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The calculated electronic perturbation of the butadiene molecule
is identical when it is adsorbed either on the Pd–Ni bimetallic sys-
tem or on the pure Pd surface. However, the calculations provide
evidence that the butadiene adsorption strength is much smaller
in the former case. The orbital by orbital analysis reveals that the
π -dz2 interaction is reduced, whereas the π∗-dyz is enhanced with
respect to the pure Pd surface. Nevertheless, since the total electron
transfers from the π orbitals to the π∗ orbitals within the butadiene
molecule are similar, a two-electron analysis alone is unable to ex-
plain the large difference between the butadiene adsorption energy
on the Pd–Ni surface alloy and that on pure Pd. This difference is
partly related to anti-bonding interactions since the Pd–Ni bimetal-
lic system exhibits a larger four-electron destabilization (roughly
+25%). Evidence is also presented for a reduced electron exchange
between the Pd–Pd adsorption site and its neighboring atoms in the
case of the Pd–Ni bimetallic system with respect to the pure Pd and
consequently a diminished coupling with the electron reservoir cre-
ated by the extended surface. Hence, the adsorbing Pd clusters of a
bimetallic system appear more isolated from the remaining part of
the solid than they do in the pure Pd. c© 1997 Academic Press

I. INTRODUCTION

The catalytic stability, selectivity, and/or activity of
bimetallic systems are known to be superior in many cases
to the analogous properties of a monometallic catalyst (1).
Numerous theoretical and experimental studies, employing
model catalysts, are aimed at the study of the changes that
occur in the structural, electronic, and chemical properties
of catalysts upon the addition of the second metal (2–10). A
metal atom deposited on the surface of a second metal can
exhibit large perturbations in its electronic and chemical
properties. In many cases, the phenomena responsible for
the perturbations have not been identified and the problem
of understanding the properties of bimetallic systems is cur-
rently attracting new theoretical and experimental work.

1 To whom correspondence should be addressed. E-mail:
dsimon@chimie.ens-lyon.fr.

2 This laboratory is part (UPR 5401) of the CNRS.

The purpose of this paper is to focus on the Pd–Ni
bimetallic system. The butadiene hydrogenation test reac-
tion reveals that Pd atoms deposited on Ni(111) exhibit an
activity similar to that of pure Pd (3, 4) for various Pd cov-
erages (namely, from 0.5 to 3.0 monolayers). XPS studies
show that the Pd 3d5/2 core level is shifted toward higher
binding energies than those of the pure Pd surface atoms
by at least 0.4 eV (4). In a previous paper (6), calcula-
tions based on an Extended-Hückel model, improved by
the implementation of a two-body nuclear repulsion en-
ergy adapted from the correction technique used in the
Anderson (ASED-MO) theory, have been performed on
the naked Pd–Ni system. We have shown that the elec-
tronic structure of Pd atoms are altered compared to pure
Pd, since a Pd(4d) electron depletion occurs. Moreover, a
thermal treatment of the Pd deposits leads to an activity
enhancement (roughly one order of magnitude) without
any further electronic or selectivity alteration (3, 4). Geo-
metrical modifications have consequently to be taken into
account to explain the increased activity. Low energy ion
scattering experiments have shown that the annealing leads
to a Pd–Ni intermixing, giving rise to a surface alloy with a
sharp Pd depth profile.

In this paper we examine the consequences of these phe-
nomena on butadiene adsorption on the Pd–Ni bimetal-
lic system as compared with the pure Pd surface, using an
adapted ASED-MO method. Actually, this model alone
cannot fully explain the reactivity toward butadiene hydro-
genation. An improvement would be to check the behavior
of butadiene adsorption in the presence of hydrogen. Nev-
ertheless, if the role of hydrogen is considered as minor, as
previously suggested (4), one can reasonably assume that
the butadiene adsorption is a major step in the activity to-
ward hydrogenation.

II. THE THEORETICAL METHOD

In our calculations, the butadiene is adsorbed on Pd
atoms included in the first layer of a Ni(111) surface mod-
eled by a semispherical-like cluster constituted by 114
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TABLE 1

Extended Hückel Parameters

Atom Orbital Hii (eV) ζ 1 ζ 2 c1 c2

Ni 4s −7.95 1.89
4p −3.85 1.89
3d −10.05 6.785 2.359 0.6462 0.5504

Pd 5s −7.90 2.05
5p −2.36 2.05
4d −10.51 5.983 2.613 0.5535 0.6701

C 2s −19.9 1.95 1
2p −9.9 1.95 1

H 1s −12.1 1.35 1

metallic atoms and exhibiting an extended surface. The
large number of atoms involved in the calculations excludes
the use of first principle methods. Periodic calculations are
also not appropriated since the Pd–Ni surface alloy is not
known as being ordered (3, 4).

