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Abstract

The adsorption of CO and CyH4 molecules was investigated on Pdy clusters supported on two relevant models of y-alumina surfaces, the
nonhydroxylated (100) surface and the hydroxylated (110) surface, by means of density functional theory (DFT) calculations using periodic
boundary conditions. The hollow 13 mode is the most stable geometry for CO adsorption whatever the y-alumina surface, whereas the preferred
mode for ethylene depends on the support’s surface. In particular, the 7 mode of ethylene is stabilized when the Pd4 cluster is deposited on
the hydroxylated (110) surface. The calculations demonstrate an important interplay between molecular adsorption and cluster—oxide interaction.
The deposited cluster is not a frozen object, but it responds to the molecular adsorption by relaxing its geometry and changing its bonding with
the oxide support. In a counterintuitive manner, molecular adsorption on the particle reinforces its interaction with the oxide in several cases.
An energy decomposition scheme is proposed to give insight into the energy trends observed. Two key energetic contributions are put forward:
substrate relaxation and metal-support interaction energies. A detailed electronic analysis before and after adsorption is proposed. The combined
effect of the surface ligand groups (O and Al, or OH depending on the hydration state) and of the molecular adsorbate can produce specific synergy
from electronic effects between an electron donor surface O atom and an electron acceptor CO adsorbate.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction The main parameters to be considered on oxide-supported
metal systems are the size and shape of the metal particle and
the specific electronic interaction of the support. The molecu-
lar chemisorption and catalytic reactivity of Ir clusters of very
small size (4 metal atoms) has been the subject of recent in-
teresting experimental studies [4,5] revealing that the nature
of the support also plays an important role in the reactivity of
supported metal phases. The work of Argo et al. revealed that
the hydrogenation of propylene occurs with a higher turnover
frequency on Ir4/y-Al,O3 than on Ir4/MgO [6]. Dropsch and
Baerns studied the adsorption of CO on Pd supported on three
different oxides (TiO;, Al;O3, and SiO;) and found more fa-
vorable CO adsorption on Pd/TiO; and Pd/Al,O3 as a result of
a stronger metal-support interaction [7]. Theoretical studies of
the chemisorption properties of small metallic Pd and Ni clus-
ters on the MgO (001) surface have shown the important role of
* Corresponding author. Fax: +33 1 47 52 70 58. defect sites of the oxide surface [8—10]. Thus, chemical mod-
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Interaction of molecules with metallic clusters has impor-
tant implications for several applications, including heteroge-
neous catalysis, sensors, and magnetism [1-3]. Small metal
particles offer new properties for chemistry and magnetism dif-
ferent from those of bulk metals, due to the presence of low-
coordination atoms and electron confinement effects.

The clusters are usually stabilized by dispersion on a high-
surface area solid, an oxide in most cases. Complete under-
standing of the microscopic processes at the interface between
the metallic particle and the oxide support surface is still lack-
ing, however, even with the great interest in the design of chem-
ical processes on atomically well-defined supported clusters.
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conditions can change the metal-support interface and hence
the structure and properties of the supported metal particles.

In the case of small particles, the adsorbate and support
are so close that both can be considered ligands of the metal
cluster. Therefore, molecular adsorption on the particle and
cluster—support adhesion are two processes that might influ-
ence each other. As indicated above, it is well known that the
metal-support interaction changes the adsorption properties of
the particle. However, molecular adsorption on the particle also
may influence the particle—support interaction. To the best of
our knowledge, this latter effect has rarely been discussed in
the literature.

Among the various metal-support couples, particles of Pd
deposited on y-Al,O3 are widely used for several catalytic
applications (refining industry, car exhaust, and combustion).
For refining reactions, for example, the metal phase activates
C=C, C-H, and H-H bonds to increase the rates of aromatiza-
tion, isomerization, and selective hydrogenation reactions. The
y-alumina and §-alumina polymorphs are the most common
supports due to their high degree of porosity and surface area
(200240 m?/g), thus favoring a good dispersion of the active
phases [11]. Moreover, the surfaces of such supports develop
specific acid—base properties tuned by the addition of dopants,
which contribute to the overall catalyst activity. The size distri-
bution, morphology, and dispersion of supported metal particles
depend on the preparation steps of the heterogeneous catalysts.
Small metal aggregates show interesting properties for catalytic
processes. Their reactivity can be controlled by the support’s
pretreatment process and the nature of the active-phase pre-
cursors [12,13]. Therefore, an understanding of metal-support
interactions (MSI) and size effects is crucial to the design of
new heterogeneous catalysts.

Many studies in the literature are devoted to alumina-
supported Pd catalysts. Given the porosity and disorder of the
y-Al,O3 support, experimental characterization of alumina-
supported heterogeneous catalysts is rather difficult. Thus, sur-
face science experiments and theoretical studies are usually
carried out on model systems, such as «¢-Al,O3 and alumina
films grown on metal substrates [14—17]. Although much ef-
fort has been dedicated to this problem, extrapolating to real
y-AlyO3 surfaces remains difficult. Thus, density functional
theory (DFT) calculations on realistic y-Al,O3 models are
mandatory to obtain relevant insight into heterogeneous catal-
ysis. Carbon monoxide [18-21] and ethylene [22,23] are the
most common probes for characterizing these systems. The lig-
ands have small size in common, and thus adsorption energies
are little influenced by steric effects, allowing a clear determi-
nation of the catalyst’s electronic properties. Shaikhutdinov et
al. [24] studied the hydrogenation of ethylene on Pd clusters
supported on thin alumina films and found that the hydrogena-
tion activity of ethylene was independent of the Pd particle
size in the range of 1-3 nm. The results also demonstrate that
these particles are more active than single-crystal surfaces [25].
Moreover, for large Pd particles, strongly bound di-o ethylene
was adsorbed preferentially to weakly bound m-ethylene, but
this situation was reversed on small particles due to a size ef-
fect.

In the present work, we study the adsorption of these two rel-
evant model molecules on free and y-alumina-supported Pdy
clusters to explore the influence of the support and the size
of small metal clusters on their adsorption processes. We use
a computational model of y-Al,O3 that takes into account the
experimental conditions for the temperature pretreatment of the
support. The bulk structure of our model results from a previous
DFT simulation of the topotactic transformation of boehmite
into y-Al,O3 [26]. One of the key findings of that study was
the occupation of some nonspinel sites by Al atoms. Different
theoretical approaches [27-29] led to the same result. More-
over, Digne et al. determined the variation of hydroxyl coverage
as a function of temperature for the relevant (100), (110), and
(111) surfaces of y-Al,O3 resulting from the bulk structure of
the latter [30,31]. Therefore, the influence of the support pre-
treatment temperature and water pressure is taken into account
by the hydroxyl coverage on the surfaces of y-alumina crys-
tallites. During the catalyst pretreatment and activation steps,
including the reduction step, the y -alumina-supported Pd cata-
lyst may be exposed to temperatures in the range of 200-300 °C
[13]; thus, the dispersion and size distribution of the supported
nanoclusters may depend both on the particle preparation steps
and on the surface hydroxyl coverage [32,33]. Previous work
by Corral Valero et al. [34-36] investigated the adsorption of
Pd,,(1<ng5) clusters and Pd films on y-alumina surfaces. These
theoretical results already suggested the crucial role of hydrox-
ylation on the stability, morphology, and wetting properties of
Pd clusters on y-alumina, an effect that must be considered to
study the reactivity of the supported clusters.

In the present work, we use the y-alumina surfaces model
defined previously [30,31] to investigate the influence of metal—
support interaction on the adsorption of CO and ethylene on
y -alumina-supported Pd4 clusters that may be exposed to tem-
peratures reaching 300 °C under normal water pressure during
the preparation steps. The stable configurations of supported
Pd4 clusters used in the current work are taken directly from
the previous results of Corral Valero et al. [36].

This paper is organized as follows. Section 2 presents the
theoretical approach and y-alumina models used in this work.
Sections 3.1 and 3.2 are devoted to the structural and ener-
getic analysis of CO and CyH4 molecules adsorbed on Pdy
clusters (including a comparison with ideal Pd surfaces). Sec-
tion 3.3 provides an electronic analysis of the metal-support
interactions on these systems. Finally, Section 4 presents some
conclusions.

