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The atomic structure of lo-&liameter platinum aggregates encaged in Y-type zeolite has been 
studied by the radial electron distribution method from X-ray data. When the particles are free from 
adsorbates the structure is distorted and the interatomic distances are contracted with respect to 
the normal fee structure of bulk platinum. On hydrogen adsorption the structure undergoes a total 
relaxation, and the aggregates exhibit the normal fee structure and interatomic distances. Benzene 
adsorption produces a weak relaxation but the structure is still distorted and contracted because 
the benzene overlayer coordinates the surface atoms less efficiently than dissociated hydrogen. In 
the course of benzene hydrogenation at 300 K with P,.,,/P,-,,, = 3 the structure is intermediate 
between that of the particles covered with hydrogen and that of the particles covered with C&; 
both reactants are therefore adsorbed on the surface. The structure is similar when the reaction is 
carried out with an excess of benzene ( PH1/Pcal = 1); in this case the surface remains partially 
covered with irreversibly adsorbed hydrogen which does not participate in the hydrogenation 
reaction. 

INTRODUCTJON 

Knowledge of the atomic structure of 
catalyst surfaces during catalytic reactions 
is needed to improve the understanding of 
heterogeneous catalysis. The composition 
and structure of the surface under working 
conditions are controlled by the kinetics of 
the elementary steps of the reaction when 
the incoming reactants, the surface inter- 
mediates and the outgoing products are in 
equiltbrium with each other. Studies of the 
atomic and electronic structures of working 
catalyst surfaces are very rare because 
most of the modem analytical tools of sur- 
face science cannot be used under reaction 
conditions. Moreover, few of them are ca- 
pable of giving information on the surface 
structure of very small metal particles on 
supports. It has been shown that the radial 
electron distribution (RED) method (I) de- 
rived from X-ray difFraction data is well 
suited to the study of the effect of the adsor- 
bates on the structure of metal aggregates 
where most of the atoms are on the surface 
(2-4). Thus it was shown that the 10-A- 

diameter platinum particles encaged in Y 
zeolite have the normal fee structure of 
bulk platinum when covered by dissociated 
hydrogen (3), whereas oxygen or sulfur ad- 
sorption leads essentially to disordered 
structures (3, 4). The aim of the present 
work is to study by the RED method the 
atomic structures of the same particles with 
a bare surface, after hydrogen or benzene 
adsorption, and in the course of the ben- 
zene hydrogenation reaction. 

EXPERIMENTAL 

I. Materials 

The PtCeNaY zeolite was obtained from 
NaY Linde S K-40 sieve by successive ion 
exchanges ftrstly in water solutions of 
Ce(NO,), and secondly in ammonia solu- 
tion of PtCI, as described previously (5-7). 
The unit cell composition of the dehydrated 
zeolite determined by the chemical analysis 
of Pte+, Cea+, and Na+ cations was 
PtllCelNaleH,lY (Y = AIWSilsaO&. The 
zeolite (l-g batch) was activated in flowing 
O3 up to 630 K at 0.5 K/min and reduced at 
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580 K under 400 Tort- (1 Torr = 133.3 N 
m-9 of hydrogen pressure. It was shown by 
high-resolution transmission electron mi- 
croscopy on ultramicrotome cuts of the ze- 
olite crystals that the sizes of platinum par- 
ticles are in the range 7-11 A. As noted 
previously (7), the presence of cerium even 
in a small amount favors the formation of 
smaller and more homogeneous particle 
sizes. 