This bimetallic surface has been studied in a previous
work (6) within an adapted Extended-Hückel framework
(11–13) including an electrostatic internuclear repulsion
potential (6, 14–17). The main limitation of this semiempir-
ical method is its non-self-consistent character. As a con-
sequence, one of the drawbacks is the exaggerated elec-
tron charge drifts. Hence, atomic and molecular binding
energy cannot be compared on a absolute scale. Neverthe-
less, its transparency and simplicity make it well suited for
studying and analyzing chemical interactions on large sys-
tems by molecular orbital perturbation theory. The relative
structural stabilities and qualitative trends in bonding are
correctly described. The usefulness of bonding concepts, de-
rived within the Extended-Hückel formalism in the case of
extended systems with interfaces and adsorbed molecules
has been convincingly demonstrated (18).

With an accurate choice of parameters, this all-valence-
electron simplest semiempirical method provides a correct
approximation to the electronic structure. The Hückel pa-
rameters used in our calculation (see Table 1) are chosen in
order to reproduce experimental data: (i) the Fermi level
difference between pure Ni and pure Pd is 0.2 eV (i.e., iden-
tical to the work function difference (19a)), (ii) the d-band
of pure Pd is roughly 1.5 times wider than the Ni-band (19b),
(iii) from X-ray diffraction experiments (20), the bulk inter-
atomic distance of pure Pd and pure Ni are 2.74 and 2.49 Å,
respectively, (iv) the optimum interatomic distances for the
butadiene molecule in the gas phase are dC==C= 1.34 Å (21),
dC–C= 1.48 Å (21), and dC–H= 1.12 Å (21). Compared to
standard values, the Hii values, which represent the energy
of the atomic orbitals, are shifted upward for carbon and
hydrogen, in order to simulate self-consistency and obtain a
reasonable charge transfer between the surface and the ad-
sorbed molecule (namely from 2 electrons to roughly 0.2).

The adsorption energy is expressed as

εads = 1Ee− +1Erep,

where 1Ee− and 1Erep are calculated as a difference be-
tween the energy of a “cluster+ adsorbed molecule” sys-
tem and a “bare cluster with molecule in the gas phase”
one. The orbital population calculations are based on a
Mulliken analysis (22). Plotting the contribution of each or-
bital against the energy constitutes the local density of states
(LDOS). A Gaussian broadening of the discrete spectrum
obtained is applied in order to display the results of the cal-
culations in terms of continuous density of states curves. For
a single atom, the LDOS curve is obtained by cumulating
all the atomic orbital LDOS.

III. BUTADIENE ADSORPTION

1. General

Experimental near edge X-ray adsorption fine structure
(NEXAFS) studies (23) and another theoretical work (12)
have already provided evidence for a di-π adsorption mode
of the butadiene molecule on pure Pd(111). The di-π mode
involves both butadiene double bonds (Fig. 1, left). Our
theoretical results are also in favor of a butadiene di-π ad-
sorption mode (εads=−1.02 eV) compared to the di-σ one
(Fig. 1, right) involving only one of the double bonds of
the molecule (εads=−0.70 eV). These results are consistent
with experimental catalytic test data which indicate that the
Pd(111) selectivity toward butenes is equal to unity. The ad-
sorption energy of olefins (either π or di-σ adsorbed), be-
ing smaller than that of a di-π adsorption of the butadiene
molecule, prevents butane formation as long as butadiene
is present in the gas phase by removing butenes from the
catalytic surface (24).

FIG. 1. Side and top views of di-π and di-σ coordination mode of
butadiene on the 114 atom cluster.
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FIG. 2. Di-π adsorption mode of the butadiene molecule on the Pd2

aggregate included in the first Ni(111) layer and on the Pd7 aggregate
included in the first Ni(111) layer.

This particular adsorption geometry involves both buta-
diene double bonds and uses two contiguous metal atoms.
In contrast with the pure Pd surface, the Pd–Ni bimetallic
system exhibits three different types of adsorption site: the
Pd–Pd site and the Pd–Ni and Ni–Ni ones. The assumption
of a Pd homonuclear adsorption site is strongly supported
by catalytic tests (5, 25), based on the decreasing number of
Ni–Ni and Pd–Ni sites as the Pd coverage increases. More-
over, we have checked the different types of adsorption
sites, and the calculations confirm the stability of the Pd–Pd
site. Therefore, this paper is devoted to the study of the bu-
tadiene adsorption on the Pd–Pd active site of two sizes of
Pdn clusters (namely the Pd2 and Pd7 clusters) included in
the first Ni(111) layer. Among various possible shapes for
the Pd aggregates (see Fig. 2), the ones used for the study
of the butadiene adsorption are the most stable within our
theoretical model (6), the Pd atoms being all located in the
same plane. Up to now, no experience allows one to ob-
tain the atomic arrangement of the bimetallic surface. We
have chosen to investigate the behavior of a small (Pd2)
and a large (Pd7) cluster in the course of the butadiene ad-
sorption. The electronic and geometrical properties of these
surfaces have been studied in detail in a previous paper (6).
We recall hereafter the most important results concerning
the Pd–Ni surface alloy compared to the pure Pd.