2. Methods and models

We performed calculations at the DFT level with the Per-
dew—Wang [37,38] generalized gradient expansion of the
exchange-correlation functional, a plane-wave basis set, and
the projector augmented waves (PAW) method [39] as imple-
mented in the Vienna ab initio simulation package (VASP)
[40,41]. Calculations were carried out at the (0.25,0.25,0)
point of the reciprocal space for the reason explained previously
[34,36]. The cutoff energy for all calculations is 400 eV, which
ensures good convergence of the energy. The self-consistent
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Fig. 1. Optimized structures of y-Al, O3-supported Pdy clusters: (a) top view of the (2 x 1) unit cell of the (100) surface, (b) side view of the (100) surface, (c) top
view of the (2 x 1) unit cell of the (110) surface, (d) side view of the (110) surface. (Yellow balls: Al, red balls: O, small white balls: H, green balls: Pd.) (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

equations are solved with an iterative matrix diagonalization
scheme (see [40]) and an energy convergence criterion of
1073 eV/cycle. Geometry optimizations are performed with
the conjugate-gradient algorithm and an energy convergence
criterion of 107# eV /cycle.

y-Al;O03 model surfaces were taken from previous work
[31] considering the fact that y-Al,O3 nanocrystallites exhibit
two main orientations: the (100) and the (110) surfaces [11,31].
An important aspect is to use the correct degree of hydration
of these surfaces. The calculations show that after pretreatment
at 300 °C, the (100) surface is completely dehydrated, whereas
the (110) termination, with a greater affinity with water, re-
mains partially hydroxylated, with an estimated water coverage
of 8.9 OH/nm?, in good agreement with experimental deter-
minations [31]. We use these two model terminations herein;
their structures, along with that of an adsorbed Pd, cluster, are
shown in Fig. 1. Our aim in the present work is to gain insight
into the qualitative influence of alumina hydroxylation on the
chemical properties of the adsorbed Pdy4 cluster, not to describe
a specific hydroxyl coverage, which could vary on given exper-
imental conditions. The view of the (2 x 1) supercell is shown
in Fig. 1a for the (100) surface (a = 11.14 A, b =8.39 A) and
in Fig. 1c for the (110) (@ = 16.14 A, b =8.39 A). To accom-
modate the Pd4 cluster with small lateral interactions between
periodic images, the surface unit cell was further doubled in the
y direction to obtain a (2 x 2) supercell, while the slab thick-
ness was reduced to 4 layers to maintain reasonable computing
effort [a = 11.14 A and b = 16.79 A for the (100) surface and
a=16.14 A and b = 16.79 A for the (110)]. The supercells
contain 160 and 200 atoms for the (100) and hydrated (110) ter-
minations, respectively. During geometry optimization, the two
layers at the bottom of the slab were kept frozen. y-Al,O3 sur-

faces have many nonequivalent adsorption sites; therefore, for
the sake of simplicity, we use the same nomenclature as in pre-
vious work [36]; oxygen atoms are indexed with capital letters
while aluminum and palladium atoms are indexed with Arabic
numbers.

We considered the optimized adsorption structures for Pdy
on these two surfaces, as described previously [36]; these are
also shown in Fig. 1. For the sake of clarity, in what follows
we briefly describe the structures depicted in Fig. 1 and result-
ing from previous work [36]. In both cases, the tetrahedron is
slightly distorted with a butterfly shape, with one Pd—Pd bond
elongated to about 3.2 A. As a result, one angle (called ¢) of
the tetrahedron is opened from 60° to 81.6° (resp. 77.2°) on the
(100) [resp. hyd(110)] surfaces. The complete structural para-
meters and average lengths are also reported in Tables 1 and 2
(as well as in Tables 4 and 5 for the sake of clarity) to allow
direct comparisons in presence of CO and ethylene.

For the (100) dehydrated surface, three Pd—O bonds (smaller
than 2.50 A) are formed on adsorption, with an average length
of 2.24 A, corresponding to an average Pd—O coordination of
0.75. In addition, three Pd—Al bonds are formed with an aver-
age length of 2.70 A. Because the cluster contains 4 Pd atoms,
these four Pd—Al bonds correspond to a mean Pd—Al coordi-
nation number of 3/4 = (0.75. For the (110) hydrated surface,
the cluster—surface bonding scheme is different, with still three
Pd-O bonds (2.17 A), involving surface OH groups, and only
one long Pd-Al interaction (3.01 A). In this case, the Pd—Al co-

ordination number is %. For both surfaces, the average Pd—Pd

length is equal to 2.59 A or 2.69 A (depending on the largest
Pd-Pd distance beyond 3.0 A is excluded or not). Considering
the slight elongation of the Pd—-O and Pd-Pd bonds with re-
spect to Ir—O and Ir—Ir bonds, our results fit reasonably well
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Table 1
Interatomic distances (A) and ¢ angle (°) in the optimized structures of the
CO/Pd4/Al,03(100) systems (see Fig. 3 for the atom labeling)

Table 3
Spin ground state, adsorption, interaction and deformation energies (eV) of gas-
phase and supported Pd4/CO complexes

Distance/angle 71 /b n3 Before CO ads. n /b n3
C-0 1.16 1.19 1.2 1.14 Gas-phase Pdy
Pd—C? 1.85  1.96/1.94  2.02/2.02/201 - ) _ ) )

Spin ground state Triplet (—0.17)®  Singlet (—0.33)  Singlet (—1.17)
Pd(2)-O(C) 210  2.05 2.11 2.20 Eads -1.72 —1.88 —2.48
Pd(2)-O(D) 218 213 272 2.98 Eint —1.74 —2.10 —2.85
Pd(2)-Al(3) 240 234 2.43 2.51 Edef. substrate <0.01 0.10 0.14
Pd(3)-0(C) 229 224 2.24 2.30 Edef. CO 0.02 0.12 0.22
Pd(3)-Al(2) 298  3.06 2.76 2.84
PA(3)-Al(4) 258  2.89 3.04 2.66 Pd4/y-Aly03(100)
Pd(4)-O(B) 219 224 2.30 2.23 Spin ground state Singlet (—0.50)  Singlet (—0.29)  Singlet (—1.00)
lid(4)—Al(2) 2.61 2.51 2.90 2.79 Eads —1.40 _2.26 —2.46
d(Pd-0)° 219 217 222 2.24 Eint —2.01 ~330 —321
d(Pd-Al) 2.64 2.70 2.78 2.70 Edef. substrate 0.59 0.94 0.56
Pd(1)-Pd(2) 263 277 2.64 2.58 Edget. co 2'02 2'10 0'13
Pd(1)-Pd(3) 261 2.65 271 2.54 Ewmsi —4.07 —4.78 =36
Pd(1)-Pd(4) 269  2.68 2.77 2.55 Pd,/y-Al,05(110)
Pd(2)-Pd(3) 337 4.06 3.77 3.34
Pd(2)-Pd(4) 2.77 2.84 2.76 2.65 Spin ground state Singlet (—0.17) Singlet (—0.68)  Singlet (—0.65)
Pd(3)-Pd(4) 273 274 2.66 2.62 Eads —1.65 —2.44 —2.66
d(Pd-Pd)® 269 271 271 2.59 Ein —1.82 —3.27 —3.25

Edef. substrate 0.15 0.72 0.32
@ 799 971 88.3 81.6 Egef CO 0.02 0.10 0.27

EMSI —3.72 —4.25 —2.98

4 Increasing order of the atom labeling.
b Average value over O-atoms (resp. Pd-atoms) at a distance smaller than
2.50 A (2.80 A) from Pd.