2. Procedure 

The reduced zeolite was evacuated at 700 
Kfor 16 h at 10e5 Tot-r. Then, in a glove box 
flushed with oxygen-free dry argon, the ze- 
olite was transferred into an X-ray cell de- 
signed to record the X-ray diffraction pat- 
tern. The zeolite powder was pressed into a 
rectangular cavity drilled in the inside of 
the back of the X-ray cell. Benzene or hy- 
drogen could be adsorbed on the zeolite 
while the X-ray cell was connected to a 
vacuum or gas line. The benzene hydroge- 
nation reaction was carried out with the 
setup described in Fig. 1. The partial pres- 
sures of H3 and CsHs in the reaction feed 
were fixed by changing the composition and 
flow rate of the Ar + He mixture while the 
flow of benzene was kept constant (4 
mmole h-l). The reactions were performed 
at 300 K during the 7 days which were 
needed to collect the X-ray-difl?acted inten- 
sities. The products of the reaction were 
analyzed periodically by on-line gas chro- 
matography. Table 1 gives the nomencla- 
ture and treatments of the samples investi- 
gated. 

3. RED analysis 

The X-ray diffraction patterns were re- 
corded with a stabilized Philips diffractom- 
eter using a 2400-W tube with molybdenum 
anode (MoKdi = 0.710 A). The X-ray cell 
equipped with a 180” beryllium window was 
mounted on the 8 shaft of the Norelco go- 
niometer, and the diffraction patterns were 
taken by reflection on the pressed zeolite 
sample. The diffracted intensities were 
monochromatized with a diffracted beam 
monochromator (curved quartz crystal with 
a narrow passband) which eliminates most 
of the Compton scattering. The Compton 
intensity left at small Bragg angles is very 
weak compared to the overall diffracted in- 
tensity. The RED curves calculated from 
the intensities measured with this setup 
were checked to be similar to those ob- 
tained with a n-filtered beam from which 
the calculated Compton intensities have 
been subtracted, however, the electron 
density peaks were better resolved with the 
present arrangement. The diffracted inten- 
sities were collected from 1 to at least 130” 
(28) by scanning with 0.125 (28) steps. Data 
collection required about 7 days (10 min per 
step) to obtain good counting statistics over 
the whole range of Bragg angles. The inten- 
sities were corrected for polarization and 
set on an absolute scale (electron* units) by 
matching them at high Bragg angles to the 
calculated independent scattering. The 
RED functions were calculated by Fourier 
transformation of the scaled intensities as 
previously described (3). 

FIG. 1. Experimental arrangement designed to record the X-ray di5action pattern in the course of 
benzene hydrogenation. The X-ray cell equipped with a 180” beryllium window is mounted on the shaft 
of the diitometer. 
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TABLE 1 

Nomenclature and Treatments of the Ptl,CelNa,pH,,Y Zsolite’ 

Sample 

I. PtY (outgassed) 

II. FtY(C&) 

III. F’tY(H&& = 1) 

IV. F’tY(H&& = 3) 

V. PtY(HJC& = 109 

VI. PtY(H*) 

VII. NaHY 

Treatments” 

Activated at 630 K in O1 
Reduced at 580 K in Hz (400 Torr) 
Evacuated at 700 K, 16 h, 10es Torr 

Sample I contacted with 50 Torr of C&I, 

Sample IV contacted with the reaction 
feed PHI/PC+,= 1 

Sample V contacted with the reaction 
feed P,.,,/PGHI = 3 

Sample VI contacted with the reaction 
feed P,/P,, = 10' 

Sample I contacted with 100 Torr 
of HI 

Na,,H,Y dehydrated at 600 K under vacuum 

Atmosphere’ 

Ar 

Ar 

Reaction conditions 

Reaction conditions 

Reaction conditions 

Ar 

Ar 

a Containing 10-A Bt particles. 
b Temperatures of adsorption and reaction 300 K. 
e Atmosphere in the X-ray cell during data recording (760 Torr). 

