the 
S/MO ratio and that the model curve fitted 
quite well with the experimental isoprene 
hydrogenation activity results for a model 
hexagonal slabs of 61 MO ions (7). More- 
over, the theoretical curves can be com- 
puted versus the S/MO ratio for any crystal- 
lite size (7, 9). In the same way, evolution 
of the statistical number of 2 and 4 cus sites 
can also be computed and was presented 
previously (8). 

As a first step, qualitative comparison of 
the experimental and model curves is pro- 
posed (Figs. 6a,b) only for SIMo ratios 
higher than 1.95. This comparison is based 
on calculations performed with a modeled 
hexagonal slab containing n = 40 MO ions 
per side (or total MO content M = 4681 MO 
per slab) for which the best fit was obtained 
between the results of cis- 1,3-pentadiene 
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FIG. 7. Relative ck-1,3-pentadiene hydrogenation 
activity versus the relative 3 cus MO ion probability for 
a modeled hexagonal slab having n = 40 MO ions per 
side (M = 4681). 

HYD activity and the statistical amount of 
3 cm edge MO ions (Fig. 7). Hence we can 
conclude and it is not so surprising that the 
structures of the active sites for bulk MO& 
and alumina-supported MO& are the same; 
i.e., the 3 cus edge MO ions are a prerequi- 
site condition for the HYD reaction, 
whereas the 2 and/or 4 cus MO edge ions 
are responsible for ISOM activity. One may 
note that the participation of 4 cus ions in 
the ISOM reaction was not envisaged by 
Siegel. 

The distinction of MO ions on the basis of 
the number and nature of the vacancies pre- 
viously made (9) is important in locating 
and distinguishing between different sites. 
These active sites are located in the (iOl0) 
edge plane of the MO& slab as only these 
edge MO ions can be 3 or 4 cus, and depend- 
ing on the degree of unsaturation the same 
MO ions can have different functionalities. 
Furthermore, the vacancies in the (iOl0) 
edge plane are bridged and the active site 
cannot be described by an isolated MO ion 
and must be considered as an “elementary 
ensemble” composed of at least two edge 
MO ions (8). 

Moreover, as the maximum HYD activ- 
ity corresponds to the maximum of 3 cus 
MO ions, it appears that the rupture of mo- 
lecular hydrogen is heterolytic. A sulfur ion 

is necessary to dissociate the hydrogen 
molecule with the formation of S-H and 
MO-H entities; Wright et al. (13, 24) have 
already identified a site where S-H bonds 
are formed and have shown that there were 
at least two sites for hydrogen sorption (15, 
16). Furthermore, Anderson et al. (43) have 
recently calculated that the heterolytic 
chemisorption of hydrogen at the edges of 
crystal layers is the most stable form. 

Localization of the Extractable Hydrogen 
Species 

The trend of extractable hydrogen con- 
tent versus the S/MO ratio is presented in 
Fig. 4a as a curve that looks like that for 
HYD activity, but the width is more impor- 
tant, the maximum is shifted to a lower stoi- 
chiometry, and the H* content still de- 
creases at S/MO ratios lower than 1.9. 

The H* species appear at temperatures 
sufficiently high that some of the sulfur ions 
at the edge sites are already removed. 
Thus, the H* content depends also on the 
presence of anionic vacancies created on 
the edge of the MO& slab. Lo Jacono and 
Hall (37) have already proposed that a re- 
versible hydrogen species is associated 
with the anionic vacancies and Moyes (10) 
attributed to the edges of the slab amounts 
of hydrogen similar to those found in this 
study. In his material, which had the stoi- 
chiometry MoHQ.&SZ, 0.011 mol of hydro- 
gen per mole of MO& was established as 
the “edge-plane hydrogen” (10). 

Considering the shape of the experimen- 
tal curve (Fig. 4a) it is impossible to know 
exactly whether all types of cus sites (Fig. 
4b) or only a few of them are involved in the 
hydrogen storage. Only the participation of 
4 cus MO ions can be eliminated as in this 
case a linear correlation with the creation of 
anionic vacancies would be observed. 
Moreover, if different kinds of cus sites are 
involved (this hypothesis seems to be the 
most probable), a complementary study in- 
volving different parameters, such as the 
occupation coefficient of the different cus 
sites by H*, would be necessary. At this 
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stage of the study a correlation is difficult 
and only a qualitative comparison can be 
proposed. 

The S/MO stoichiometry at maximum H* 
concentration (1.93) is lower than that ob- 
served at maximum HYD activity (1.96, 
Fig. 6a). Therefore, to establish compari- 
son between the variation in the content of 
the hydrogen species and the modeled 
curves, MO& of a smaller size has been 
considered. In Fig. 4b are shown results of 
calculations which have been carried out on 
a modeled hexagonal MO& slab containing 
M = 919 MO instead of M = 4681 ions. 
Such an apparent contradiction in the use 
modeling curves may be explained by the 
different nature of the information given by 
the experiments: 

1. The catalytic activity is a surface phe- 
nomenon and is proportional to the number 
of active sites accessible to the alkadienes. 

2. The reactive hydrogen species are con- 
sumed by diffusion from bulk to surface and 
by surface reaction. 

Thus, the results obtained in this study 
can be explained if a large majority of the 
cus edge MO ions are accessible only to the 
hydrogen species by diffusion and not to 
the alkadiene; the conclusion is that surface 
slabs are larger (-240 A) than bulk slabs 
(~120 A), as suggested by the modeling 
curves. 

In fact, estimation of the mean size of the 
bulk MO& crystallites is a problem in itself 
because of the “rag” structure of this solid 
(35, 36). It is highly probable that the crys- 
tallites are in reality smaller, but suffi- 
ciently joined to give perturbations in the 
average size estimation. 

Electron microscopy experiments on our 
evolving solids should help to establish cor- 
relations between real crystallite sizes and 
those estimated from the catalytic experi- 
ments (HYD and/or ISOM activities or 
measurement of hydrogen content), but this 
would involve a complementary and differ- 
ent study. For alumina-supported MO& the 
correlation between the theoretical size es- 

tablished from the HYD reaction and MO& 
stoichiometry and the real size was found 
to be satisfactory. However, in this case 
the slabs were well dispersed on the sup- 
POti (7). 

CONCLUSIONS 

On bulk MO&, the HYD and ISOM sites 
are found to be respectively the 3 a_“d 2 
and/or 4 coordinatively unsaturated (1010) 
edge plane MO ions. The same results were 
obtained previously on MoSJ~-A1203. 
Moreover, some reactive hydrogen species 
different from S-H groups and associated 
with the same anionic vacancies are shown 
to exist and are measured by a dynamic 
method. These highly reactive species are 
also located on the (1010) edge plane of the 
MO& slab which constitutes hydrogen res- 
ervoir . 

Moreover, it is highly probable that the 
active surface corresponds to the portion of 
unsaturated edge MO ions that are accessi- 
ble to the alkadiene molecule, whereas a 
large majority of unsaturated edge MO ions 
remain inaccessible to the alkadiene and 
constitute the bulk accessible only to hy- 
drogen species. In this description, the bulk 
slabs are found to be smaller than the sur- 
face slabs. 
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3. 

4. 
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