Table 2
Interatomic distances (A) and ¢ angle (°) in the optimized structures of the
CO/Pd4/Al,03(110) systems (see Fig. 4 for the atom labeling)

Distance/angle 1 n n3 Before CO ads.
Cc-0 1.16 1.19 1.22 1.14
Pd-C? 1.86 1.96/1.94 2.01/1.99/1.99 -
Pd(2)-11OH(O) 2.14 2.14 2.25 2.20
Pd(3)-11OH(M) 2.13  2.15 2.17 2.16
Pd(4)—u1OH(P) 2,12 2.13 222 2.16
Pd(3)-Al(3) 3.08 3.00 2.88 3.01
Pd(2)-H in u30H(G) 2.06 1.96 2.08 2.02
Pd(4)-H in u30H(A) 2.15 2.87 2.21 2.16
d(Pd-0) 2.13 2.14 2.21 2.17
Pd(1)-Pd(2) 2.55 2.62 2.71 2.54
Pd(1)-Pd(3) 2.64 2.64 2.66 2.52
Pd(1)-Pd(4) 2.64 2.61 2.75 2.55
Pd(2)-Pd(3) 2.54 2.55 2.71 2.67
Pd(2)-Pd(4) 3.67 4.29 3.02 3.22
Pd(3)-Pd(4) 2.63 271 2.68 2.57
d(Pd-Pd)® 2.63 2.67 2.71 2.59
) 89.8 110.1 67.0 78.3

4 Increasing order of the atom labeling.
b Average value over Pd-atoms at a distance smaller than 2.80 A.

with the EXAFS results obtained for Iry and Rhy clusters on
y-Al;03 [4,6]. The Pd—O coordination for distances 2.01 Ais
consistently around 0.8, in good agreement with our results. In
contrast, the Pd—Al coordination depends on the sample and
can vary from 0.25 to 0.75. This might be related to different
hydroxyl coverage in the experiment, resulting from varying
preparation or pretreatment of the y-Al,O3 support. In addi-

4 Energy difference between the triplet and singlet spin states.
b The interaction energies of Pd4 with the nonhydrated (100) and hydrated
(110) surfaces before CO adsorption are —3.30 and —3.33 eV, respectively.

Table 4
Interatomic distances (A) and relevant angles (°) of the optimized structures of
CrHy/Pd4/Al,03(100) systems (see Fig. 6 for the atom labeling)

Distance/angle b4 di-o Before CoHy ads.
c=C 1.40 1.45 1.33
C-H? 1.09 1.10 1.09
o 16.15 34.12 0.0
Hybridization? 2.29 2.62 2.0
Pd-C°¢ 2.14/2.15 2.05/2.07 -
Pd(2)-O(C) 2.16 222 2.20
Pd(2)-O(D) 2.31 2.53 2.98
Pd(2)-Al(3) 2.41 2.55 251
Pd(3)-O(C) 2.36 2.33 2.30
Pd(3)-Al(2) 2.92 252 2.84
Pd(3)-Al(4) 2.59 2.76 2.66
Pd(4)-O(B) 2.20 2.17 2.23
Pd(4)-Al(2) 2.77 2.95 2.79
d(Pd-0)¢ 2.26 231 2.24
d(Pd-Al) 2.67 2.70 2.70
Pd(1)-Pd(2) 2.61 2.63 2.58
Pd(1)-Pd(3) 2.61 2.63 2.54
Pd(1)-Pd(4) 2.67 2.62 2.55
Pd(2)-Pd(3) 3.07 3.22 3.34
Pd(2)-Pd(4) 2.74 2.72 2.65
Pd(3)-Pd(4) 2.71 2.64 2.62
d(Pd—Pd) 2.67 2.65 2.59
%) 72.1 75.5 81.6

4 Average C—H bond lengths considered.

b See text for definition.

; Increasing order of the atom labeling.

Average value over O-atoms (Pd-atoms) at a distance smaller than 2.50 A
(2.80 A) from Pd.



M.C. Valero et al. / Journal of Catalysis 247 (2007) 339-355 343

Table 5
Interatomic distances (A) and relevant angles (°) of the optimized structures of
CrHy/Pd4/Al,03(110) systems (see Fig. 7 for the atom labeling)

Distance/angle b4 di-o Before CoHy ads.
c=C 1.40 1.46 1.33
C-H? 1.09 1.10 1.09
ob 16.29 36.39 0
Hybridization” 2.30 2.66 2.00
Pd-C°® 2.13/2.14 2.04/2.05 -
Pd(2)—.] OH(O) 221 231 2.20
Pd(3)—; OH(M) 2.10 2.11 2.16
Pd(4)—.; OH(P) 225 2.17 2.16
Pd(3)-Al(3) 3.18 3.00 3.01
Pd(2)-H in 30H(G) 2.04 2.29 2.02
Pd(4)-H in u3OH(A) 1.89 2.01 2.16
d(Pd-0) 2.19 2.20 2.17
Pd(1)-Pd(2) 2.70 2.64 2.54
Pd(1)-Pd(3) 2.54 2.63 2.52
Pd(1)-Pd(4) 2.70 2.63 2.55
Pd(2)-Pd(3) 2.57 2.64 2.67
Pd(2)-Pd(4) 2.84 2.95 3.22
Pd(3)-Pd(4) 261 2.68 257
d(Pd-Pd)d 2.62 2.64 2.57
@ 63.5 68.1 78.3

4 Average C-H bond lengths considered.

b See text for definition.

¢ Increasing order of the atom labeling.

d Average value over Pd-atoms at a distance smaller than 2.80 A.

tion, it is well known that the metal-Al contributions are deter-
mined with far less confidence in EXAFS and can be screened
by metal-O contributions.

CO and CH4 molecules were adsorbed on all nonequiva-
lent positions of the supported metal cluster. We report only the
structures with the most stable adsorption energies, calculated
as

Eqads(X) = E(X-Pds/y-AbO3) — E(X) — E(Pd4/y-Aly03),

6]
where X is either CO or C;Hy. We decompose the adsorption
energy into deformation and interaction energy contributions to
analyze the chemisorption process. During this process, the two
partners (molecule and substrate, defined as alumina surface
plus Pdy cluster) are deformed with respect to their separated
equilibrium geometries. Distorting the substrate or molecule
alone toward the geometry that it adopts in the chemisorption
complex requires some energy, defined as the substrate or mole-
cule deformation energy. For the substrate, this deformation
energy is calculated as

Eget. substrate = E (Pda/y-Al,05) — E(Pds/y-ALO3), (@)

where FE (Pd4/y—A120’3) is the energy of the substrate with the
deformed geometry obtained after CO or CyHy adsorption. This
deformation energy clearly depends on the adsorbate. Defor-
mation energies for CO or C;H4 molecules are calculated in
a similar way.

The interaction energy is defined as the binding energy be-
tween the substrate and the molecule, keeping each partner

frozen in the deformed geometry adopted in the chemisorption
complex,

Ein(X) = E(X-Pdy/y-AL,03) — E(X') — E(Pdy/y-ALO}).
3

Thus, the adsorption energy can be decomposed according to:

Eads = Eint + Edef. substrate T Edef. molecule- (4)

This energy decomposition scheme clearly shows that ad-
sorption energies are a trade-off between two antagonistic ef-
fects: interaction and deformation energies. Interaction energies
are exothermic, which clearly shows that the metal to adsor-
bate bond formation is the driving force of the chemisorption
process. However, some of the energy obtained by the new
bonds between the metal and the incoming ligand is spent by
the electronic and geometrical rearrangement accounted for by
the endothermic deformation energies.

The interaction between the cluster and the oxide surface
is another key parameter. Metal-support interaction energies,
Ewsi, are computed as the energy difference between the slab
with the cluster and chemisorbed molecule, minus that of the
oxide surface and that of the isolated X—Pd4 fragment. In other
words, the cluster—support interaction is broken, all partners are
kept in the deformed geometry of the X—Pd4/y-Al,O3 system.
Thus,

Enisi(X) = E(X=Pdy/y-Al,03) — E(X-Pd})
— E(y-ALO}). (5)

The Ensy parameter can be used as a measure of the change in
the electronic structure at the metal-support interface induced
by the adsorption of the probe molecules.

A careful investigation of the magnetic ground state has
been carried out both for the isolated Pds ligand and for the
y-alumina supported surfaces. For the gas-phase Pds cluster,
it is known that the triplet spin state is the most stable config-
uration [36,42,43] and it will be chosen as the reference state
for adsorption energies. For the Pd4 cluster supported on the
(100) and (110) y-alumina surface, we found that the magnetic
ground state remains the triplet state (also chosen as the refer-
ence) even though the difference in energy with the low spin
state is small. The magnetic ground state of other systems are
reported in Tables 3 and 6 and are discussed in Section 3.

Finally, the electronic analysis implying density of states
(DOS) diagrams with spin projection (when necessary) are cal-
culated and presented in Section 3.3.