RESULTS 

The RED exhibits peaks at values of r 
corresponding to the interatomic distances 
in the scattering medium and the intensities 
of the peaks are proportional to the number 
of interatomic vectors (I). The RED of the 
platinum-free NaHY zeolite is given in Fig. 
2 (curve 1). The best characterized peak at 
1.65 8, corresponds to the weighted average 
of Al-O and Si-0 distances while the 
shoulder at 2.65 A and the broad peak at 
3.15 A correspond to O-O and (Si, Al)-(Si, 
Al) distances, respectively. At larger r 
values the distribution merges into a contin- 
uum of interatomic distances. This mono- 
tonic distribution is due to the complex ar- 
rangement of the zeolite framework 
involving about 600 atoms per unit cell. On 
the other hand the RED of sample RY(H2) 
(Fig. 2, curve 2) exhibits sharp and large 
electron density peaks which can all be at- 
tributed to the interatomic vectors appear- 
ing in the platinum fee structure, since they 
correspond to the normal pt-Pt distances of 
bulk platinum. Although the peaks corre- 

rci 
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FIG. 2. Radial electron distriiutions. (1) RED of the 
platinum-free support (sample VII, NaHY); (2) RED 
of the platinum zeolite (sample VI, F’tY(H&; (3) differ- 
ence RED obtained by subtracting curve 1 from 
curve 2. 
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sponding to the atoms of the support are 
superimposed on this distribution they do 
not impede its interpretation. This is be- 
cause they are much smaller than the Pt-Pt 
electron density peaks and therefore the 
RED of Pt zeolites could be used as such to 
study the structure of the platinum aggre- 
gates. However, a still better resolution of 
the Pt-Pt peaks was obtained by subtract- 
ing the RED of NaHY from the RED of 
PtY(H3. The difference RED (Fig. 2, curve 
3) no longer exhibits the 1.65-A peak and 
the other peaks from the support atoms 
which decreased somewhat the resolution 
of the Pt-Pt peaks in curve 2; the inter- 
atomic distances are not appreciably 
modified. The difference procedure does 
not eliminate the interatomic vectors be- 
tween the platinum atoms and the frame- 
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FIG. 3. Radial electron distributions of the 10-A 
platinum particles obtained by subtracting the RED of 
the support. (1) RED of the bare particles (sample I); 
(2) RED of the particles covered with &HI (sample 
II); (3) RED of the particles during reaction, PaJPc,H. 
= 1 (sample III); (4) RED of the particles during reac- 
tion, Pb/PcA = 3 (sample IV); (5) RED of the parti- 
cles during reaction P,,JPc,u, = 10’ (sample V) or the 
particles covered with hydrogen (sample VI). 

work atoms. However, these vectors are 
expected to be quite random, and actually 
no peak other than the Pt-Pt peaks was 
observed on the difference distribution. 
The RED of NaHY was systematically sub- 
tracted from the RED of the PtY samples 
investigated, and the resulting support-free 
REDS are given in Fig. 3. The interatomic 
distances and the magnitudes of the Pt-Pt 
peaks are given in Table 2. 

The benzene hydrogenation reaction was 
carried out successively with a large excess 
of hydrogen (Ps/Pc,HB = lo*), with the 
stoichiometric mixture ( PH2/PCSH6 = 3), and 
also with an excess of benzene ( PH,/PCsHs 
= 1). During the experiments, the conver- 
sion of benzene did not change from the 
first few minutes of reaction to the end of 
the X-ray pattern recording which took 7 
days for each experiment. The apparent 
conversion was higher than 50% in the 
three reactions. Unfortunately the true con- 
version rate could not be measured because 
of the geometry of the X-ray cell and of the 
zeolite bed. Indeed, part of the reactant 
mixture could flow across the cell without 
contacting the zeolite, so the actual conver- 
sion of benzene interacting with the cata- 
lyst was probably 100% in every case. 

