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Selective hydrogenolysis of Sn(n-C Hy), on a Ni/SiO, catalyst
has been carried out at various temperatures and at various cover-
ages of the metallic surface by the organotin(IV) compound. The
surface reaction was followed by chemical analysis of the gaseous
and surface products, electron microscopy, infrared spectroscopy,
magnetic measurements, and EXAFS measurements. At room
temperature, and in the absence of metallic particles, Sn(n-C H,),
is simply physisorbed on the silica surface and can be easily ex-
tracted by n-heptane. In the presence of metallic Ni, and provided
that the amount of Sn introduced represents less than ca. a mono-
layer of the metallic surface, hydrogenolysis of Sn(n-C,H,), occurs
exclusively on the Ni particles, as evidenced by STEM-EDAX
measurements, infrared spectroscopy, and EXAFS measurements.
Analysis of the gaseous products evolved at increasing tempera-
tures, infrared measurements, and EXAFS measurements indicate
a stepwise cleavage of Sn—alkyl bonds. At temperatures lower than
323 K, there is formation of relatively stable surface organometallic
fragments which can be formulated as Ni[Sn(n-C,Hy),], in which
“Ni,” represents surface nickel atoms (x = 2, 3). The stoichiometry
of the surface reaction leading to stable surface organometallic
fragments depends both on the surface coverage (y) of the nickel
particle by the organometallic compound and on the temperature
of the hydrogenolysis. For the sample obtained after hydrogenolysis
at 323 K for 10 h and for a Sn/Nij, ratio of 0.5, an average of 2.5
butyl groups remain on the surface. The EXAFS experiments (at
the Sn K-edge) carried out on such a sample show that adsorbed
Sn is surrounded on average by 2.5 light backscatterers (very
probably C type) and by 1.3 heavy backscatterers (most probably
Ni). Various possible structures have been proposed, taking into
account the results of the analytical and EXAFS data, as well
as the magnetic and chemisorption measurements. For reaction
temperatures greater than 373 K, all butyl groups are hydrogeno-
lysed mainly as butane. STEM-EDAX experiments show that,
provided that the amount of Sn introduced is lower than a mono-
layer of the Ni,, the signal of Sn is always associated with that
of Ni, indicating the lack of migration of tin to silica. Electron
microscopy indicates that the average metallic particle size on the
surface increases by a value of about 1.5 nm. For a Sn/Ni ratio
of 0.5, EXAFS studies show that each ‘“naked” tin atom is sur-
rounded by 4 Ni atoms or less, suggesting that tin atoms have not
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migrated into the nickel particles. Magnetic measurements suggest
that each tin atom has then the same magnetic effect as 4.5 chemi-
sorbed hydrogen atoms.
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1. INTRODUCTION

Surface organometallic chemistry (SOMC) is a rela-
tively new field of chemistry devoted to the study of the
reactivity of organometallic complexes with surfaces (1).
The complexes may be those of main group elements,
transition metals, lanthanides, or actinides (2—4). The sur-
faces may be those of highly divided inorganic oxides (5,
6), or those of zero-valent metallic particles (7-10). In the
latter case, the field is defined as surface organometallic
chemistry on metals (SOMC/M) (11). The nature of the
metallic surface may be that of a highly dispersed metallic
particle, supported or unsupported, or even that of a single
crystal. The new catalytic materials obtained by SOMC/
M can be divided into two groups, depending on whether
or not some organometallic fragments remain on the
surface:

(i) There are no remaining organometallic fragments
on the surface; the high selectivity observed with these
bimetallic catalysts, presumably but not necessarily
alloys, has been ascribed to the simple concept of site
isolation (7). According to this concept, the catalytically
“‘active’’ transition metal atom is surrounded by catalyti-
cally “‘inactive’’ Sn atoms so that no possibility of side
reactions (for example, those involving dimetallacycle in-
termediates (12)) can occur. However, the degree of con-
trol of the ‘‘coordination sphere’ of the ‘‘active metal
atom’’ in an alloy is limited: it is restricted to the composi-
tion of the alloy and to the nature of the so-called inac-
tive metal.

(ii) There is a remaining organometallic fragment on the
surface; it is then theoretically possible to control at an
atomic and molecular level the coordination sphere of the
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active metal atom with this organometallic fragment. By
changing at will the steric and electronic properties of this
organometallic fragment, it should be possible to influence
the chemo-stereo- and/or regio-selectivity of a variety of
reactions catalyzed by metallic surfaces (13-17).

Recently, we have demonstrated that it is possible to
graft tin alkyl fragments onto the surface of rhodium parti-
cles supported on silica by selective hydrogenolysis of
Sn(n-C,H,), on this material (18). When the amount of
tin introduced represents less than a monolayer on the
metallic surface, the reaction occurs almost exclusively
at the metallic surface and not on the silica surface. Inter-
estingly, the new catalytic material obtained by this route
exhibits unexpected catalytic properties of chemoselec-
tivities: whereas rhodium alone does not present any
chemoselectivity in the hydrogenation of olefinic alde-
hydes, the rhodium particles covered by tin-alkyl frag-
ments are both very active and very selective for the
hydrogenation of the aldehydic function (16). It was there-
fore of interest to see whether or not other transition
metals can accommodate on their surface stable tin alkyl
fragments and under which chemical and/or thermal con-
ditions this can occur. This article reports results which
demonstrate for the first time that it is also possible to
graft organotin fragments, namely Sn(n-C,Hy),, onto the
surface of Ni particles supported on silica. These organo-
metallic fragments are also obtained by selective hydro-
genolysis of Sn(n-C,H,), on the metallic surface of silica-
supported Ni particles.