3. Results and discussion
3.1. Adsorption of carbon monoxide: Structure and energies

The structure of CO molecules adsorbed on isolated Pdy
clusters and Pd4 supported on the (100) surface and on the hy-
drated (110) surface of y-Al,O3 are presented in Figs. 2—4. The
relevant interatomic distances in supported Pdy are reported in
Tables 1 and 2. Table 3 summarizes the relevant energy contri-
butions and electronic ground state for these systems. Although



344 M.C. Valero et al. / Journal of Catalysis 247 (2007) 339-355

Table 6
Spin ground state, adsorption, interaction and deformation energies (eV) and
hybridization indexes of CoHy/Pd4 complexes

b4 di-o

Gas-phase Pdy

Spin ground state Triplet (—0.18)? Triplet (—0.22)

Eads —-1.22 —0.89
Eint —1.43 —1.72
Eqgef. substrate <0.01 <0.01
Edef. ethene 0.21 0.83

Pdy/y-Al,05(100)

Spin ground state Singlet (—0.10) Singlet (—0.37)

Eads —0.75 —0.88
Eijnt —1.38 —228
Edef. substrate 0.38 0.40
Edef. ethene 0.26 1.00
Enmsi® —3.49 —2.97

Pdy/y-Al,05(110)

Spin ground state Singlet (—0.09) Singlet (—0.17)

Egs —1.09 —-0.99
Eint —-1.59 —2.18
Edef. substrate 0.22 0.19
Edef. ethene 0.27 1.00
Emst -3.12 —2.86

4 Energy difference between the triplet and singlet spin state.
> The interaction energy of Pdy with the nonhydrated (100) and hydrated
(110) surfaces before ethene adsorption is —3.30 and —3.33 eV, respectively.

the molecule can occupy various nonequivalent positions (top,
bridge, and hollow sites) on the supported cluster, only the most
stable situation is shown. Among the configurations tested, we
have also investigated the case where the CO molecule is ini-
tially located with C linked to Pd atoms while the O atom
interacts with one Al atom of the (100) surface. However, this
configuration (not represented here) is not stable and CO re-
laxes in a position where O no longer interacts with the support.
This result shows that a dual adsorption mode for CO both on
the particle and on the support is not possible, favoring an in-
teraction with the Pd atoms only.

3.1.1. Structural analysis

An analysis of the results reported in Tables 1 and 2 and
Figs. 2—4, reveals the structural trends as the coordination of
the CO molecule with a given substrate increases. For gas-phase
clusters and supported systems, the Pd—CO bond lengthens with
increased CO coordination due to a bond order conservation
mechanism. This effect is in line with the increase of Pd—Pd
bond distances of these systems after CO adsorption, espe-
cially for the metal atoms coordinated to the ligand. The CO
bond elongation along one row is known to result from the en-
hancement of backbonding effects from metal to ligand with
increasing Pd—CO coordination [44]. Therefore, these general
well-known trends for ideal metal surfaces are recovered for
the Pd4 cluster studied here.

‘We now focus on the different optimized structures obtained
on the (100) and hydrated (110) surfaces. The former surface
exhibits a strong rearrangement of both the oxide support and

a)

Fig. 2. Optimized structures (distances in A) of the gas-phase CO/Pd, com-
plexes: (a) n1 (top), (b) ny (bridge), (c) n3 (hollow). (Green balls: Pd, gray
balls: C, red balls: O.) (For interpretation of the references to color in this fig-
ure legend, the reader is referred to the web version of this article.)

the Pd tetramer after CO adsorption. The ¢ angle in Figs. 3
and 4 can be considered as a measure of metal aggregate defor-
mation. Large bond angles are associated with flat Pd4 clusters
strongly interacting with the surface. Its value clearly shows
that the Pdy4 cluster has a flatter structure, especially for the 7,
coordination. At the same time, average Pd-Pd distances for
supported clusters are strongly elongated compared with those
in isolated CO/Pds systems. A first analysis in terms of dis-
tances can be obtained on the influence of CO chemisorption
on the cluster—oxide surface interaction. Based on a bond-order
conservation principle, the Pd atoms directly bound to the CO
molecule are expected to have a weaker interaction with the
substrate, whereas those not bound to the CO develop a weaker
interaction with the other Pd atoms (bound directly to CO),
and hence indirectly strengthen their interaction with the sur-
face. Although this is verified in several cases, especially for the
Pd-Al bonds, it is not a general property. Indeed, surprisingly,
the interaction between Pd and oxygen surface atoms is glob-
ally strengthened on CO adsorption with a marked shortening
of the Pd(2)-O(C) distance and the creation of a new Pd(2)—
O(D) bond [Pd(2) is not bound to CO] but also a shortening
of Pd(3)-O(C) for the 1, chemisorption mode [where Pd(3) is
bound to CO]. The local coordination of the Pd(2) atom after
such a Pd—surface bond contraction is similar to that found in
strongly interacting Pd clusters, such as Pd monomers at low
metal coverage, Pd dimmers, and linear Pd trimers (see [36] for
details). Pd—surface bond contractions are less pronounced for
the n3 coordination.

For the hydrated (110) surface, variations of CO, Pd-C, and
Pd-Pd bond lengths are similar; however the influence of CO
adsorption on the particle—oxide interface is completely dif-
ferent. Indeed, no new Pd-O bond is created, and the Pd-OH
bonds are only slightly shorter (—0.01 to —0.06 A) after CO
adsorption in 17 and 12 modes. In contrast, Pd-OH bonds are
elongated after CO adsorption in the 73 mode. Along these
same lines, the distortion of the supported Pds cluster, mea-
sured by the ¢ angle, is even smaller in this case than before
CO adsorption. The average Pd—O distance is also slightly in-
creased in the 13 mode. From this analysis, it appears that on the
hydrated (110) AlpOs3 surface, the structure of the Pds cluster
does not exhibit such a strong rearrangement after CO adsorp-
tion as that observed for the dehydrated y-Al,O3(100) system.
The following energetic analysis supports this behavior.
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Fig. 3. Top view (left) and side view (right) of the (2 x 1) unit cell of the optimized structures of the CO/Pd4/Al,03(100) systems: (a) n (top), (b) np (bridge),
(c) n3 (hollow). (Yellow balls: Al, red balls: O, green balls: Pd, gray balls: C.) (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

3.1.2. Energetic analysis

According to results reported in Table 3, the comparison of
CO adsorption energies on isolated Pd4 clusters with adsorption
energies on supported clusters reveals first that the adsorption
energies on Pd4 are strongly favored with respect to the ad-
sorption on the support surfaces. Indeed, comparing previous
DFT adsorption energies of CO on the same y-alumina sur-
faces [31] shows that the adsorption energies are significantly
more exothermic on the Pd4 clusters (whatever the mode) than
on the support Al sites with low coordination number. Previ-
ously [31], the adsorption energies were calculated as —0.21 to
—0.41 eV for the Aly sites of the (100) surface, and the maxi-
mum adsorption energy (—0.79 eV) was found for the Alyy site
of the (110) surface. These values are thus 3—10 times smaller
than the adsorption energies on the supported Pd4 clusters. As
previously explained, simultaneous interactions of CO with one
Al atom of the support and Pd atoms are also ruled out by our
calculations. These results clearly imply that small pulses of

CO molecules will preferentially probe the metallic sites of the
Pd4 clusters.

According to Table 3, the y-AlO3 support strengthens the
12 mode by 0.4-0.6 eV; however, it remains less favorable than
the n3 mode, for which only a small change in the adsorption
energy (up to +0.18 eV) is observed with respect to the gas-
phase cluster. The interaction energy, Ejy, between CO and the
cluster is increased by the support effect in all cases, especially
for the 1, mode, where the binding is strengthened by up to
1.2 eV. But for the 11 mode, this gain in Ejy; is not compen-
sated for by the cost in deformation energy for the substrate.
Finally, the support effect with respect to isolated clusters re-
mains moderate; in particular, the stability order of the three
modes for CO adsorption is not changed.