DISCUSSION 

1. Structure of the Bare Platinum 
Particles 

As shown previously (3) the RED of the 
10-A Pt particles covered with hydrogen 
(PtY(H,), Fig. 3, curve 5) exhibits all the 
Pt-Pt peaks corresponding to the succes- 
sive coordination shells of the fee structure 
with the interatomic distances of bulk plati- 
num (Table 2). The RED of the same parti- 
cles outgassed at 700 K and kept under 
argon (sample I in Fig. 3, curve 1) shows 
basically the same peaks. However, there 
are conspicuous differences: (i) all the dis- 
tances are shorter than in PtY(HJ, but the 
contraction is uneven in that the distances 
at 2.77, 4.80, and 5.52 8, are now 2.5, 1.7, 
and 3.6% shorter, respectively; (ii) the 



298 GALLEZOT AND BERGERET 

TABLE 2 

Interatomic distances (A) and Magnitudes of the Pt-Pt Peaks (@/A) 

Samples Coordination spheres (nearest neighbours) Percentage of 
relaxation’ 

1st 2nd 3rd 4th 5th 7th 

I. PtY (outgassed) 2.7@ 3.90 4.72 5.32 6.12 7.22 0 
2080” 140 1635 610 497 1296 0 

II. PtY(C,,HB) 2.71 3.92 4.75 5.35 6.15 7.25 27 
2191 140 1808 491 587 1583 27 

III. PtY(H&,Hs = 1) 2.75 3.92 4.77 5.47 6.17 7.28 64 
2340 340 2275 460 878 1959 73 

IV. PtY(H,/CBHo = 3) 2.75 3.92 4.77 5.50 6.18 7.28 64 
2360 311 2257 526 871 1985 75 

V. PtY(H,/C& = 10’) 2.77 3.93 4.80 5.52 6.20 7.32 100 
2450 460 2587 566 1051 2220 100 

VI. PtY(H*) 2.77 3.93 4.80 5.52 6.20 7.32 100 
2440 460 2483 550 1082 2200 100 

Distances in bulk Pt 2.774 3.923 4.805 5.548 6.203 7.339 

o The percentage of relaxation of the structure is estimated from the variations of the interatomic distances 
(lirst figure) and from the variations of the peak magnitudes (second figure). These values are calculated on the 
three major peaks (2.77, 4.80, and 7.32 A): 

* Interatomic distance (A). 
c Peak height (@/A). 

- 

magnitudes of the peaks decrease faster 
with r than in PtY(HJ, the three major 
peaks at 2.70, 4.72, and 7.22 A being 15, 37, 
and 42% smaller, respectively; (iii) the Pt- 
Pt peaks become slightly broader and their 
resolution decreases with r. These observa- 
tions lead us to conclude that in addition to 
the contraction of the interatomic distances 
the structure of the bare particles is dis- 
torted with respect to the ordered fee struc- 
ture. 

The contraction and distortion of the 
atom packing could be due to an intrinsic 
size effect. Indeed, when the sizes of metal 
aggregates decrease below 15 A the fraction 
of surface atoms is rapidly increasing. 
Since the coordination of these atoms is 
incomplete one can expect modifications of 
the interatomic distances and of the atom 
packing. Calculations of the minimum en- 
ergy configuration of clusters (8, 9) indicate 
that the atoms can significantly depart from 
their equilibrium position occupied in the 

fee structure to gain a more favorable coor- 
dination by increasing the number of their 
nearest neighbours and by becoming closer 
to the underneath atoms in the core of the 
cluster. Ultimately the tangential and nor- 
mal shifts of atoms can result in the building 
of a polytetrahedral or icosahedral struc- 
ture (10) in which the coordination number 
of the surface atoms is increased (I 1). Ac- 
tually the presence of such noncrystal 
structures (without long-range order) can 
neither be ruled out nor be confirmed be- 
cause the RED of sample I is consistent 
either with a mixture of fee particles and of 
noncrystal particles with contracted bond 
lengths or with contracted and distorted fee 
particles. The calculation of RED from 
models and the comparison of calculated 
and experimental REDS would be inconclu- 
sive because there are too many parameters 
involved, viz., particle sizes (distribution 5 
to 12 A), particle shapes, bond length con- 
traction, percentages of particles with the 
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fee structure and with the noncrystal struc- 
ture, and nature of the noncrystal structure 
(polytetrahedral or icosahedral). At any 
rate a sizable fraction of particles do have 
the fee structure since polytetrahedral par- 
ticles and small icosahedra would not ex- 
hibit any peak near 3.92 8, corresponding to 
atoms in square arrangement (100 facet). 