2. EXPERIMENTAL

2.1. Monometallic-Supported Ni Catalyst

The preparation of the monometallic catalyst has been
described elsewhere (19). The silica support (Aerosil 200
m? g') was purchased from Degussa. Ni(NH;)(OH), is
obtained by dissolution of Ni(NO,),-6H,0 in a concen-
trated ammonia solution. The Ni is grafted onto silica by
cationic exchange between [Ni(NH,)]** ions and surface
=Si-0O NH; groups by stirring a slurry of the silica and
the [Ni(NH;),)** for 10 h. After filtration, the surface
complex obtained is then decomposed by calcination at
673 K under a mixture of flowing nitrogen/oxygen (5/1),
reduced under flowing H, at 673 K and then passivated
at 298 K under a flowing oxygen—nitrogen mixture (3/
100). Analysis of the nickel or tin content was achieved
after treatment with HNO, + HCI and then HF. After
dissolution of the sample, quantitative analysis was car-
ried out by atomic absorption. The accuracy for nickel
and tin was close to 2 and 5%, respectively.

2.2. Chemisorption Meusurements

Gas adsorption measurements were carried out at room
temperature using conventional Pyrex volumetric adsorp-
tion equipment. The vacuum (10~% mbar) was achieved
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with a liquid-nitrogen-trapped mercury diffusion pump.
The equilibrium pressure was measured with a Texas In-
strument gauge (pressure range 0—1000 mbar with an accu-
racy of 0.1 mbar). The catalyst sample was placed in
a Pyrex flow-through cell to allow reduction in flowing
hydrogen at 773 K. After reduction, the cell was sealed
and the sample was outgassed at 523 K for 2 h under
vacuum before hydrogen chemisorption measurements.
The amount of hydrogen adsorbed by the catalyst was
determined from the decrease in gas pressure.

Atroom temperature and under an equilibrium pressure
of 200 mbar, it was assumed that each nickel surface atom
(Ni,) adsorbs one hydrogen atom, as already established
by several workers (20, 21). Metal dispersion (D = Nig/
Ni) was calculated from H, uptake. Average crystallite
diameter (d) was evaluated using the equation d (nm) =
0.971/D, based on the assumption that the metal particles
are spherical and of uniform size (22).

2.3. Hydrogenolysis of Sn(n-C,Hy), on Reduced Ni
Particles (Ni-H/SiO,)

This reaction was performed in the same apparatus as
described above. After reduction under flowing H,, the
sample was sealed under H, and then kept at room temper-
ature under 30 mbar of H,. This catalyst is described
hereafter as Ni-H catalyst. The desired amount of
Sn(n-C,H,), was then carefully introduced into the reactor
via a septum, without any contact with air. The reaction
was performed at various temperatures: 298, 323, 373,
and 423 K. The gases evolved during the reaction were
trapped at liquid nitrogen temperature in another part of
the apparatus, to avoid possible feedback of the gases onto
the catalytic surface and prevent further hydrogenolysis.
After various times () of reaction, the reactor was isolated
and the temperature of the cold part was raised to room
temperature. The gases evolved during the reaction time
(1) were qualitatively and quantitatively analyzed by GC
and volumetric measurements. At the end of the reaction,
the solid was washed with n-heptane and the amount of
unreacted Sn(n-C,H,), was measured by GC.

In order to determine the stoichiometry of the surface
reaction, a careful quantitative analysis of the reactants
(H, and Sn(n-C,H,),) and gaseous products was carried
out. The reaction between a given amount of Sn(n-C,H,),
and H, with a known amount of Ni-H/SiO, was per-
formed in a closed vessel. For a Sn/Ni, ratio fo 0.5 and
a slight excess of H,, all Sn(n-C,H,), reacted. Therefore,
one can assume the general chemical equation

H, + Sn(n-C,H,), + (Ni~-H)
S ———

—~ —
(a) (b) (0) (1]
(Ni-H) + [(Ni,).Sn(n-C,H,),] + C,H, + H,.
—— . — 4 S——— '
(d) (b) e 0
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The quantity of Sn(n-C,H,), introduced (b) was con-
trolled. Careful measurement of the initial amount of gas-
eous hydrogen (a), the initial amount of adsorbed hydro-
gen (c), the total amount of butane evolved (¢), and the
final amount of gaseous hydrogen (f), allow us to calculate
the amount of adsorbed hydrogen at the end of the reac-
tion (d) on the new catalytic material: d = ¢ + 2a-e-
2f. The number (z) of surface nickel atoms available for
grafting on one Sn(n-C,Hy), fragment was easily obtained
by z = (c-d)/b. The values obtained for y = 0.5 (y = Sn/
Ni,) after reaction at 323 or 423 K are reported in Table 1.