The interaction energy of the CO/Pd, systems with alumina
surfaces (Ewsy) is increased on CO adsorption, except in the
case of the n3 coordination on Pds/hyd(110). This result is
coherent with the reduction in the Pd-O distances and the ¢
angle after CO adsorption, as noted in the previous paragraph.
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aF

a

Fig. 4. Top view (left) and side view (right) of the (2 x 1) unit cell of the optimized structures of the CO/Pd4/Al,O03(110) systems: (a) i1 (top), (b) np (bridge),
(c) n3 (hollow). (Yellow balls: Al red balls: O, green balls: Pd, small white balls: H, gray balls: C.) (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Comparing the (100) and (110) surfaces reveals that the interac-
tion energy of CO/Pd4 complexes with the support is increased
more strongly for the (100) surface. This explains why there
is a larger contraction in Pd—O distances on the latter surface.
Furthermore, Eysp values are in line with the stronger contrac-
tion of Pd-O distances for the 11 and 1, modes. In contrast,
for the tricoordinated ligand on the (110) surface, the slight ex-
pansion found in Pd-O distances is also consistent with the
decreased interface interaction energy on CO adsorption. As
shown in Table 3, substrate deformation energies are higher on
the (100) surface, and, as a result, adsorption energies for CO on
Pd4/y-Al,03(100) are weaker. In contrast, CO interaction en-
ergies with Pds4/y-Al,O3 (Ejy) and CO deformation energies
do not strongly depend on the support crystallographic orienta-
tions. Thus, the difference in adsorption energies between the
two support surfaces (0.2 eV) results essentially from the sub-
strate deformation energies.

Interaction energies at the metal-support interface (Ewmsi)
and the shortening of Pd—O bonds shown in Table 1 suggest that
the Pd tetramer interaction with the oxide surface is strength-
ened by CO adsorption. This effect is against intuition, because
the formation of new bonds between the cluster and adsorbate

would be expected to weaken the interaction between the clus-
ter and support. It clearly suggests a surface and cluster relax-
ation effect induced by the adsorption process, able to change
the structure of the particle—support interface. The results given
in this section are similar to those presented previously [36] for
smaller Pd, Pd,, or Pdj clusters, where a Pd atom is almost in-
serted in the oxide surface layer. Such a strong interaction mode
between cluster and surface is not stable for a Pd4 cluster but
can be achieved when the metallic phase is in interaction with
an external adsorbed molecule. Thus, the small deposited clus-
ter is not rigid on CO adsorption. This finding may raise critical
issues for the interpretation of infrared (IR) spectra of the CO
probe molecule on highly dispersed metal clusters. A strong
structural deformation of the metallic phase and the support
surface is induced by CO adsorption; therefore, the results of
IR spectroscopy of CO for the characterization of small metal-
lic clusters need to be considered with caution.

Another interesting effect of the CO molecule on small metal
particles can be suggested. The Eygy values of CO/Pd4 com-
plexes are significantly higher than those of the Pd tetramer
(Table 3), implying that the wetting and morphology of the y -
alumina support by the Pd particles may be enhanced under the
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CO gas-phase environment. A similar effect of CO on the shape
of Cu particles has been observed by in situ high-resolution
transmission electron microscopy for Cu particles supported on
ZnO [45], even if the interpretation proposed by Hansen et al.
differs slightly from ours. As suggested previously [34], this
wetting effect is favored on nonhydroxylated surfaces.

3.1.3. Comparison with ideal Pd surfaces

Even if the comparison between results obtained for the
Pd4 clusters and the numerous published works on Pd surfaces
[46-49] is not straightforward, due to the effects of both ad-
sorbate surface coverage and crystallographic orientation, we
propose a comparison between our theoretical results and some
selected work dealing with the adsorption of CO on Pd(111).
Eaqs values for CO adsorption over Pd(111) at a CO coverage
of 1/3 ML are —1.36 for the n; mode, —1.81 for the 1, mode,
and —2.01 eV for the 3 mode of interaction, with a very simi-
lar computational approach [46]. These values are significantly
lower than those for free and supported Pd tetramers. In partic-
ular, on the Pd, cluster, the 3 mode is stabilized by —0.47 eV,
and the n; mode is stabilized by —0.26 eV. This trend results
from the decrease of metal coordination from 9 Pd neighbors
on the (111) surface to 3 neighbors for the tetramer. Pd atoms
with a lower coordination number clearly develop a stronger
interaction with the adsorbate, in a manner congruent with the
bond order conservation principle. This effect is not uniform for
the different modes, however. The energy difference between
the 72 and n3 configurations is 0.6 eV for free Pd4 but only
0.2 eV for the (111) surface. When the Pd4 cluster is supported
on Al,O3, the difference between the two modes is again re-
duced to 0.2 eV, due to increased stabilization of the 1, mode
induced by the support effect.

The size effect on the chemisorption properties of the CO
molecule was investigated experimentally by calorimetry mea-
surements. Henry et al. found that the CO chemisorption energy
at low coverage increases abruptly from 30 to 40 kcal/mol
when the Pd clusters become smaller than 5 nm [50]. Chou
and Vannice obtained a similar result for SiO;-, TiO;-, and
AlyO3-supported Pd particles [51]. Although DFT is known to
overestimate absolute CO adsorption energies, the calculations
reproduce the trend observed experimentally; CO adsorption
energies are greater for small Pd4 clusters with respect to larger
systems such as ideal surfaces.

3.2. Adsorption of ethylene

3.2.1. Structural analysis

The structure of ethylene molecules adsorbed on the isolated
and supported Pd4 clusters are presented in Figs. 5-7. The in-
teratomic distances in supported Pd4 systems are reported in
Tables 4 and 5. Two binding modes are possible for ethylene on
Pd clusters; in the & mode, a single Pd atom interacts with both
carbon atoms, whereas in the di-o mode, the molecule bridges
two neighboring Pd atoms.

Fig. 5 and Tables 4 and 5 show that the C=C bond elon-
gates and Pd-C bonds contract with increasing coordination
of the ligand. This behavior may appear to be different than

Fig. 5. Optimized structures (distances in A) of the gas-phase CyHy/Pdy
complexes: (a) 7 mode (f = 14.8° and mean hybridization = 2.27 accord-
ing to the definition given in the text), (b) di-o mode (# = 32.9° and mean
hybridization = 2.60). (Green balls: Pd, gray balls: C, small white balls: H.)
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

that observed for CO. Nevertheless, in the di-o configuration,
each Pd atom interacts with a single ethylene C atom. There-
fore, Pd—C bonds are strengthened as a result of the same bond
order conservation mechanism observed for CO adsorbates,
whereas a stronger backbonding interaction explains the C=C
bond elongation.

On the dehydrated (100) and hydrated (110) surfaces, the av-
erage Pd-O distance at the interface is increased slightly after
C,oH, adsorption, whereas the reverse trend is generally ob-
served for CO [except for the 3 mode on the (110) surface].
The slight Ir-O elongation after ethene adsorption on Irs4 clus-
ters supported on y-Al, O3 was also observed by Argo et al. [6].
Adsorption induced rearrangements of the cluster—oxide inter-
face are less pronounced for ethene than for CO; however, this
effect is greater for the nonhydrated termination in both cases.
In addition, Pd—Pd elongations are slightly less pronounced af-
ter CoHy adsorption than after CO adsorption. In all cases, the
di-o mode induces the strongest structural changes (including
¢ angle distortion). Table 5 reports the 6 angle between the
bisector direction of the CH; unit and the C=C bond direc-
tion. This angle, related to the C atom mean hybridization, is
equal to 0° for sp? hybridization (such as gas-phase ethylene)
and 54.7° for sp® hybridization (such as gas-phase ethane). The
mean hybridization is calculated from a linear interpolation be-
tween those two extreme values, assuming hybridization of 2
for 6 = 0° and 3 for 6 = 54.7°. According to 8, mean hybridiza-
tion values, and C=C bond lengths, the ethylene molecule is
distorted on adsorption more by supported Pd4 clusters than
by the isolated gas-phase cluster. This result suggests a greater
electron transfer from the support to 7* orbitals. Furthermore,
the nonhydrated (100) surface induces a slightly stronger per-
turbation on the mean hybridization than the hydrated (110)
surface. A more detailed electronic analysis is reported in Sec-
tion 3.3.