From the above discussion it turns out 
that the distortion and the contraction of 
the structure of the bare 10-A particles can 
be intrinsic, in agreement with the forecast 
of cluster calculations. However, these cal- 
culations do not take into account the parti- 
cle environment. Actually the particles are 
encaged in the supercages of the zeolite in 
close vicinity with the 48 oxygen anions 
building the cage walls. We have shown 
previously (7, 12) that the electronic struc- 
ture of the 10-A platinum particles is 
modified by the environment involving the 
crystal field of the zeolite framework and of 
the cations and also the acidity of the zeo- 
lite. Indeed, modifications of the electronic 
structure and of the geometric structure of 
atoms are always associated (11); thus the 
electron-deficient character of the platinum 
in 10-A aggregates which is mainly induced 
by a support effect might be associated with 
the contraction of bond lengths. At this 
point it is reasonable to suggest that the 
intrinsic size effect and the support effect 
are superimposed. Further experimental 
and theoretical investigations will be 
needed to find out which is the main effect 
responsible for the lattice contraction and 
distortion. We may note that the contrac- 
tion of the first nearest-neighbours distance 
was also observed by EXAFS (19). 

2. Effects of the Hydrogen and Benzene 
Adsorptions 

From the data given in Table 2 and from 
the comparison of curves 1 (RY (out- 
gassed)) and 5 (PtY(H,)) in Fig. 3 it emerges 
that the adsorption of hydrogen produces a 
total relaxation of the structure of the bare 
clusters toward the normal fee structure. 

This reordering occurs because the surface 
platinum atoms are now covered by 
strongly bonded hydrogen atoms (the A-H 
binding energy derived from the experi- 
mental heats of chemisorption (13) and 
from the dissociation energy of Hz is in the 
range 60-65 kcal * mole-‘). The surface 
atoms recover the fee packing because their 
coordination is now completed by hydro- 
gen. In a sense the adsorbed hydrogen 
atoms prolong the platinum cluster and the 
Pt atoms underneath the hydrogen layer are 
ordered like bulk atoms. 

On the other hand the adsorption of ben- 
zene on the bare 10-A particles (Fig. 3, 
curve 2) induces only a slight relaxation of 
the structure (the Pt-Pt distances increase 
by ca. 0.5% and the three major peaks re- 
cover 27% of their intensity (Table 2)). The 
structure under the layer of benzene is 
weakly perturbed because there is a weak 
interaction between the CBHs molecules 
and the surface platinum atoms. Indeed the 
heats of benzene chemisorption on metals 
reported in the literature have low values 
(e.g., 12 kcal * mole-’ on nickel (14)); fur- 
thermore, since at least six metal atoms are 
involved in accommodating a single CsHs 
molecule the binding energy of the mole- 
cule per surface atom is at least six times 
weaker. The structure of the particles cov- 
ered with benzene therefore remains con- 
tracted and distorted because the surface 
atoms remain coordinatively unsaturated. 
These results make for an associative ad- 
sorption mechanism since a dissociative 
benzene chemisorption would spill hydro- 
gen atoms on the platinum surface thereby 
producing a larger relaxation of the struc- 
ture. 