Due to a charge transfer from Pd(4d) to the surround-
ing Ni atoms (0.13 e−) and to a Pd(4d)→Pd(5s) electronic
transfer, the Pd d-band is depleted by 0.17 e−, whereas the
s-band occupancy is slightly increased. Indeed, the alloying
leads to a lower lying Pd d-band and to a destabilized Pd
s-band. The computed Fermi level is Ef=−9.60 eV, i.e.,
0.2 eV above the Fermi level of the pure Pd. The Pd LDOS,
when they are projected on the orbitals mainly involved
in the adsorption phenomena (dz2 and dyz), exhibit a poor
density of states just below the Fermi level and a large con-
tribution located at about −11.0 eV characteristic of the
Pd–Ni interaction, illustrating a more localized character
than in the pure Pd case. The Pd–Ni surface alloy also ex-
hibits particular geometrical characteristics since the opti-
mal computed Pd–Pd distances are found to be equal to
2.64 Å (for the Pd2 cluster) and to 2.59 Å (for the Pd7 clus-
ter) instead of 2.74 Å for the pure Pd. The Pd–Ni distances
are found to be 2.52 or 2.57 Å (Pd2 case) and 2.54 Å (Pd7

case). It has to be underscored that these distances between
the adsorption site and its first neighbors are much shorter
than in the pure Pd case.

Experimental studies (3, 4) have shown that the bimetal-
lic surface selectivity toward butenes is equal to unity.
This suggests that the butadiene adsorption mode on the
bimetallic surface would also occur in a di-π mode. This
statement is supported by our theoretical calculations. The
computed adsorption energies on the Pd–Ni bimetallic sys-
tem are displayed in Table 2 for both Pd2 and Pd7 clusters
included in the first Ni layer. The difference between the
di-π and the di-σ mode is similar to the case of pure Pd,
supporting that the butadiene is expected to be di-π ad-
sorbed on a Pd–Ni bimetallic surface.

Figure 2 depicts the adsorption sites in the case of the
surface alloys. In the Pd7 cluster case, among various ad-
sorption sites, the most stable configuration (as a result of
an optimization within our theoretical model) uses the cen-
tral and the edge atoms of the Pd7 aggregate. Due to the
butadiene orientation on the surface, mainly the dz2 and the
dyz metal orbitals are appropriated for an interaction with
the butadiene frontier orbitals depicted in Fig. 3 (right).
For symmetry reasons, only the π -dz2 and the π∗-dyz inter-
actions will be considered in the qualitative study of the
chemisorption. Actually, the π∗ orbitals interact with both

TABLE 2

Comparison of the Butadiene Adsorption Energy for Pd2

and Pd7 Clusters Included in the First Ni(111) Layer

Pd2 in Ni Pd7 in Ni

di-σ di-π di-σ di-π

εads (eV) −0.40 −0.62 −0.45 −0.65

Note. The optimized Hybridization parameters are h= 0.5 for the
di-π geometry and h= 0.65 for the di-σ geometry.
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FIG. 3. Two- and four-electron interactions between the frontier or-
bitals of the butadiene and metal bands.

the dxz and dyz metal orbitals, since the C–C terminal bonds
of the butadiene molecule are not parallel to the Pd–Pd site
direction (x–z plane in Fig. 2). Nevertheless, the behavior
of dxz upon butadiene adsorption is analogous to that of
dyz, so we restrict the analysis of the π∗ interaction to the
dyz metal orbital case.

Upon adsorption, the butadiene electronic structure is
altered and this leads to geometrical distortions of the
molecule. For the sake of simplicity, the geometrical dis-
tortions are assumed to be governed by a single parameter
h (12), which measures the hybridization between the gas
phase structure of butadiene (sp2 hybridization) and the to-
tally hybridized “sp3 geometry” (corresponding to ethane).
Whereas the C–H distances remain unchanged, the vari-
ations of C–C bond lengths, dihedral angles, and C–C–C
angles between these two limiting cases are assumed to be
linear with respect to the h parameter. In the case of the bu-
tadiene di-π adsorption mode on the bimetallic surface, the
optimum h parameter is found to be equal to 0.5, suggesting
that the butadiene is strongly altered upon adsorption. It
has to be emphasized that this parameter is equal to the one
calculated in the case of the pure Pd(111) surface (12). A
detailed analysis of the butadiene electronic structure upon
adsorption will be discussed in Section 2.

The metal–carbon distance is still under debate, since,
to our knowledge, no particular work has been devoted
to the butadiene adsorption on the Pd–Ni system surface.
However, Ohtani et al. (26) have worked on benzene coad-
sorbed with carbon monoxide on Pd(111). Their theoreti-
cal treatment of the LEED data allows one to estimate the
Pd–C distance. In the case of benzene, dPd–C is found to

be 2.39 ± 0.05 Å, whereas 2.05 ± 0.05 Å is calculated for
dPd–CO. Other theoretical work (12) has assumed dPd–C=
2.1 Å in the case of ethylene and butadiene adsorbed on
Pd(111) on the basis of ethylene–Pd coordination complex
experimental distances. This might suggest that the range
2.0 to 2.45 Å for the Pd–C distance is realistic. The optimal
distance is found to be equal to 1.97 Å within our theoret-
ical model. This indicates a tendency of the calculations to
underestimate the Pd–C distance.

