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Density Functional Theory Study of the Adsorption of Formaldehyde on Pd4 and on
Pd./y-Al,O; Clusters®
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B3LYP/LANL2DZ and B3LYP/6-31G(d)-restricted and -unrestricted calculations are employed to calculate
energies and adsorption forms of formaldehyde adsorbed on planar and on tetrahedral Pd, clusters and on a
Pd, cluster supported on Al;yO;s. Formaldehyde adsorbs on planar Pd, in the %#*(C,0)—di-o adsorption mode,
while on tetrahedral Pdy, it adsorbs in the #*(C,0)— adsorption mode. The adsorption energy on planar Pd,
is —21.4 kcal-mol~!, whereas for the tetrahedral Pd, cluster, the adsorption energy is —13.2 kcal>mol~'. The
latter value is close to experimental findings (—12 to —14 kcal-mol™!). Adsorption of formaldehyde on Pd,
supported on an Al;pO;s cluster leads essentially to the same result as that found for adsorption on the tetrahedral
Pd, cluster. Charge density analysis for the interaction between formaldehyde and the Pd, clusters indicates
strong backdonation in the %> adsorption mode, leading to positive charge on the Pd, cluster. NBO analysis
shows that the highly coordinated octahedral aluminum atoms of Al;(O,s donate electron density to the
supported Pdy cluster, while tetrahedral aluminum atoms with lower coordination number have acidic nature

and therefore act as electron acceptors.

Introduction

Supported metal particles are commonly used as heteroge-
neous catalysts. The active catalytic material is usually dispersed
on the support as small particles in order to maximize surface
area.! Although the active site is usually represented by the metal
surface, the support also plays a relevant role in the reactivity
of the supported metal.>~® For example, the hydrogenation of
propylene is faster on Irs/y-AlLO; than that on Irs/MgQO.’
Similarly, the adsorption of CO on supported palladium is
stronger when the TiO, and the Al,O3 oxides are used as a
support, as compared to the SiO; oxide.? In the present paper,
we report DFT B3LYP calculations concerning the effect of
y-Al,O3 on the adsorption of formaldehyde on a small palladium
cluster. Although the size of metal particles on a support may
vary to some degree, dispersed clusters are usually formed by
a small number of atoms. Analysis of a fresh platinum catalyst
supported on Al,O3 determined an average Pt—Pt coordination
number of 2.6, suggesting a platinum cluster size of 3—4 atoms
dispersed on the y-alumina surface.’

Palladium particles supported on y-Al,O3 are among the most
usual heterogeneous catalytic systems available. Although
several studies report on the adsorption properties of y-Al,Os,
especially for the adsorption of alkanes,'~'# theoretical simula-
tions of the effect of the y-Al,O3; support on the adsorption
features of palladium are still scarce. Alumina, mainly as
y-Al,O3, has been widely used as an active catalytic support,'
primarily due to its large specific surface area. Structural models
for the active surface of y-alumina were suggested.'®"'® The
active (110C) surface exhibits hollow sites with nonequivalent
tetrahedral and octahedral aluminum ions, which are most

TPart of the special section for the “Symposium on Energetics and
Dynamics of Molecules, Solids and Surfaces”.

* To whom correspondence should be addressed. E-mail: walk@vm.uff.br.

# Departamento de Quimica Inorganica.

§ P6s-Graduagio em Quimica Organica.

10.1021/jp801591z CCC: $40.75

probably responsible for adsorption.!® The Pd—Al,O; interac-
tions result in charge transfer from the aluminum cations to the
deposited Pd atoms.?*~23 Supercell DFT calculations on the Pd/
y-AlL,O3 (110C) interface at low coverage?* indicate strong
adsorption on tetrahedral Al sites and weaker interaction with
the octahedral Al sites. In any case, the acid properties of the
cationic sites dominate and determine the initial steps of the
adsorbate—support interface interactions.

Formaldehyde may adsorb on transition metals in two bonding
modes, 7'—(0) and 7>—(C,0) or the top—bridge—top mode (tbt
structure).? In the #'—(0O) configuration, the molecule binds
to the surface via the oxygen atom using one of its lone pairs.
In the #?>—(C,0) mode, the adsorbate interacts with the substrate
via both the carbon and the oxygen atoms. Additionally, there
may be two 7>—(C,0) adsorption modes. Bonding of the carbon
and oxygen atoms to contiguous active sites leads to o-type
bonding arrangements, resulting in an 7?>—(C,0)—di-o adsorp-
tion mode. In contrast, when the carbon and oxygen atoms both
bind to the same active site, they form n-type bonding
arrangements, leading to an 7*>—(C,0)—x adsorption form
(Figure 1). On clean surfaces of group VIII metals, the 7?—(C,0)
mode is preferred,? although both adsorption forms have been
detected experimentally. Previous experimental and theoretical
studies on adsorption of formaldehyde on the transition-metal
Pd(111), Cu(111), and Pt(111) surfaces indicate that the
7?>—(C,0) adsorption geometry (i.e., interaction of both the
oxygen and carbon atoms with the surface) is the most
likely.?0~3¢ Temperature-programmed desorption experiments>*
as well as results of slab model calculations point to the 7> form
as the most probable, with an adsorption energy in the range of
12—14.6 kcal-mol~!.343 In cluster calculations using Pdg and
Pd;9 models of the Pd(111) surface, the 1?>—(C,0) adsorption
mode is preferential.?' Slab model density functional investiga-
tions exclusively reported the 7>—(C,0) adsorption form as the
most stable.30-32
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Figure 1. Different forms for interactions of formaldehyde with the palladium(111) surface.

a)

Figure 2. (a) Planar and (b) tetrahedral Pd, clusters.