The preceding interpretation of the weak 
structure relaxation in terms of the weak 
benzene-platinum interaction could be 
questioned in view of the incomplete acces- 
sibility of the encaged Pt particles. If we 
consider the particles filling entirely the 
volume of the supercages the CsH6 mole- 
cules can only interact with the fraction of 
the surface facing the four 7.5A-diameter 



apertures. In the hypothesis where the dis- that almost all the platinum atoms are cov- 
tortion of the structure is due to the crystal ered with hydrogen and the particles ex- 
field of the zeolite (see Section 1) one could hibit the normal fee structure. This result is 
argue that the distortion persists after ben- not surprising, taking into account the reac- 
zene adsorption because the surface of the tion conditions [2 mmole h-l of benzene 
particle facing the cage walls remains un- (half the total flow because of the geometry 
shielded. In the hypothesis of an intrinsic of the X-ray cell), turnover frequency of 80 
distortion (see Section 1) one could also h-l at 25°C (5), 0.15 g of 100% dispersed Pt 
argue that the distortion persists because present in the zeolite bed], so about 3% of 
part of the surface remains uncovered with the total platinum surface is needed to con- 
benzene. Whatever the hypothesis hydro- vert totally the benzene contacting the zeo- 
gen would produce a large relaxation since lite bed. Therefore the benzene is adsorbed 
all the atoms are accessible to hydrogen and converted into cyclohexane in the up- 
atoms, as shown previously (5). However, per layer of the zeolite bed, i.e., on a negli- 
we do not believe that the accessibility gible fraction of the surface, leaving the 
question can challenge our preceding inter- main fraction covered by hydrogen. 
pretation because (i) about half the surface When the reactant flow contains a stoi- 
of the particle filling the supercages is ac- chiometric mixture of hydrogen and ben- 
cessible at the four supercage apertures, (ii) zene (PH,IPcsb = 3) the RED (sample IV, 
a number of particles detected by electron Fig. 3, curve 4) shows that the interatomic 
microscopy are small enough (~8 A) to let distances, as well as the magnitude and the 
the benzene molecules enter the cages. resolution of the Et-F? peaks, are interme- 
Furthermore, there is experimental evi- diate between those observed for the zeo- 
dence (15, 16) showing the presence in the lite covered with benzene (curve 2) and 
supercages of PtY zeolites of particles those covered with hydrogen (curve 5). Ta- 
smaller than those which can be detected ble 2 indicates that the percentage of relax- 
by electron microscopy (<5-6 A). ation with respect to the outgassed struc- 

3. E$ect of Benzene Hydrogenation 
ture is 75%, whereas the relaxation in the 
case of benzene adsorption was only 27% 

During benzene hydrogenation on the (see Section 2). It can be concluded that 
platinum zeolite the structure of the metal under these reaction conditions the space- 
surface can change locally (on the atomic and time-averaged structure corresponds to 
scale) and periodically (e.g., according to particles covered both with adsorbed ben- 
the site time yield). However, since the X- zene molecules and with adsorbed hydro- 
ray intensities are diffracted by all the gen atoms. This is consistent with a 
atoms in the solid and over a long period of Langmuir-Hinshelwood mechanism where 
time the RED calculated from these intensi- the molecules react in the adsorbed state. 
ties gives a space- and time-averaged struc- However, the present results do not prove 
ture. We have checked that the RED does that all the molecules and atoms adsorbed 
not change in successive data recordings on the surface participate in the reaction. 
with the same reaction conditions and Indeed, when the flow of reactants contains 
therefore the average structure is stable on an excess of benzene (PH2/PCSH6 = l), the 
the time scale of our experiments. RED (sample III, Fig. 3, curve 3) is quite 

When the zeolite previously outgassed or similar to that observed with the stoi- 
covered with hydrogen is contacted with a chiometric mixture (curve 4). This indicates 
reactant flow containing a large excess of that the structure of the particles is exactly 
hydrogen ( PHs/PcsHd = 103 the RED is sim- the same and therefore that the surface re- 
ilar to that of the zeolite covered with Hz mains covered with the same fraction of 
(sample V, Fig. 3, curve 5). This indicates hydrogen and with the same fraction of 
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benzene as those previously, although one 
might have expected an overwhelming ben- 
zene coverage. One is led to conclude that 
a large fraction of the surface is occupied 
by irreversibly adsorbed hydrogen atoms, 
i.e., by atoms which are not displaced by 
benzene and which are unavailable to hy- 
drogenate the benzene molecules. This is in 
agreement with previous experiments on 
Pt/A1203 showing by infrared spectroscopy 
( 17) that there is no catalytic hydrogenation 
when the benzene is adsorbed on a surface 
covered with irreversibly adsorbed hydro- 
gen. Also magnetic measurements on Ra- 
ney nickel (18) showing that benzene ad- 
sorption takes place on a smaller number of 
Ni atoms in the presence of preadsorbed 
hydrogen than without hydrogen indicate 
that part of the hydrogen is not displaced by 
benzene. 