The interaction between the butadiene molecule and the
bimetallic surface can be partitioned in three components:
(i) the two-electron stabilizing interactions (between the
π orbitals, or correspondingly the π∗ orbitals, of the buta-
diene molecule and the vacant bands, or correspondingly
the occupied bands, of the bimetallic system) visualized in
Fig. 3, (ii) the four-electron destabilizing interactions (be-
tween occupied levels on both sides), (iii) the electrostatic
nuclear interactions (between each of the atoms). The elec-
tronic factors are governed by the energetic position of the
π and π∗ orbitals with respect to the metal Fermi level and
by their overlap with the surface metal bands. It has to be
emphasized that the hybridization has an important influ-
ence on these electronic factors and consequently on the ad-
sorption phenomena since increasing the h parameter leads
to a destabilization of the π orbitals and to a stabilization
of the π∗ orbitals: they move closer to the Fermi level and
consequently the two-electron interaction is enhanced. On
the other side, the overlap of the π and π∗ orbitals with the
metal bands of the adsorption site decreases with increasing
h, favoring the nonhybridized situation.

The four-electron interaction is, in a perturbation the-
ory approach, proportional to the square of the overlap
between the two interacting orbitals. One possible way of
evaluating this interaction is to compute the following sum
which is taken as a criterion for the four-electron destabi-
lization strength:

I =
Ef∑

Ei=Eb

S2
Ei
. [1]

SEi stands for the overlap of all butadiene orbitals with the
surface levels of energy Ei. Eb stands for the bottom energy
of the metal bands and Ef for the metal Fermi level [12]. In
order to improve this qualitative evaluation of the destabi-
lization, one can take into account the electronic occupancy
of the interacting orbitals since, upon adsorption, a part of
some bands is expected to move above or below the Fermi
level and cause an electron occupancy variation. Therefore
the square of the overlap between the two interacting or-
bitals is corrected with their occupancy in order to give a
weight “one” for plain four-electron interactions, a weight
“zero” for two-electron interactions, and an intermediate
weight for the other interaction.

In the course of the adsorption, the mainly involved metal
bands widen. This phenomenon has also to be taken into
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account since the electron transfer is correlated with the
band part which rises above or goes below the Fermi level
and has an implication for the two- and the four-electron
interactions.

The last interaction which has to be studied is the repul-
sive internuclear one, which we have implemented in the
Extended Hückel framework, using an adapted ASED-MO
model as explained above, and which we have already used
in our previous work (6).

2. Results and Analysis

Table 3 displays the adsorption energy and Pd–C over-
lap populations in all the studied cases. The study of the
computed adsorption energies reveals a large difference
between the Pd–Ni bimetallic and the pure Pd surfaces
(εads=−0.65 and −0.62 eV for Pd7 and Pd2 clusters in the
Ni(111) surface, respectively, and εads=−1.02 eV for the
pure Pd surface), indicative of a markedly diminished bu-
tadiene adsorption strength on the Pd–Ni system. Never-
theless, it appears that the Pd–C overlap populations are
equal to 0.24 in all cases, suggesting that the metal–carbon
bonds are similar on both the pure Pd and the bimetallic
systems. This is not too surprising since the computed Pd–C
distances are found to be equal on both kinds of surface,
in contrast with the significant difference observed for the
adsorption energies.

Table 4 describes the two-electron interactions and dis-
plays the π and π∗ electron transfers, the total electron
transfer, the butadiene π orbital mean electronic stabiliza-
tion, defined as the difference between the mean electronic
energy of the orbital after and before the adsorption. The
mean electronic energy is calculated as the total energy of
the electrons in this orbital, divided by the occupation of
the orbital: hence it represents the mean energy per elec-
tron and is related to the stability of the orbital. For the π∗

orbitals the mean electronic stabilization cannot be defined
since they are empty before adsorption. The C==C overlap
population, for the three types of surface, is also indicated
in Table 4. In contrast with the qualitative rules generally
invoked for the analysis of vibrational spectroscopy data

TABLE 3

Comparison of the Butadiene Adsorption Energy and Pd–C
Overlap Population for Pure Pd, Pd2, and Pd7 Clusters Included
in the First Ni Layer

[Pd–carbon]
εads (eV) overlap population

Pure Pd surface −1.02 0.24
Pd7 included in Ni(111) −0.65 0.24
Pd2 included in Ni(111) −0.62 0.24

Note. The optimized hybridization parameter is h= 0.5 for the di-π
geometry.