3.2.2. Energetic analysis
The results in Table 6 show that the 7 mode of interaction
is the most favorable for the isolated Pd4 ethylene complexes.
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Fig. 6. Top view (left) and side view (right) of the (2 x 1) unit cell of the optimized structures of the CoH4/Pd4/Al,O3(100) systems: (a) 7 mode and (b) di-o mode.
(Yellow balls: Al red balls: O, green balls: Pd, small white balls: H, gray balls: C.) (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Fig. 7. Top view (left) and side view (right) of the (2 x 1) unit cell of the optimized structures of the CoH4/Pd4/Al,O3(110) systems: (a) 7 mode and (b) di-o mode.
(Yellow balls: Al red balls: O, green balls: Pd, small white balls: H, gray balls: C.) (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Despite a strong increase in ligand—Pd interactions (Ejy) for
the di-o mode, the 7 mode remains stable for the hydrated
(110) surface. In contrast, the most stable binding site of ethyl-
ene is changed to di-o when the Pdy cluster is interacting with
the dehydrated (100) surface. The decomposition of adsorption
energies into interaction and deformation contributions reveals
that the energy spent in substrate deformation on the (100) sur-
face is twice that on the hydrated (110) surface. This explains

the overall weaker ethylene adsorption when the cluster is inter-
acting with the dehydrated alumina. However, the cost of this
deformation is almost equivalent for the two adsorption modes
and thus cannot explain the reversed site preference between the
two supports. The difference arises instead from the modified
interaction energy. Compared with gas-phase Pdy, the interac-
tion energy for the di-o mode is increased by 0.56 eV when
the cluster is supported on the dehydrated oxide, whereas the
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m mode is destabilized by 0.05 eV. As a result, and because
deformation costs are equivalent, the di-oc mode becomes the
most stable. In the case of the hydrated (110) oxide support, the
differential gain in interaction energy of di-o versus 7 mode is
only 0.3 eV, and the most stable mode remains 7. The modi-
fication of the ethylene binding mode due to the nature of the
support may has significant consequences on the reactivity of
ethylene, because it has been shown that, for example, the &
mode is more active for hydrogenation [52,53].

The interaction energies at the metal-support interface
(Ewmsy) are close to or slightly lower than those of the Pdy4
cluster with the support before ethylene adsorption. This trend
differs significantly from than seen for the CO molecule and
explains why Pd—O bonds contract less on the (100) surface or
even elongate on the (110) surface on ethylene adsorption. Con-
sequently, substrate deformation energies are lower on ethylene
adsorption compared with those on CO. Comparing the results
reported in this section and those for the CO molecule reveals
that substrate deformation energies are more important for the
(100) surface than for the (110) surface for both ligands; how-
ever, in contrast to the CO molecule, these values do not depend
on the adsorption mode.

3.2.3. Comparison with ideal Pd surfaces

Numerous studies also have been devoted to the adsorption
of ethylene on Pd surfaces [53-56]. The calculated adsorption
energies for C;Hs over Pd(111) at a coverage of 1/4 ML are
—0.62 for the w mode and —0.81 eV for the di-c mode [54].
The latter mode of interaction is clearly the most favorable on
this metal surface. The same result was found for the more open
(110) surface (where the Pd coordination is 7), with a lower
energy difference of 0.14 eV [53,54]. The energetic trend for
CyH4 adsorption over a metal surface was correlated with the
metallic coordination number, due to a reduced Pauli repulsion
between ethylene-occupied molecular orbitals and the surface
bands in sites with low metal coordination, as shown quali-
tatively previously [55]. According to that work, m modes of
interaction are favorable for sites with coordination below 7.
This is consistent with our calculations for isolated Pd,4 clus-
ters, where the very low coordination number of Pd stabilizes
the 7 mode.

For supported Pd4 clusters, the stability of the = and di-o
modes depends on the nature of the support. For the (100) sur-
face with strong metal-support interaction energies (Ensy) and
strong substrate relaxation energies, the di-o mode is favored.
Therefore, hydroxylation of the Al,O3 favors the 7 mode by re-
ducing the metal—support interaction and substrate relaxation.

3.3. Electronic analysis of the metal-support interactions

We have carried out an electronic analysis of the adsorbed
states described previously to improve our understanding of the
various trends governing CO and ethylene adsorption on iso-
lated and supported Pds clusters. We analyzed the electronic
interactions involved in the molecule—cluster—oxide systems
described in the previous section by plotting density of states
(DOS) diagrams (with the absolute Fermi level corrected by the

a)

Fig. 8. Maps of electron density difference for y-Al,O3 supported Pdy clus-
ters: (a) (100) surface, (b) (110) surface. (Yellow balls: Al, red balls: O, green
balls: Pd, small white balls: H, gray balls: C. White lobes: regions of electron
density increase. Blue lobes: electron depletion regions. Note: For the sake of
clarity, label M cannot be visualized in Fig. 8b, the reader can refer to Fig. 11c).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

value for the electrostatic potential in the vacuum between slabs
of the supercell) and electron density difference maps. First, we
describe the metal-support interactions in supported Pd4 clus-
ters before any molecular adsorption; then we analyze how the
metal-oxide interface is affected by the incoming ligand (CO
or ethylene). Finally, we provide an analysis of the spin ground
state.

3.3.1. Supported Pdy clusters

(100) surface Fig. 8a represents the electron density differ-
ence maps for free and supported Pds on the (100) surface.
During the adsorption process, polarization of the electron den-
sity occurs on surface oxygen atoms. Oxygen atoms in direct
interaction with Pd atoms show an electronic depletion in the
region between Pd and O, whereas the charge increases in the
region between these O atoms and nearby Al atoms. In addi-
tion, the corresponding Pd atoms lose electronic charge on d-
like orbitals on interaction with oxygen. Such a situation, with
a charge loss in both orbitals implied in the bond, is charac-
teristic of four-electron interaction to decrease Pauli repulsion.
In contrast, charge is accumulated at the Pd—Al bond center,
a region of overlap between s—p hybrid orbitals on Pd and Al,
forming a Pd—Al bond.

The projected DOS are shown in Fig. 9 for both the separated
cluster and oxide (b) and the interacting system (a). We select
sites Al(3) and O(C) to analyze the metal-support interaction.
The sharp peak on the O(C) states before Pd4 adsorption can be
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Fig. 9. DOS (arbitrary unit) for the supported Pdy4 cluster on the (100) surface
projected on the Pdy cluster, Aly(3) and Opp(C) surface sites: (a) after adsorp-
tion; (b) before adsorption. (Dotted line: s states, dotted bold line: p states,
solid line: d states.)

attributed to a lone pair characterizing the Lewis basicity of the
O site [31]. The Al(3) species presents a very localized vacant
sp state in weak interaction with O(C). This vacant state is the
signature of the Lewis acid center [31].

On Pd4 adsorption, the electronic structure on the surface
oxygen and aluminum atoms is modified; the sharp peak of
the O(C) lone pair disappears with a marked stabilization of
electron states in O(C). New resonances appear in the interval
[—8, —4 eV] from mixing with the Pd states on both oxygen
and aluminum. As a result, a slight spin polarization appears on
these atoms. For the oxygen atom, some antibonding contribu-
tions are pushed above the Fermi level, and thus the O(C) atom
has more vacant states. This is the origin of the reduced elec-
tron density in the direction perpendicular to the surface plane.
Another important effect for the O(C) atom is the increased
participation in low energy states. This is related to indirect re-
organization of surface Al-O bonds and increased electronic
density between Al and O atoms (as shown in Fig. 8a). Note
that the Al(2)-O(C) and AlI(3)-O(C) bonds measure 1.87 and
1.99 A before Pd4 adsorption and 1.84 and 2.29 A after Pdy
adsorption. We found a similar surface rearrangement in our
previous work on the adsorption of Pd single atoms [34].

After adsorption and surface interaction, a broadening of Pd
states occurs. This interaction pushes some of the metal d states
to just above the Fermi level and accounts for the electron loss
in these orbitals. As for the Al projected DOS, we note a strong
mixing of sp orbitals and new contribution from mixing with
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v Fig. 10. DOS (arbitrary unit) for supported Pdy4 cluster on the hydrated (110)
surface projected on the Pdy cluster and O atoms labeled (M), (O) and (P) of
| | | | | | | | | | | | three ;1 OH groups: (a) after adsorption; (b) before adsorption. (Dotted bold
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Pd states in the [—7, —5 eV] region of the diagram. This cor-
responds to the region in which the electron density difference
increases (Fig. 8a). Moreover, there is a small modification in
the low energy range from the rearrangement of Al-O bonds.

Hence, the cluster—surface interaction can be summarized as
a polarization effect due to a four-electron interaction between
states localized in the Pd cluster and O lone pairs in the surface.
Some of the metal cluster electrons are pushed above the Fermi
level and displaced to previously depleted states localized be-
tween Pd and Al atoms. This interaction induces a rearrange-
ment of surface AI-O bonds.