CONCLUSIONS 

This investigation and the previous ones 
(24) show that the RED method derived 
from X-ray diffraction measurements is a 
valuable tool to study the structure of sup- 
ported metal aggregates. It should be 
stressed again that the accuracy of the 
structural information obtained by this 
method depends upon the magnitude of the 
metal scattering factor, upon the metal con- 
centration, and upon the nature and struc- 
ture of the support. The Y zeolite loaded 
with 15 wt% of platinum is of course a 
choice material to obtain the best contrast 
between the RED peaks corresponding to 
the interatomic vectors of the metal and 
those of the support. Moreover, since the 
platinum is 100% dispersed in the zeolite 
pores the structure of the aggregates is 
highly sensitive to the environment and es- 
pecially to the molecules and atoms ad- 
sorbed on their surface. 

It was shown that when the surface of the 
10-A Pt aggregates is free from adsorbates 
their structure is contracted and distorted 
with respect to the normal fee structure of 
platinum. The adsorption of hydrogen pro- 
duces a total relaxation of the structure of 

the bare particles toward the ordered fee 
packing and the interatomic distances of 
bulk metal, whereas benzene adsorption 
produces only a weak relaxation of the 
structure. These differences are related to 
the different nature of the surface com- 
plexes formed between the Pt atoms and 
the hydrogen atoms on the one hand and 
between the Rt atoms and the benzene mol- 
ecules on the other. It appears that the hy- 
drogen atom ligands fulfill the coordination 
of the surface atoms much better than the 
benzene molecules. This is because each Pt 
atom can be coordinated directly by at least 
one hydrogen atom with a large binding 
energy whereas the linkage of the benzene 
molecule to the surface is energetically 
much weaker. On the other hand, adsorbed 
oxygen or sulfur atoms interact so strongly 
with the platinum atoms that they lead to 
disordered structures with a beginning of 
structure reconstruction as evidenced by 
the formation of Pt-0 -I? and Pt-S-Pt link- 
ages (3, 4). Clearly the structure of the 
metal aggregates cannot be regarded as 
definitively tixed since the adsorbates can 
lead to various rearrangements of the atoms 
from weak relaxations to total structure re- 
constructions. 

This investigation was the first attempt to 
determine the structure of metal aggregates 
in the course of a catalytic reaction. The 
conclusion that the surface is covered both 
by adsorbed benzene and by adsorbed hy- 
drogen during the hydrogenation of ben- 
zene was expected because this is in agree- 
ment with all the proposed reaction mech- 
anisms of the Langmuir-Hinshelwood 
type. Less expected was the fact that ben- 
zene covers only a fraction of the metal 
surface which does not change even in the 
presence of a large excess of benzene in the 
gas phase. This result is in agreement with a 
zero reaction order since the coverage in 
benzene does not depend on pressure, but 
the important corollary is that a large frac- 
tion of the surface remains covered by irre- 
versibly adsorbed hydrogen which is not 
displaced by benzene and which does not 
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participate in the reaction. Further investi- Eds.), Vol. 2, p. 696. The Chemical Society, Lon- 
don, 1977. gations with P,,/P,,,, ratios larger than 3 

(but much smaller than 104) should be car- 
ried out to study the variance of the surface 
composition and to check if part of the sur- 
face is also covered by irreversibly ad- 
sorbed benzene. 
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