TABLE 4

Comparison of the C==C Overlap Population, Electron Trans-
fer, and Mean Electronic Stabilization, Optimal for Butadiene Ad-
sorbed on Pure Pd, Pd2, and Pd7 Clusters Included in the First
Ni(111) Layer

π and π∗ interactions
C==C

overlap 1pπ 1pπ∗ |1pπ| +1pπ∗ 1Eπ

population (e−) (e−) (total π transfer) (eV)

Pure Pd surface 0.73 −0.90 0.96 1.86 1π : −0.19
2π : −0.44

Pd7 included 0.73 −0.85 1.02 1.87 1π : −0.20
in Ni(111) 2π : −0.35

Pd2 included 0.73 −0.82 1.04 1.86 1π : −0.17
in Ni(111) 2π : −0.39

Butadiene gas 1.01 — — — —

Note. The optimized hybridization parameter is h= 0.5 for the di-π
geometry. The mean electronic stabilization is defined as the difference
of the mean electronic energy after and before butadiene adsorption.1p,
electronic transfer upon adsorption; 1E, mean energy stabilization upon
adsorption.

(27), the butadiene electronic perturbations upon adsorp-
tion are similar on both the pure Pd and the Pd–Ni bimetal-
lic systems. This is illustrated by the overlap population of
the C==C bond, which is equal to 0.73 in all cases. It is not
surprising since the optimal h parameter is equal to 0.5 in
all cases and the π system total electron transfers are very
similar (1.86 e−, 1.87 e−, 1.86 e− for pure Pd and for Pd7

and Pd2 clusters, respectively). Nevertheless, the orbital by
orbital analysis reveals some differences.

The interactions of occupied π orbitals with the cluster
molecular orbitals are weaker in the case of the Pd–Ni sys-
tem since the associated electron transfer is smaller (−0.85
and −0.82 e− for Pd7 and Pd2, respectively, compared with
−0.90 e− in the case of the pure Pd). Concomitantly, the
1π and 2π orbital energetic stabilization are weaker (see
Table 4). This can be visualized by the LDOS projected on
theπ orbitals for the pure Pd and the Pd2 cluster, depicted in
Fig. 4. The part which rises above the Fermi level is greater
for the pure Pd than for the bimetallic surface alloy. It can
be understood in terms of (i) the Fermi level energetic loca-
tion, which is lying 0.2 eV higher for the bimetallic system
than for the pure Pd, and (ii) the Pd2 cluster band, appear-
ing more localized in energy and energetically lower-lying
than the pure Pd one. Hence, the π interactions are likely
to be reduced. Let us notice that the 1π orbital stabilization
is less altered that the 2π one, since it is less interacting with
the surface.

Table 5 displays the electron transfer and the stabilization
of the dz2 and dyz orbital part of one of the Pd atoms in the
adsorption site (defined as the difference of the mean elec-
tronic energy after and before adsorption, over all the oc-
cupied levels). The study of the dz2 electron transfer reveals
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FIG. 4. Density of states projected on π orbitals of the butadiene
molecule after adsorption. (a) Pure Pd case. (b) Pd2 aggregate included in
the first Ni(111) layer. The broken line indicates the Fermi level.

that the depletion is smaller in the case of the bimetallic sys-
tem than in the pure Pd case (−0.62 for the pure Pd, −0.52
and −0.46 for Pd7 and Pd2, respectively). This occurs con-
comitantly and is consistent with the above-cited reduced
π electron transfer. It is illustrated by the LDOS projected
on the Pd dz2 orbital, depicted in Fig. 5. The part of the band
which rises above the Fermi level upon adsorption is smaller
in the case of the Pd–Ni system (Figs. 5c and 5d) than in the
pure Pd case (Figs. 5a and 5b). Let us note that the shape
below the Fermi level remains roughly unchanged upon
adsorption, in both the pure Pd case (Fig. 5b compared to

TABLE 5

Comparison of the Electron Transfer (1p) and the Mean Elec-
tronic Stabilization (1E) for Butadiene Adsorbed on Pure Pd, Pd2,
and Pd7 Clusters Included in the First Ni Layer

dz2 dyz

1P 1E (eV) 1p 1E (eV)

Pure Pd surface −0.62 −0.34 −0.38 −0.31
Pd7 included in Ni(111) −0.52 −0.32 −0.36 −0.32
Pd2 included in Ni(111) −0.46 −0.27 −0.36 −0.32

Note. The optimized hybridization parameter is h= 0.5 for the di-π
geometry. The mean electronic stabilization is defined as the difference of
the mean electronic energy after and before butadiene adsorption over all
occupied levels.

Fig. 5a) and the Pd–Ni bimetallic system (Fig. 5d compared
to Fig. 5c): in particular, the large contribution located at
−11 eV is still present in the case of the alloy. The reduced
dz2 –π interaction can also be illustrated by the energetic sta-
bilization of the dz2 orbital upon adsorption (Table 5). As
expected, it is smaller in the case of the bimetallic system
with respect to the pure Pd surface (−0.32 and −0.27 eV
for Pd7 and Pd2, respectively).