Hydrated (110) surface 'The map of the electron density dif-
ference diagram is presented in Fig. 8b. Fig. 10 depicts the
density of states projected on the Pd4 cluster and on the oxygen
atoms of three relevant ©1OH groups linked to the tetramer.
Oxygen lone pairs before Pd4 adsorption can be easily iden-
tified. Oxygen atoms labeled as (O) and (M) are bonded to
unsaturated tricoordinated and tetracoordinated Al atoms, re-
spectively, whereas oxygen (P) is bonded to a pentacoordinated
Al atom, thus explaining the differences in the DOS; oxygen
(M) and (O) develop stronger interaction with Al [34]. This fur-
ther implies that O(P) exhibits the most basic Lewis character of
the three groups of the (110) surface. The absolute energy level
of its sp state in Fig. 10b appears to be even more basic than
that of the O atom of the (100) surface (Fig. 9b). This will have
an effect on the donor character of the surface, as described in
Section 3.3.2.

Some aspects of Pd4 adsorption on the hydrated (110) sur-
face are similar to those of the dehydrated (100) termination.
The electron density reveals depletion in the Pd—O region be-
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tween the Pd base and surface ©OH groups linked to the
tetramer. The main difference is the nature of the acceptor-
type orbitals. The Al atoms are saturated by water, and an
increased electron density occurs in the vicinity of some sur-
face O-H groups, such as OH(O), OH(P), OH(G), and OH(A).
Thus, we can identify two types of electronic reorganization
after cluster adsorption. First, the protons of the OH(G) and
OH(A) groups (not directly involved in the Pd—O interaction)
have a Lewis acid character and interact with the electron-rich
cluster. This can be seen as an additional electronic basin be-
tween Pd atoms and the surface OH(G) and OH(A) in Fig. 8b.
This first effect is associated with a significant increase of the
O-H bond after Pd4 adsorption (0.2 ;\) and a short Pd—H con-
tact (around 2 10\), consistent with a weak Pd—H bond forma-
tion. (In a Pd hydride, this distance may vary between 1.67 and
2.02A)

Second, an electron polarization also occurs similar to that
seen for the (100) surface. The electron density at oxygen sites
in the metal-support interface rearranges in a similar man-
ner: electron depletion in the Pd—-O region, between the Pd
base and O(O) and O(P) of the pu1OH groups linked to the
tetramer, and an increase in electrons in the O—H bond of those
w10OH groups. Fig. 10 shows that after Pd4 adsorption, another
important reorganization of the O DOS occurs for the three
OH groups involved. The oxygen lone pairs are stabilized to
lower energy, congruent with their decreased electronic popu-
lation.

Moreover, there is a small contribution of oxygen in the va-
cant states consistent with the electron depletion on these sites
described earlier. Finally, Pd d-like states are more dispersed
and have greater energy after adsorption, consistent with the
electron loss seen for those orbitals.

In what follows, we use this information to depict the in-
teraction of these supported clusters with CO and ethylene
molecules in an effort to better understand the influence of the
support on the chemisorption properties of the cluster and, in
turn, the influence of the adsorbates on the cluster—support in-
teraction.

3.3.2. Interaction with CO molecules

Free Pdy clusters Identifying contributions from molecular
orbitals (MOs) is not straightforward in calculations with a non-
localized basis set. This was obtained from the s and p pro-
jected DOS and by comparison with standard MO diagrams.
On CO adsorption, the 50 state couples with low-energy Pdy4
cluster states (Fig. 12a.) The Pd4 projected DOS reveals that
the d contribution to this state increases with increasing CO
coordination to the cluster, with slight energy stabilization. In
addition, an antibonding state from the mixing between CO So
and cluster d states just above the Fermi level can be identified;
this is related to the classical picture of four-electron interac-
tions [44]. The 27* orbital mixes with occupied d states. This
effect is small for the n; mode but increases for higher coordi-
nations, suggesting a variation of metal-to-ligand backbonding
in the order 11 < n2 < 3.

Supported Pdy clusters Supported Pdys clusters present two
major differences with respect to nonsupported metal aggre-
gates. First, the d band is broader as a result of the metal—
support interaction and delocalization of the electronic d states.
Second, d states are involved in both metal-metal and metal—
support interactions. Here we analyze the consequences of
these effects on the adsorption of CO molecules. The charge
density differences (Fig. 11) and the projected DOS on the CO
fragment (Fig. 12) reveal the same qualitative trends on both
surfaces with respect to the CO coordination mode, with an in-
crease in backdonation to the 27* CO orbital with increasing
metal-ligand coordination. However, there are two major dif-
ferences with respect to gas-phase CO/Pdy clusters. First, the
5o donation is enhanced in supported systems, and, simultane-
ously, the 277* band is more dispersed, closer to the Fermi level,
characteristic of an increase in backdonation.

Second, there is a strong rearrangement of DOS around the
Fermi level. The gap between occupied and unoccupied states
is increased with respect to gas-phase CO/Pd4 complexes, espe-
cially for the n, configuration and to a lesser extent for the 73
configuration. This gap opening between occupied and unoccu-
pied states clearly points to a stabilization of CO/Pd4 complexes
by the surface; it is larger for the (100) surface than for the hy-
drated (110) surface. Therefore, it also may be responsible for
the greater stabilization of CO adsorption on the nonhydrated
substrate.

The maps of electron density difference for both surfaces
and for two adsorption modes (Fig. 11) clearly show the “two-
way” electron transfer between CO and Pd atoms, with a 5o
depletion in the CO fragment and a 7 gain, accompanied by an
internal transfer in the d orbitals of Pd.

From its interaction with the oxygen atoms of the alumina,
the Pd4 cluster acquires a stronger capability for retrodonation
toward 2™ states of CO, due to this O (donor)-Pd—CO (ac-
ceptor) trans effect. But this effect is valid only for multiple
coordination modes of CO. Indeed, for the n; mode, backbond-
ing effects are small (due to insufficient overlap between Pd d
states and 27* of CO), and the interaction is dominated by the
donation of the 5o lone pair to vacant cluster states. CO acts pri-
marily as a donor in 7 coordination and as an electron acceptor
in 12 and n3 coordination; thus, the O (donor)-Pd—CO (donor)
effect is destabilizing for 1 coordination. Thus, the support’s
effect on the chemisorption properties of the particle depends
on the synergy between support—particle and particle—adsorbate
electron transfers. This explains why CO adsorption energy is
decreased in this case of 1 adsorption of CO and increased for
the 1, mode.

According to the DOS of the (100) and (110) Al,O3 surface
analyzed in Section 3.3.1, the intrinsic Lewis basicity for the O
atom of the 11 O(P)H group (given by the position of the lone
pair sharp peak in the DOS) appears to be strongest of all O
atoms involved in the interaction with the Pd4 cluster. In con-
trast, the two other O(O) and O(P) atoms exhibit a lower Lewis
basicity than the O(C) atom of the (100) surface involved in the
interaction (Figs. 9 and 10). This implies that the average elec-
tron donor potentiality of both surfaces is rather close, which
explains why the resulting interaction energies of CO are sim-
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Fig. 11. Maps of electron density difference for y-Al,O3-supported CO/Pd4 complexes (calculated as the difference between CO/Pd4/Al; O3 and isolated CO and
isolated Pd4/Al,O3 with frozen structures): (a) n; mode on Pd4/Al,03(100), (b) n3 mode on Pd4/Al,03(100), (c) n1—CO on Pd4/Al,03(110), (d) n3—CO on
Pd4/Alp03(110). (Yellow balls: Al, red balls: O, green balls: Pd, small white balls: H, gray balls: C. White lobes: regions of electron increase. Blue lobes: electron
depletion regions.) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ilar. However, because the OH groups have greater flexibility,
the deformation energy cost of the substrate is lower, which ex-
plains the resulting greater CO adsorption energies on the (110)
surface.

3.3.3. Interaction with CoHy molecules

Free Pdy clusters The m orbital in gas-phase ethylene over-
laps with Pd4 low-energy states, giving rise to a four-electron
interaction analogous to that previously described for CO sys-
tems. However, when electrons from the 7 orbital are trans-
ferred to acceptor states localized on another molecule or sur-
face sites, the C=C bond is weakened and the energy of the 7 *
drops, thus increasing backbonding.