2.4. Magnetic Measurements

The magnetization of the samples was measured in an
electromagnet (field up to 21 kOe) at room temperature
using the Weiss extraction method (23). The system was
calibrated using unsupported pure nickel. The sample was
prepared following the same procedure as described pre-
viously. At the desired step of the reaction, the reactor
was sealed in order to completely isolate the sample and
the magnetization of the sample was measured. The de-
gree of reduction was calculated from saturation data
taken on the reduced monometallic catalyst. Two metallic
particle sizes were evaluated from magnetization data at
high and low magnetic fields (d, and d,, respectively).
The average diameter of the nickel particles was deduced
from the simple equation: d = (d, + d,)/2.

2.5. Electron Microscopy

Conventional transmission electron microscopy
(CTEM) and scanning transmission electron spectroscopy
(STEM-EDAX) were performed using JEOL 100 CX and
Vacuum Generator HBS electron microscopes, respec-
tively. CTEM was used to obtain histograms of metallic
particle size of the catalysts. STEM experiments were
carried out to identify and to locate Sn and Ni on the
silica surface.

2.6. Infrared Spectroscopy

Infrared spectra were obtained with a Nicolet 10
MX-1 Fourier transform instrument. All the experiments
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were carried out under a controlled atmosphere with strict
exclusion of air, oxygen, and moisture. The samples (self-
supporting wafers) were placed in a sample holder which
could move inside a closed reactor from the treatment
position (located in an oven) to the analysis position (lo-
cated between two CaF, windows in the infrared beam).
Infrared spectroscopy was used to evaluate the number
of alkyl groups present on the surface during the hydro-
genolysis reaction of Sn(n-C,Hy), on Ni,/SiO,. This was
achieved by considering the absorbance of the v(C-H)
band at 2960 cm™!. The introduction of Sn(n-C,H,), was
carried out under a controlled atmosphere via a syringe
through a septum connected to the IR cell.

2.7. EXAFS Analysis

The EXAFS measurements were performed at the
LURE synchrotron radiation facility using the X-ray
beam emitted by the DCI storage ring (positron energy,
1.85 eV; ring current 300 mA). The spectra were recorded
in the transmission mode at room temperature using a
Si(311) double-crystal monochromator and two Ar-filled
ionization chambers as detectors. EXAFS cells, about
1 cm thick, with sealed Kapton windows were used as
sample holders. The samples were prepared as described
above at the desired temperature under H, in a glass
reactor connected to the EXAFS cell. The powdered sam-
ples were transferred under argon to the EXAFS cells,
which were then sealed. The edge jumps ranged from 0.5
to 1.0 eV and the total absorption beyond the Sn K-edge
ranged from 2 to 2.5 eV. The energies were scanned with
3 eV steps starting from 100 eV below the edge up to 800
eV beyond the edge. The AE/E resolution was estimated
to be approximately 4 x 1074,

3. RESULTS

3.1. Characterization of the Monometallic
Material: Ni/SiO,

Ni/8i0,-supported monometallic catalyst was prepared
with a metal loading of 6.55%. The particle size distribu-

TABLE 1

Stoichiometry of the Reaction between Sn(n-C,H,), and Ni,-H for Sn/Ni, = 0.5 for Two Reaction Temperatures

Coefficients of Eq. [1]¢

Ratio
T (K) a b ¢ d e f dic xt Pl
323 63.5 £ 1 54 = 1 108 = 1 582 143 = | 17 £ 1 0.53 £2 2 1.1
423 212 £ | 54 + 1 108 = 1 49 + 1 226 = 1 134 = 1 045 2 0 1.1

Note. a, b, ¢, d, e, and f are the Coefficients of Eq. [1].

%a, b, e, and f are expressed in umol/g; ¢ and d are expressed in patom/g.

b x = Cy/Sn; z = (¢ — d)/b.
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FIG. 1. Particle size distribution, on the surface, of the various
catalysts deduced from CTEM: (a) Ni/SiO;, (b) Ni-Sn/Si0, after hydro-
genolysis of Sn(n-C,;Hy), at 573 K for S h.

tion of this Ni/SiO, catalyst has been determined by
CTEM analysis. A typical histogram is givenin Fig. 1. The
distribution is rather narrow, with an average diameter (d)
of 4.0 nm. Using the formula D = 0.971/d (22) an estimated
dispersion of 0.24 was obtained.

Chemisorption of H, was used as an indirect method
to determine metal particle size. The isotherms were mea-
sured at 298 K under hydrogen pressures ranging from 0
to 300 mbar. As seen in Fig. 2, there is a plateau for
hydrogen pressures higher than ca. 50 mbar. Under these
conditions, the amount of gas adsorbed on the support is
negligible. The accepted stoichiometry of I H,om/Ni atom)
was assumed at the above-mentioned equilibrium pres-
sure. The resulting dispersion (0.22) is in good agreement
with the value obtained from CTEM analysis (0.24).