The π∗ interactions are enhanced (Table 4) since the as-
sociated electron transfers are greater (1.02 and 1.04 e− for
Pd7 and Pd2 respectively) than that seen in the pure Pd case
(0.96 e−). This can be illustrated by Fig. 6 which depicts the
LDOS projected on the π∗ orbitals. The part of the orbital
which rises below the Fermi level is greater than in the case
of the pure Pd, suggesting a better “π∗–surface” interac-
tion in the case of the bimetallic system. This can be under-
stood by considering the Fermi level energetic location of
the Pd–Ni surface alloy which is calculated at−9.60 eV with
respect to the pure Pd (Ef=−9.80 eV), i.e., 0.2 eV higher.
Consequently the “π∗–surface” interaction is likely to be
enhanced, suggesting that the Fermi level location prevails
over the localized character of the d orbital.

Concerning the electron transfer of the dyz orbital
upon adsorption, the difference between the surface alloy
and the pure Pd appears very slight since the dyz orbital
stabilization upon adsorption is nearly identical for both
types of surface (Table 5). The part of the dyz orbital which
is expected to rise above the Fermi level upon adsorption
(and therefore lead to an electron depletion) is smaller
than the dz2 one. The energetic location of the Fermi level
(with respect to the pure Pd) allows a significant part of
the dyz band to remain below the Fermi edge. This can be
illustrated by Fig. 7 which depicts the LDOS projected on
the dyz orbitals before and after adsorption (for the pure
Pd and the Pd2 cluster). If the Fermi level was located
at −9.80 eV, as for the pure Pd, the electron depletion
would be more important (namely −0.43). It has to be
emphasized that the LDOS shape seems to be less altered
upon adsorption (at least for the part of the band located
below the Fermi level) with respect to the primitive shape
(i.e., before adsorption) compared to the LDOS shape pro-
jected on the dz2 orbital. This is explained by the fact that
the dz2 orbital interacts with the 1π and 2π orbitals, whose
energies are close to the Pd d level, while dyz interacts with
vacant π∗ orbitals located further away in energy.

Despite the fact that the surface geometry is kept frozen
in our calculations, the surface morphology may change
upon adsorption since the d orbitals of the Pd atoms of
the adsorption site are electronically depleted. This may
have an implication on the Pd–Pd bond. Figure 8 depicts
the OPDOS (overlap population density of states) of the
Pd–Pd adsorption site in the case of pure Pd. The lowest part
of the d band is largely bonding before butadiene adsorp-
tion and the highest part is anti-bonding. The width of the
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FIG. 5. Density of states projected on the dz2 orbital of one Pd atom of the adsorption site. (a) Before adsorption on the pure Pd. (b) After
adsorption on the pure Pd. (c) Before adsorption on the Pd2 aggregate included in the first Ni(111) layer. (d) After adsorption on the Pd2 aggregate
included in the first Ni(111) layer. The broken line indicates the Fermi level.

FIG. 6. Density of states projected on the π∗ orbital of the butadiene
molecule after adsorption. (a) Pure Pd case. (b) Pd2 aggregate included in
the first Ni(111) layer. The broken line indicates the Fermi level.

lower bonding part of the d orbitals suggests that it is rather
delocalized. The shape of the OPDOS is essentially un-
changed after adsorption except for the contribution lo-
cated around −11.5 eV which becomes anti-bonding. The
total overlap population of the Pd–Pd bond runs from 0.075
to 0.053 in the course of the adsorption, implying a slight
adsorption-induced weakening of the Pd–Pd surface bond.
Figure 9 depicts the OPDOS of the Pd–Pd bond of the
bimetallic system. The d orbitals are more localized and
mainly centered around −11 eV for the bonding part. The
highest part of the band (anti-bonding) is broader than for
the pure Pd case. Upon adsorption the OPDOS curve shows
only a small decrease in the bonding area (Fig. 9). However,
this is enough to yield a Pd–Pd overlap population decrease
from 0.072 to 0.043, suggesting that the bond is more altered
in the course of the adsorption than for the pure Pd case.
This stronger perturbation of the bonds within the surface
by the chemisorption in the case of the alloy is in good cor-
respondence with the reduced binding energy, despite the
similar Pd–C bond strength.

Table 6 displays the internuclear repulsion due to the
butadiene approach and the four-electron interaction. The
analysis of the internuclear repulsion reveals that the Pd–Ni
surface exhibits a reduced repulsive interaction toward bu-
tadiene (1.12 and 1.06 eV for Pd7 and Pd2, respectively)
compared with the pure Pd surface (1.16 eV). This is not
surprising since numerous Ni atoms (smaller and exhibit-
ing a smaller apparent charge than Pd) are part of the
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FIG. 7. Density of states projected on the dyz orbital of one Pd atom of the adsorption site. (a) Before adsorption on the pure Pd. (b) After
adsorption on the pure Pd. (c) Before adsorption on the Pd2 aggregate included in the first Ni(111) layer. (d) After adsorption on the Pd2 aggregate
included in the first Ni(111) layer. The broken line indicates the Fermi level.

cluster. Nevertheless, the decreased nuclear repulsion en-
ergy seems not to be the relevant criterion to invoke, since
its variation is small and in the opposite direction to the one
expected for a destabilization of the butadiene molecule on
the bimetallic surface. Therefore, the internuclear repulsion
seems to be of secondary importance.