In the m coordination mode, mixing of the ethylene 7 orbital
with Pds low-energy states gives rise to a series of states above
the Fermi level, whereas the 7* states decreases in energy and
are mixed with vacant d states of Pd. As for the di-c mode,
the 7 orbitals have greater overlap with Pd states, which in-
creases the Pd—ethylene interaction. In addition, an increase in
sp hybridization occurs, accounting for the higher hybridization
index reported in Fig. 5. Combined with the strong increase in
ethylene deformation energy due to a change from the 7 mode
to the di-o mode (Table 6), this suggests that backdonation is
enhanced for the latter compound.

Supported Pdy clusters The electron difference maps pre-
sented in Fig. 13 suggest that electrons previously engaged
in Pd-surface bonds have been transferred to the Pd4/CyHy
fragment. Even if quantitatively evaluating the extent to which

backbonding is affected by the surface is difficult from our DOS
calculations, Fig. 14 also reveals that the interaction of eth-
ylene with y-alumina—supported Pdy4 affects electronic states
involved in bonds at the metal-support interface. This is es-
pecially true for the (100) orientation, where occupied states
involved in the Pd—Al(3) and Pd—O(C) interaction just below
the Fermi level disappear on ethylene adsorption in the di-
o mode. Simultaneously, vacant electronic states of O(C) and
Al(3) just above the Fermi level mix with the C—m states for
both adsorption modes. This indicates electronic delocalization
between adsorbate and support. However, no large gap open-
ing between occupied and unoccupied states as occurs for CO
systems is observed, explaining why the support stabilization
effect is smaller on ethylene adsorption. Consequently, the O-
Pd-C,Hy4 trans effect is significantly weakened with respect to
the CO case, due to the lower acceptor character of ethylene
in the 7 mode, which is destabilized on the (100) surface. In
the di-o mode, the acceptor character of ethylene is enhanced,
which induces the stabilization of this mode on the (100) sur-
face. This is congruent with the opening of a small energy gap
at the Fermi level in this case.

3.3.4. Spin polarization effects

The general consequence of ligands on a magnetic metal
cluster such as Pds4 is to quench the magnetism, by favoring
configurations in which spins are paired. However, to reach
a stable singlet state, the ligand—cluster interaction must be of
a certain strength. For a gas-phase Pd, cluster, this is achieved
only for CO in the 7, and 13 modes, not for the more weakly
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a)

Fig. 13. Maps of electron density difference for y-Al,O3-supported C,H4/Pd4 complexes (calculated as the difference between C,H4/Pd4/Al> O3 and isolated CO
and isolated Pd4/Al, O3 with frozen structures): (a) di-o mode on Pd4/Al,03(100), (b) w mode on Pd4/Al,03(110). (Yellow balls: Al, red balls: O, green balls: Pd,
small white balls: H, gray balls: C. White lobes: regions of electron density increase. Blue lobes: electron depletion regions.) (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

bound 71, in which a triplet state is retained. Similarly, the
cluster—support interaction is not strong enough, and the de-
posited cluster remains in the triplet state. However, when the
surface and ligand effects combine, the CO adsorption on the
deposited cluster always yields the singlet state, even for the
n1 mode. The energy differences between the singlet and triplet
states are also reported in Table 3.

In contrast, ethylene adsorption is not strong enough to stabi-
lize the singlet state on the gas-phase cluster, and the triplet spin

state remains stable whatever the adsorption mode on isolated
Pd,4 [57]. If Pd4 is adsorbed on the support, then the combined
ligand effect of the surface and ethylene yields a favored sin-
glet state for the particle. Furthermore, for the di-o mode of
ethylene, the singlet state on Pd4 is more strongly stabilized on
the (100) surface than on the (110) surface. As shown in Ta-
ble 6, the singlet state is —0.37 eV lower in energy with respect
to the triplet on the (100) surface. This can be interpreted as
an increased donor character of this surface, resulting in a nar-
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row gap opening at the Fermi level (Fig. 14b), as mentioned
earlier. On the hydroxylated (110) surface, the singlet state is
stabilized by only —0.17 eV with a zero density DOS of states
at the Fermi level (Fig. 14c).

4. Conclusion

In this work, we analyzed the adsorption of carbon monox-
ide and ethylene molecules on free Pd4 clusters and Pd4 clus-
ters supported on the nonhydrated (100) and hydrated (110)
y -alumina surfaces. First, a comparison of the results obtained
for gas-phase Pdy cluster and an infinite Pd(111) surface (model

of large Pd particle sizes) reported in the literature confirms that
adsorption energies are increased for the isolated cluster. This
is a consequence of the low coordination number of Pd atoms
in the cluster. Furthermore, in contrast to the infinite surface (or
large particles), the w adsorption mode of CoHy is stabilized
versus the di-o mode for Pd4 clusters due to a decrease in the
Pauli repulsion in low-coordinated Pd,.

However, the y-alumina support plays a key role in chang-
ing the qualitative and quantitative trend for the adsorption of
the CO and C,H4 molecules on Pd4 clusters. To enhance the
adsorption of these molecules, the Pd4 clusters are deformed to
optimize its interaction with the alumina support, giving rise to
strong deformation energies. In particular, for the CO molecule,
the calculations reveal that Pd4—CO interactions are strongly
counterbalanced by the contribution of substrate deformation
energies (with values up to 0.94 eV). In the case of C,Hy, sub-
strate deformation energies are smaller (up to 0.40 eV) even if
they cannot be neglected.

Close inspection of structural parameters, the decomposition
scheme of adsorption energies, and the electronic analysis re-
veal a strong influence of the metal-support interface on the
resulting adsorption energy. Both Pd and surface oxygen are
polarized on interface formation. For the (100) surface, this im-
plies the formation of Pd—Al bonds and the reorganization of
Al-O bonds, leading to the strong substrate deformation ener-
gies. In contrast, on the hydrated (110) surface, the electron po-
larization of O atoms belonging to OH groups implies a charge
redistribution concentrated around the latter and thus involving
weaker substrate deformation energies. This finding highlights
the specific role of hydroxyls on the surface.

The adsorption of CO molecules induces a weakening of
the cluster Pd—Pd bonds and a strengthening of the interaction
between Pd atoms and surface sites. Moreover, a strong trans
effect between the surface O electron donor groups and the elec-
tron acceptor CO molecule is seen for the 7, and 13 adsorption
modes. This results in a counterintuitive increase of cluster—
oxide interaction on CO adsorption. As a consequence, Sup-
ported Pdy4 clusters are chemical species with specific properties
different from those of both free Pd4 and infinite Pd surfaces.
Due to this strong metal-support interaction energy for CO/Pdy
complexes, it has been suggested that the shape and wetting of
small Pd particles can change under CO. In contrast, the ad-
sorption of ethylene molecules, which have a stronger electron
donor character, cannot present such synergy in electron trans-
fer with the surface, especially for the n; mode. As a result, the
metal-support interaction is weakened on adsorption.

Our results demonstrate that the two surfaces of the y-Al,O3
support behave differently on adsorption of an incoming lig-
and. Indeed, Pd-ligand interactions affect electronic states at
the Pd4/y-Alp03(100) interface, whereas the Pd4/Al,O3(110)
interface is less perturbed by the presence of an adsorbate. In
the former surface, this effect results in Pd clusters strongly
interacting with the oxide, as already shown for low-metal cov-
erage Pd monomers, Pd dimers, and linear trimers [34,36]. It is
interesting to note that we ruled out the nucleation of Pd trimers
in the (100) surface due to the strong deformation induced to the
oxide. However, such deformation can be stabilized by the CO
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ligand, as our present results show. Therefore, experimenters
should be careful when using CO as a probe molecule for IR
characterization studies of very small supported Pd clusters.

Finally, our results suggest another interesting surface effect.
The stability of CO adsorbed molecules increases in the order
N1 < n2 < n3 for isolated Pdy, infinite Pd(111), and supported
Pd,4 clusters. However, the adsorption mode of C,H4 depends
strongly on the coordination number of Pd and can switch from
the 7 mode on isolated Pd4 and Pd4/y-Al,03(110) clusters to
the di-o mode on infinite Pd surfaces and Pd4/y-Al,O3(100)
clusters due to a stronger metal—support interaction and change
in the cluster spin state. This finding may offer new insight into
the effects of hydroxylation on reactivity in the hydrogenation
of olefins for highly dispersed metal particles.
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