The degrees of reduction were calculated from the mag-
netization at saturation data. They were taken on the
reduced (723 K under flowing hydrogen) and desorbed
(523 K for 2 h in vacuo) monometallic catalysts. They
were estimated to be close to 100% (24). Two metallic
particle sizes were evaluated from magnetization data at
high (d,) and low (d,) magnetic fields (d, = 3.9 nm and
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FIG. 2. Isotherms of H, adsorption on (a) the starting Ni/SiO, and
{b) on the NiSn/SiO,. Sn/Nis = 0.5.

d, = 5.9 nm). The average diameter deduced from the
equation d = (d, + d,)/2 was 4.9 nm, in quite good agree-
ment with the value obtained from CTEM (4 nm). In
summary, three independent methods give similar results
for the metallic particle size, namely 4.5 = 0.5 nm.

3.2. Hydrogenolysis of Sn(n-C,Hy), on Ni-H/SiO,

3.2.1. Stoichiometry of the Hydrogenolysis Reaction
as a Function of Temperature. The amount of fixed tin
as well as the analysis of the gases evolved for the reaction
at various temperatures and for three different Sn/Ni
ratios are reported in Figs. 3-5 and Table 2.

For any reaction temperatures lower than 373 K, butane
is the only gas evolved. For reaction temperatures higher
than 373 K, the major product is still butane, but small
quantities of butenes (ca. 8%), propane (ca. 8%), ethane
(ca. 2.1%), and methane (ca. 2.1%) are observed.

Figures 3-5 show that the amount of evolved gas

e + 223K

4.
/Dﬂ 73K
35 % /

J
x
7 e
25 4 x— X 293K

RATIO OF BUTANE EVOLVED / FIXED Sn
LS]

0 —t + 4 4 4
0 10 20 10 40 50
TIME (h)

FIG. 3.
temperatures between Ni-H/Si0, and Sn(n-C,Hy), .

Amount of butane evolved during the reaction at various
Sn/Nig = 0.2.
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FIG. 4. Amount of butane evolved during the reaction at various
temperatures between Ni/SiO,; and Sn(n-C4H,). Sn/Nig = 0.5,

reaches a plateau after a certain time of interaction. This
phenomenon is observed regardless of the Sn/Ni, ratio.
After reaching these equilibria, washing the catalyst with
n-heptane did not remove any significant amount of unre-
acted Sa(rn-C,Hy), . Therefore, all Sn(n-C,H,), introduced
was fixed on the catalyst surface. This result is confirmed
by the data of Table 2: Within experimental error, the
amount of tin introduced at the beginning of the experi-
ment is equal to the amount of grafted tin at the end of
the experiment. The amount of gas evolved depends on
temperature and on the Sn/Ni, ratio; For a given tempera-
ture, the lower the Sn/Ni, ratio, the higher the amount of
butane evolved. For example, at 323 K, the tin complex
is fully dealkylated for a Sn/Ni, ratio of 0.2 but only
partially dealkylated for Sn/Ni ratios greater than 0.5
(compare Figs. 3 and 4). At 298 K, there are clearly some
butyl groups remaining on the catalyst surface, even after
50 h of reaction (see Figs. 3-5). A new material which
can be described by the general formula Ni[Sn(n-C,Hy), ],
with 1.5 < x < 2.5 for 0.2 < y < 1 is thus obtained. At
323 K and for y > 0.5, almost two butyl groups remain
on the surface even after 30 h of reaction, while for y =
0.2, all the butyl groups are removed after ca. 20 h. At
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FIG. 5. Amount of butane evolved during the reaction at various
temperatures between Ni/SiO, and Sn(n-C,Hy)s. Sn/Ni, = 1.

373 K, regardless of the coverage of the metallic surface,
all the butyl groups of the starting tin complex are re-
moved after less than 10 h.

These data indicate clearly that, for a given tempera-
ture, the coverage of the nickel surface atoms by the
organometallic fragment determines the overall stoichi-
ometry of the hydrogenolysis:

(i) At high surface coverage there is incomplete hydro-
genolysis, and the surface organometallic fragments are
stable, at least at low temperature (298 K).

(ii) At low coverage of the Ni surface, the organometal-
lic fragment is fully dealkylated even at low temperature.
Steric crowding is less important around the grafted or-
ganotin compound and there are enough nickel atoms to
achieve full hydrogenolysis of the alkyl chains.

This interpretation of the data is probably oversimpli-
fied since it is quite reasonable to assume that the hydro-
genolysis of the organometallic fragment will occur more
specifically on certain crystallographic planes or defects.
Therefore the coverage is not the only parameter to con-
sider if one wishes to fully understand this aspect of sur-
face organometallic chemistry on metals.