The study of the four-electron interaction reveals that
the bimetallic system exhibits larger destabilizing interac-
tions with respect to the pure Pd surface (0.20 for pure Pd,
0.25 and 0.24 in the Pd7 and Pd2 cases, respectively, i.e.,+25
and +24% with respect to pure Pd). Whereas studies (in
the case of pure Pd (28)) have shown that the Pd–Pd in-
teratomic distance of the adsorption site has only a slight

FIG. 8. Overlap population density of states of the Pd–Pd bond in the
pure Pd case. Plain line, before adsorption, dashed line, after adsorption.

influence on the four-electron interaction, the adsorption
site geometrical environment plays, on the contrary, a cru-
cial role. Indeed, a large part of the four-electron desta-
bilization comes from the interaction between C–H bond
electrons and metal atom neighbors of the Pd–Pd adsorp-
tion site. Therefore, the interatomic distances between the
adsorption site atoms and their first neighbors and the to-
tal electronic occupancy of these surrounding atoms seem
to be of primary importance. For the Pd2 and Pd7 cluster
case (dPd–Ni are distributed around 2.54 Å), the atoms in
the vicinity of the adsorption site are much closer to the
molecule than in the case of pure Pd (dPd–Pd= 2.74 Å) and

FIG. 9. Overlap population density of states of the Pd–Pd bond in
the Pd2 aggregate included in the first Ni(111) layer case. Plain line, before
adsorption; dashed line, after adsorption.
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these atoms exhibit a greater total electronic occupancy
(namely around 10.2 e−) than that seen in the pure Pd case
(10.1 e−). Even though these atoms are of different nature
(namely Ni atoms, in the case of the Pd2 cluster), exhibit-
ing a narrower d-band than the Pd atoms, the four-electron
interaction is increased compared with that of the pure Pd.
Setting to zero the overlaps between the butadiene and the
atoms which are not part of the adsorption site leads to
reduced values of the [1] integral, to a stabilization of the
butadiene molecule on the Pd–Ni bimetallic surface and to
a diminished difference with respect to a pure Pd surface,
indicating that a significant part of the four-electron desta-
bilization comes from the butadiene interaction with atoms
which are not part of the adsorption site. The four-electron
interaction due to the adsorption site only (overlaps set to
zero) are roughly similar.

3. Discussion

In the case of an adsorption on a metallic surface, the
electron reservoir constituted by the metal plays an impor-
tant role in the adsorption phenomena since all the electron
transfers between a metal and an adsorbate are achieved
through the adsorption site. The ability of the metallic sur-
face to accept or give back electrons is crucial and governs
part of the adsorption phenomena.

In the case of the butadiene adsorption, the metal ac-
quires some electronic density from the π donation (which
has to be distributed towards the reservoir through the ad-
sorption site) and is able to backdonate some electron den-
sity towards the butadiene π∗ system. Table 7 displays the
electron transfer of the Pd–Pd adsorption site (which loses
electrons) of the butadiene (which acquires electrons) and
also the total electron transfer occurring in the course of
the adsorption (sum of absolute values). The total electron
transfer is smaller on the bimetallic surface, suggesting that

TABLE 6

Comparison of the Internuclear Repulsion Energy, Four-Electron
Interaction, and Adsorption Energy for Butadiene Adsorbed on
Pure Pd, Pd2, and Pd7 Clusters Included in the First Ni Layer

Four-electron interaction
Eb

ads (eV),
All Overlaps Overlaps

Erep (eV) overlapsa set to 0b set to 0b

Pure Pd surface 1.16 0.20 0.14 −1.06
Pd7 included 1.12 0.25 0.16 −0.73

in Ni(111)
Pd2 included 1.06 0.24 0.15 −0.71

in Ni(111)

Note. The optimized hybridization parameter is h= 0.5 for the di-π ge-
ometry.

a All overlaps are taken into consideration.
b The overlaps between the butadiene molecule and metal atoms which

are not part of the adsorption site are set equal to zero.