The determination of the stoichiometry of the surface

TABLE 2

Comparison between the Amount of Sn(n-C4H,), Introduced, Sn/Ni, (intr) and the Amount
of Grafted Tin Sn/Ni, (anal), after 50 Hours of Reaction at Various Temperatures

Temperature (K)

298 373 298 423 298 373
Sn/Ni; (intr) 0.20 0.20 0.50 0.50 1.0 1.0
Sn/Ni; (anal)*® 0.30 0.26 0.55 0.49 0.90 1.1

9 The catalyst was washed with n-heptane to remove any unreacted Sn(n-C,H,),.
® The SnNi, ratio was determined by chemical analysis, but the accuracy of these measurements is =0.1.
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TABLE 3

Magnetic Effect of Tin Atoms or Fragments Observed during Reaction at Increasing
Temperatures between Sn(n-C,H,), and Hydrogen-Covered Ni /SiO,

Sample number”

1 2 3 4 5 7 8

Temperature (K) 298 298 298 323 373 573 723
M, (a.u.) 233 193 175 175 124 106 100
O, 0 1 0.5 0.5 0.5 0.5 0.5
(Sn/Ni,) — — 0.5 0.5 0.5 0.5 0.5
x(C4/Sn) — — 2.5 1.5 0 0 0

M/Sn(uy) — — 1.9 1.9 4.4 5.3 5.6

2 For sample designation, see text.
reaction has been achieved by considering the mass bal- 3.2.2. Infrared spectroscopy. Infrared spectroscopy

ance of reactants and products at equilibrium. The follow-
ing equations can be observed at two temperatures (see
Experimental and Table 3):

0.5 Sn(n-C,Hy), + (Ni,-H)

22K 0.5 (Nii-H) + 0.5[Sn(n-C,Hy),(Ni))] + C,H,,

0.5 Sn(n-CHy), + (Ni,-H)

22K 0.5 (Ni-H) + 0.5[SnNi,] + 2 C,H,,.

The relative amount of hydrogen remaining on the catalyst
after reaction at 323 and 423 K (Table 1) Oy, = d/c) was
close to 0.5. This suggests that each organometallic frag-
ment cancels the chemisorptive property of the same num-
ber of nickel atoms as each atom of hydrogen.

o)
g b
z
E
b3
W
Z
<
o
=)
t t t $
4000 3500 3000 2500 2000 1500
WAVENUMBERS (cm™!)
FIG. 6. Infrared spectra corresponding to (a) the monometallic re-

duced Ni-H/SiO, catalyst and (b) to the same catalyst after reaction

with Sn(n-C,Hj), at 298 K for 50 h.

was used to follow the hydrogenolysis of Sn(n-C,H,), on
the catalyst Ni-H/SiO,. Figure 6 presents spectra corre-
sponding to the monometallic reduced Ni-H/SiO, cata-
lyst (a) and to the same catalyst after reaction with Sn(n-
C,Hy), at 298 K for 50 h under hydrogen (b). The »(OH)
vibration of the silica support situated at 3748 cm™' is not
modified. Simultaneously, the »(C~H) bands correspond-
ing to the grafted alkyl chains are observed at 2960
v,(CH,), 2928 v,(CH,), 2878 v (CH;), and 2862 cm™'
v(CH,), (25). These results indicate that when reduced
metallic Ni particles are present on silica, Sn(n-C,H,),
reacts with the metal particles preferentially.

On silica, Sn(n-C,Hy), reacts with the silanols at about
423 K to give the well-defined compound >Si—O-Sn(n-
C,H,); which has been fully characterized (28). Interest-
ingly, with this grafted organotin compound, the alkyl
chains are interacting inter alia with the remaining silanols
via hydrogen bonding. This interaction, which can be
demonstrated both by CP-MAS *C NMR and by infrared
spectroscopy, causes important modifications of the
v(OH) vibrations of the silanols (drastic broadening and
alow-frequency shift of the »(OH) bands) and a significant
chemical shift of the '*C resonance of the & carbon (see
Scheme 1). Interestingly, this interaction does not seem
to occur to a great extent when the organometallic frag-
ment is situated on the metallic particle.

HH  HH

By,
g o H
BU‘SnMP-H

| HH  He_

SCHEME 1
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The variation in the intensity of »(CH,) bands corre-
sponding to the grafted alkyl chains and to the gas phase
during the reaction with Sn(n-CH,), at 298 K is shown
in Fig. 7. Clearly, there is a rapid decrease in the intensity
of the bands attributed to the grafted organometallic frag-
ment and, simultaneously, a rapid increase in the intensity
of the bands characteristic of the gaseous butane.

As seen in Fig. 7, a temperature of 423 K is needed to
fully remove the butyl groups from the metallic surface.
To summarize this infrared study, it appears that the or-
ganometallic compound does not react at low temperature
with the silanol groups. This can be evidenced by the
presence of the v(CH) bands of the alkyl chains and by
the absence of modification of the »(OH) bands of the
silica. Above 423 K, the alkyl chains are hydrogenolyzed
and appear in the gas phase (as hydrocarbons).

ABSORBANCE

| T T | | 1
3100 3050 3000 2950 2900 2850 2800 2750 2700

WAVENUMBERS (cm’')

0.t
b

ABSORBANCE

%

1 [ | T I | 1 I
3100 3050 3000 2950 2900 2850 2800 2750 2700

T =m0 on Fo

WAVENUMBERS (cm™})

FIG. 7. Variation in the transmittance of the v(CH,) bands corre-
sponding to the grafted alkyl chains (below) and to the gas phase (above)
during the hydrogenolysis reaction of Sn(n-C,H,), at 298 K, during 1h45,
a, 3h15, b, 18h30, c, 50h, d, 90h, e, and 323 K, f, 373K, g, and 423 K, h.
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3.2.3. Magnetic measurements. Magnetic measure-
ments, when applied to dispersed nickel particles, can
give useful information both on the morphology of the
reduced particles (degree of reduction, metal particle size)
and on the nature of adsorbed species (23). Saturation
magnetization (M) was calculated by plotting the magne-
tization M against 1/H (H is the magnetic field) and extrap-
olating to 1/H = 0. Variations of saturation magnetization
A M, occurring during chemisorption of simple molecules
such as hydrogen are usually expressed in u, per adsorbed
molecule. The magnetic effect of one adsorbed molecule
(x) is then expressed by u, = kAM,/q, where g is the
amount of adsorbed molecules. In order to easily compare
the results, we take the magnetic effect of one adsorbed
hydrogen atom as unity: this assumption means that each
adsorbed atom of hydrogen cancels the magnetization of
one nickel atom. The corresponding value is denoted puy .

Various samples were prepared and their magnetiza-
tions at saturation (M,) were taken at room temperature.

—Sample (1) was a monometallic catalyst reduced at
723 K and desorbed at 523 K in vacuo. It is denoted
Ni©/Si0,.

—Sample (2) was obtained from sample (1) after treat-
ment under 30 mbar of H, and is denoted Ni,H/SiO,.

—Samples (3), (4), (5), (6), (7), and (8) were obtained
by reaction between sample (2) and a desired amount of
Sn(n-C,H,), corresponding to the ratio Sn/Ni; = 0.5. The
reaction was performed under 30 mbar H, for 30 h at 298,
323, 373, 473, 573, and 723 K for samples (3), (4), (5), (6),
(7), and (8), respectively. The amount of butane evolved
during these reactions (C,/Sn) and the relative amount of
hydrogen remaining adsorbed on the catalyst (6, ,) was
quantitatively determined.

Variations in the magnetization at saturation (M,) and
in the amount of butane evolved with reaction tempera-
ture are reported in Table 3. Clearly, the magnetization
at saturation of the starting sample decreases in several
steps: The first step is due to the formation of the nickel
hydride (6 = 1). We assume that each surface hydrogen
atom cancels the magnetization of one surface nickel
atom. The second step occurs when Sn(n-C,Hy), is al-
lowed to react with the hydrogen-covered surface. When
approximately 2 + 0.5 butyl groups have reacted to give
butane and a surface organometallic fragment Ni[Sn(n-
CHy),], (x = 2 = 0.5; y = 0.5) there is a new decay of
the saturation magnetization. This decay is moderate and
will be used to estimate the number of nickel atoms mag-
netically perturbed by each organometallic fragment (vide
infra). The third step is observed when all the butyl groups
have been evolved as butane and the nickel surface is
covered by the naked tin atoms. One can see easily that
this decrease in magnetization of the nickel particle is
the strongest: the number of nickel atoms magnetically
perturbed by each tin atom is quite large.
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If one takes into account the magnetic effect of the
remaining adsorbed hydrogen, it is possible to calculate
the magnetic (M,/Sn) effect of each grafted Sn(n-C,H,),
fragment or naked tin. The results are reported in Table
3 from which it is seen that each grafted organometallic
fragment (1 < x < 3) has a magnetic effect of ca. 2 uy
and each naked tin has a magnetic effect of ca. 4.5 to
6 uy depending on the temperature of reaction.

To a rough approximation one may be tempted to con-
clude that each tin organometallic fragment cancels the
magnetic susceptibility of two nickel atoms. When this
tin organometallic fragment is fully dealkylated, the num-
ber of nickel atoms affected by this tin atom increases
drastically. For a reaction temperature of 373 K, the num-
ber of these nickel atoms is about 4.5, suggesting that the
tin atoms are located on the outer layer of the particles.
For reaction temperatures greater than 573 K, each naked
tin atoms cancels the magnetism of more than 6 nickel
atoms as if there was formation of an alloy in which each
tin atom is surrounded on average by several nickel atoms.
Let us recall that at such a Sn/Ni ratio (12%) tin—nickel
alloys are still magnetic (29).

3.2.4. Electron microscopy. The particle size distri-
bution of the bimetallic catalyst obtained by reaction be-
tween Ni-H/SiO, and Sn(n-C,H,), (Sn/Ni; = 0.5) at
473 K has been determined by CTEM analysis. A typical
histogram is given in Fig. 1b. The distribution is rather
narrow, with an average particle diameter d of 5 nm. If we
compare this histogram with the histogram of the starting
monometallic catalyst, there is an increase in the size of
each of the metallic particles, rather than an increase in
the metallic size via a sintering effect.