TABLE 7

Electron Transfer for the Butadiene Adsorption Site
and the Butadiene Molecule

Electron transfer Electron transfer
for the Pd–Pd for the butadiene Total electron
adsorption site molecule transfer

Pure Pd surface −2.30 +0.06 +2.36
Pd7 included −2.16 +0.17 +2.33

in Ni(111)
Pd2 included −2.00 +0.22 +2.22

in Ni(111)

Note. The transfer is defined as the difference between the total electron
occupancy after and before adsorption.

the electron exchanges between the adsorption site and its
neighborhood are less favored. It appears that electron de-
pletion of the Pd–Pd site, in the case of the surface alloy, is
smaller than for the pure Pd (−2.30 for the pure Pd, −2.16
and −2.00 for the Pd7 and Pd2, respectively). This is not
surprising since these Pd atoms exhibit a smaller electron
count (especially in d orbitals) before adsorption with re-
spect to pure Pd surface atoms due to the alloying effect;
therefore, they are less able to lose further electrons in the
course of the adsorption. Nevertheless, it is on the bimetal-
lic system that the electron transfer toward butadiene is the
greatest. How can we explain this phenomenon?

The DOS projected on the d orbitals of the Pd atoms in-
cluded in the first Ni layer exhibits, a particular shape since
a strong contribution around −11.0 eV appears. In other
words, the orbitals of the adsorption site are more localized
in the bimetallic than on the pure Pd surface. Consequently,
the electron exchange capability between the Pd and the Ni
might be reduced. Hence the ability to distribute the elec-
trons acquired through theπ donation might be diminished.
The backdonation is therefore favored toward the butadi-
ene molecule. If we focus on the electron depletion of all the
atom first neighbors of the adsorption site, upon adsorption,
it is found to be 0.13 e− per atom for the pure Pd and 0.09 e−

per atom for the bimetallic system. This diminished ability
to lose electron charge may suggests that “adsorption site–
reservoir” interactions are weakened with respect to the
pure Pd. The following explanation is suggested. The het-
eroatomic Pd–Ni d–d interaction is weaker than the degen-
erate homoatomic Pd–Pd one. Hence, in the surface alloy,
the Pd clusters are more isolated from the solid than they
are in the pure Pd, with a less effective coupling with the
reservoir. The alloy situation is then intermediate between
the metal surface and the isolated cluster cases.

IV. CONCLUSIONS

The computed electronic perturbation of the butadiene
molecule is identical when it is adsorbed either on the Pd–Ni
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bimetallic system or on the pure Pd surface. However, the
calculations provide evidence that the butadiene adsorp-
tion strength is much smaller in the former case.

The π and π∗ orbital analysis reveals that the π→ dz2

donation is reduced, whereas the dyz→π∗ retrodonation
is enhanced. However, the depletion of dyz is balanced by
the occupation increase due to the Fermi level energy lo-
cation, since the Pd–Ni surface alloy Fermi level is higher-
lying (−9.60 eV) than the pure Pd one (−9.80 eV). In the
same way, the interaction of the highest occupied contri-
butions of dyz with the butadiene π∗ molecular orbital is
enhanced. Nevertheless, the total amplitude of electron ex-
change between the butadiene and the metal being similar,
the two-electron analysis is unable to explain, alone, the
great difference between the butadiene adsorption energy
on the Pd–Ni surface alloy and the pure Pd.

The study of destabilizing interactions allows a better
understanding of the Pd–Ni system behavior. The Pd–Ni
bimetallic system exhibits larger four-electron destabiliza-
tions (roughly +25%). The “adsorption-site-atoms to first-
neighbour-atoms” distances are much shorter. Moreover,
these latter atoms are more electron-rich than pure Pd sur-
face atoms. Consequently, the four-electron interactions are
likely to be increased toward adsorbates.

The electron exchanges between the adsorbate and the
metallic surface are of primary importance in adsorption
phenomena. Those exchanges are made via the adsorption
site atoms. The bond type between the atoms of the ad-
sorption site and the cluster ones which are not directly
involved in adsorption phenomena might govern the ef-
ficiency of these exchanges. We have shown that, for this
particular bond type, there is evidence for a reduced elec-
tron exchange in the case of the Pd–Ni bimetallic system
with respect to the pure Pd, and hence coupling with the
reservoir is weakened. Consequently, the Pd clusters appear
more isolated from the solid than they do in the pure Pd.
This could favor a diminished adsorption strength between
the bimetallic system and the butadiene.

The hydrogen adsorption seems not to play a major
role in the magnitude of the activity, since only a very
slight difference in the isosteric heat of H2 adsorption on
pure Pd(111) (29) and on pure Ni(111) (30) is measured.
This may also be the case on the Pd–Ni bimetallic system
(4). Therefore, assuming that the butadiene adsorption is
the reaction rate-determining step, the reduced adsorption
strengths might lead to a greater hydrogenation turnover.
This would be consistent with experimental data which in-
dicate that the butadiene hydrogenation turnover is larger
on the bimetallic system than on pure Pd (3, 4).

Nevertheless, the possible coadsorption of butadiene and
hydrogen has not been elucidated by our model. In particu-
lar, in such conditions the presence of hydrogen adsorption

could modify the role of surrounding Ni. It would be use-
ful to study the Ni–Pd and Ni–Ni sites close to hydrogen
adsorption sites in order to assess whether Ni acts only as
an electron reservoir or provides modified adsorption sites.
Calculations on this are now in progress.
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