Scanning transmission electron microscopy performed
on more than 500 metallic particles of the same bimetallic
solid as above confirm that tin and nickel are located
in each metallic particle with the same atomic ratio as
expected from the amount of Sn(n-C,Hy), introduced and
confirmed by elemental analysis. No isolated tin atoms
on the silica surface are observed.

3.2.5. Extended X-ray absorption fine structure.

The adsorption of metal ions onto alumina using metal
ions as local microprobes has been recently studied by
EXAFS (26). By analogy, the adsorption of Sn(n-C,H,),
onreduced Ni/Si0O, systems has been followed by EXAFS
at the SnK-edge. Three samples have been successively
investigated: sample (a), Ni-free silica impregnated with
Sn(n-C,H,),; sample (b), obtained by interaction between
Ni/SiO, and Sn(n-C,Hy), (Sn/Ni; = 0.5) under hydrogen
(30 mbar) at 323 K for 10 h; and sample (c), obtained by
interaction between Ni/SiO, and Sn(n-C,H,), (Sn/Ni, =
0.5) under hydrogen (30 mbar) at 423 K for 5 h.

k3-Weighted Fourier transforms without phase correc-
tion were performed over the 3.5 < k < 11.5 range after
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FIG. 8. Fourier transforms (k* weighted; without phase correction)
of (a) SnBu,; (b) sample obtained by interaction between Ni/SiO, and
SnBu, (Sn/Ni; = 0.5) under hydrogen at 50°C for 10 h; (c) sample
obtained by interaction between Ni/SiO; and SnBu, (Sn/Ni, = 0.5) under
hydrogen at 423 K for 10 h.

multiplication by a Hanning window; see Fig. 8a. Back-
ground subtraction, normalization, and Fourier trans-
forms were performed using the UWXAFS analysis pack-
age developed at the University of Washington (27). The
Fourier-transformed EXAFS spectra, without phase cor-
rection, of samples (a), (b) and (c) are reported in Fig. 8.
For sample (a), the presence of close backscatters at R
value lower than 2 A, probably the Ca of the butyl groups
are observed. Upon heating, the nearest backscattering
peak is broadened and shifted to R value close to 2 A, as
shown in Fig. 8b. For sample (¢), a narrow peak is ob-
served at a distance higher than 2 A, which is probable
attributable to Ni or Sn backscatters.

Theoretical Sn---C, Sn---Ni, and Sn --- Sn phase shift
and amplitude functions were calculated using the FEFF5
program developed at the University of Washington (27).
Due to the large difference between their atomic numbers,
Ni and Sn backscatterers can be readily distinguished by
EXAFS. Conversely, O and C backscatterers are very
difficult to separate. In agreement with the preliminary
results showing that Sn(n-C,H,), does not react at room
temperature with silica in the absence of Ni particles (un-
der the conditions specified for the preparation of samples
(b) and (c)), the presence of carbon (rather than oxygen)
backscatterers around the grafted tin atoms was assumed.
The fits were performed both on the real and imaginar
parts of the Fourier transforms overa 1 < R < 2.9
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FIG. 9. Imaginary part and magnitude of Fourier transform (solid
lines; &* weighted; without phase correction) of the sample obtained by
interaction between Ni/SiO, and SnBu, (Sn/Ni; = 0.5) under hydrogen
at 423 K for 10 h. The results of EXAFS analysis obtained with the best
calculated coordination parameters are shown with marks (B, imaginary
part; O, magnitude). The fits were performed over the 1.1- to 2.9-A
R range.

range (see Fig. 9). For the fitting procedures no constraints
were introduced on the distances, coordination numbers,
Debye—Waller factors, or energy shifts.

The EXAFS signal of sample (a), consisting of silica-
supported Sn(n-C4Hy),, was easily fitted with 4 C back-
scatterers located at 2.12 A around the tin atoms; see
Table 4.

For sample (c), the peak at 2.2 A (uncorrected distance
value; see Fig. 8c) could be unambiguously attributed to
Ni backscatterers, with a coordination number of 3.2. A
minor contribution of C backscatterers was taken into
account to fit correctly a shoulder visible in the main peak
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of the Fourier transform, shown in Fig. 8c. The total
coordination number around the tin atoms in sample (c)
remained close to 4, a value much lower than that ex-
pected for a true alloy of the same composition (ca. 10).
As expected, the EXAFS analysis of sample (b) indicated
a tin environment intermediate between those observed
in samples (a) and (c). Average values of 2.5 and 1.3 were
found for the C and Ni coordination numbers, respec-
tively. In all samples, the total coordination number
(N¢ + Ny;) was approximately 4. Thus, the Sn—-C were
progressively replaced for Sn—Ni bonds when the butyl
groups were evolved.

4. DISCUSSION

In this paper we have studied the selective hydrogen
olysis of Sn(n-C,H,), by silica-supported Ni. The metallic
phase of the starting Ni material is composed of particles
of zero-valent Ni regularly distributed on the silica surface
with a narrow distribution of particle sizes centered
around 4 nm. The size of these particles has been con-
firmed by electron microscopy, magnetic measurements,
and chemisorption of H,. The zero oxidation state of
the metallic particles has been determined by magnetic
measurement.

At 298 K and under 30 mbar of hydrogen, Sn(n-C,H,),
reacts selectively with the nickel surface with formation
of butane. After 50 h of reaction, and for a ratio
Sn(n-C,H,), introduced per Ni, atoms lower than 0.9, the
total quantity of Sn(n-C,H,), introduced is fixed exclu-
sively on the nickel surface and there is no evidence of
silanol consumption. Evidence for such selective hydro-
genolysis of the organotin complex on the nickel surface
is given by a combination of several techniques, namely
IR, STEM-EDAX, chemical analysis, magnetization
measurements, and EXAFS at the Sn K-edge.

Clearly, some butyl groups remain on the nickel sur-
face, as demonstrated by infrared measurements and by
chemical analysis of the total amount of butane evolved
at increasing temperatures. However, the situation is
complex and several parameters play an important role.

TABLE 4

Structural Parameters of Samples (a)-(c) Determined by EXAFS at the Sn K-Edge®

Coordination

Debye—Waller factor Energy shifts

Sample Backscatterer number R(A) o (A) x 10° AE, (eV)
(a) C 4.4 2.12 33 -1.0
(b) C 2.5 2.17 33 -3.0

Ni 1.3 2.62 10.0 -3.0
-(c) C 0.8 2.16 9.0 -5.0
Ni 3.2 2.58 10.8 -5.0

¢ The inaccuracies of the coordination numbers, distances, and Debye-Waller factors are +20%, +2%

and *20%, respectively.
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The temperature and the coverage of the nickel surface
atoms by the organometallic fragment determine the over-
all stoichiometry of the hydrogenolysis:

—at high surface coverage there is incomplete hydro-
genolysis and the surface organometallic fragments are
stable at least at low temperature (298 K);

—at low coverage of the Ni surface, the organometallic
fragment is fully dealkylated even at low temperature
(298 K).

There are probably several reasons that explain such
behavior: steric crowding could occur at high coverage
and prevent the alkyl chains from further hydrogenolysis
on the surface. At low coverage, steric crowding is less
important around the grafted organotin compound and
there are enough nickel atoms to achieve full hydrogen-
olysis of the alkyl chains. The second parameter which
should be mentioned is the effect of defects on the selec-
tivity of the hydrogenolysis. It is probable that the degree
of hydrogenolysis of the organometallic fragment depends
on the nature of the exposed planes or defects (low coordi-
nation atoms at edges, steps, or corners). We do not
know what the structure of the catalyst would be if the
hydrogenolysis were to be performed under continuous-
flow conditions.

The structure of the grafted organometallic fragment
will obviously depend on the temperature and the degree
of coverage of the nickel surface. Consequently, the for-
mulae vary from sample to sample. For the sample ob-
tained after reaction at 323 K for 10 h and for a Sn/Ni
ratio of 0.5, almost 2.5 butyl groups remain on the surface.
The EXAFS experiments carried out on such a sample
show that adsorbed Sn is surrounded, on average, by 2.5
light backscatterers (very likely C atoms) and by 1.3 heavy
backscatterers which must be, most probably, Ni atoms.
To summarize the various analytical data, particularly the
EXAFS data (2.5 C atoms at 2.17 A and 1.3 Ni atom at
2.62 A), one is tempted to propose the coexistence of at
least two surface structures for this particular situation
as depicted in Scheme 2:

2
N
/

H
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262A -~ Ni

Ni

SCHEME 2

For the same sample, magnetic measurements indicate
that, on average, the magnetic effect of each grafted or-
ganotin fragment is the same as that corresponding to
two chemisorbed hydrogen atoms. Interestingly, careful
measurements of the stoichiometry of the reaction suggest
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that each grafted organotin fragment occupied only one
surface nickel atom.

For reaction temperatures greater than 373 K, all butyl
groups are removed. STEM~EDAX experiments show
that, provided that the amount of Sn introduced is lower
than a monolayer of the Ni, the signal of Sn is always
associated with that of Ni. No Sn signal is observed on
the silica surface. Electron microscopy indicates that the
average metallic particle size increases by a value of about
1.5 nm. Clearly, the tin atoms are located on or in the
nickel particles. For a reaction of 5 h at a temperature of
423 K and for a Sn/Ni; ratio of 0.5, EXAFS studies show
that each naked tin atom is surrounded by less than 4 Ni
atoms and magnetic measurements suggest that each tin
atom has the same magnetic effect as 4.5 chemisorbed
hydrogen atoms. For metallic particles of about 5 nm in
diameter, if the tin atoms were located in the bulk of the
metallic particles, the expected value for the number of
nearest neighbors would be almost 7. Apparently after
reaction at 373 K, the naked tin atoms are located on the
surface or close to the surface of the nickel particles and
not in the bulk. This is a reasonable assumption, consider-
ing that the number of tin atoms introduced is less than
a monolayer of the surface and consequently less than a
NiSn alloy.
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