Computational Methods

In the present work, we report data for formaldehyde
adsorption on models of the (111) surface of palladium and of
palladium supported on the (110C) surface of y-Al,O3 using
the cluster model approach. The bulk palladium metal has a
face-centered cubic (fcc) crystal structure.’” On the basis of this
structure, the (111) palladium surface was modeled by two
clusters, both containing four palladium atoms, (i) a planar
rhombohedral arrangement in D,;, symmetry and (ii) a tetrahe-
dral arrangement in 7,; symmetry, as shown in Figure 2. These
clusters form a compact section of the (111) fcc ideal palladium
surface. Small cluster models have proved useful in the study
of the adsorption of individual species and have provided
accurate descriptions of adsorbate structures, vibrations, and
chemisorption energies.3¥~#! The formaldehyde molecule was
fully optimized on both palladium clusters, while simultaneously
keeping the Pd—Pd distances fixed at the bulk Pd—Pd value of
2.751 A.3” When possible, symmetry was imposed. The adsorp-
tion energy (E,q) corresponds to the energy difference between
the H,CO/Pd4 complex and its components (H,CO and Pd,) at
infinite separation and is calculated according to eq 1

E.q= Egacopas ™ [E(HZCO) + E(Pd4)] (D

All calculations were done with the B3LYP hybrid functional
as proposed and parametrized by Becke.*? This is a mixture of
Hartree—Fock and DFT exchange terms with the gradient-
corrected correlation functional of Lee et al.*® As a first
approach, the metal atoms were described by the LANL2DZ
pseudopotential* and its accompanying D95V basis set for the
valence electrons, which, in the case of palladium, includes the
outer 18 electrons. For the nonmetallic atoms (oxygen, carbon,
and hydrogen in the present case), the valence double-( basis
set of Dunning and Huzinaga (D95V)* was employed. The

combination (B3ALYP/LANL2DZ) was employed to calculate
the energy of the bare clusters and to optimize the geometry of
formaldehyde interacting with the fixed clusters. For each
optimized geometry, the energy was refined through single-point
energy calculations, now replacing the D95V basis set on
carbon, oxygen, and hydrogen atoms with the 6-31G(d) basis
set*¢ while maintaining the LANL2DZ pseudopotential for the
metal atoms.

As a second step, the same B3LYP/LANL2DZ combination
was employed to calculate the adsorption energies of formal-
dehyde over the Pds cluster, now, however, in the presence of
an alumina cluster. For these calculations, we used a
y-Al,03(110C) surface modeled with 18 aluminum and 27
oxygen atoms, as shown in Figure 3. The (110C) alumina face
was chosen because, in addition to being the most stable, it
also exposes both tetrahedral and octahedral aluminum atoms
as well as oxide anions.?**” Such a cluster was designed in order
to represent a small slice of the bulk y-alumina and was built
using experimental parameters for the bulk y-alumina.*®4° One
Pd, cluster with Pd—Pd distances of 2.751 A was then deposited
on the top of the (110C) face of the Al;gOy7 cluster, and its
geometry was fully optimized. During the optimization of the
Pd./Al;3027 ensemble, only the palladium atoms were allowed
to fully relax. Several adsorption positions of formaldehyde on
the Pds/Al1gOz7 ensemble are possible. In order to reduce
computational cost in the determination of the best position for
formaldehyde adsorption on the Pd/alumina surface, the size
of the alumina cluster was reduced. The two layers of the
Al130y7 cluster farther from the adsorption interface were
removed, reducing the Pd4/Al;30,7 to a Pd4/Al;oO;5 ensemble.
To test the quality of this reduced model, one CO molecule
was adsorbed on various positions on the Pds/Al;oO;s surface,
and the preferential adsorption forms with their respective
energies were compared with experimental data.® The calculated
higher adsorption energy (—53.1 kcal-mol™!) is close to the
calorimetric ~ experimental adsorption energy (—47.8
kcal*mol™1),% giving support to our model. In addition, one
calculation of formaldehyde adsorption considering the larger
AlO3 model (Al;30,7) reduces the adsorption energy by only
2 kcal*mol~!. After model validation, the formaldehyde mol-
ecule was adsorbed on several positions of the Pdi/Al;0O;s
ensemble. In this case, the geometry of formaldehyde was
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Figure 3. Lateral (a) and top (b) view of the Al;3sO; cluster. Lateral (c) and top (d) view of the Pds/Al;3s0»7 complex; X, y, w, and z denote the

palladium atoms (see text).

allowed to fully relax while maintaining the geometry of the
Pd4/Al19O5 fixed at the previously optimized arrangement.

Adsorption energies were computed as before by subtracting
the energies of the isolated formaldehyde molecule and the Pd4/
AljoO;5 cluster from the energy of the H,CO/Pdi/AlpOis
system, according to eq 2

E\y = Eqpacopayainoots)~ [Egaco) + Epaaranoons)) (2)

A negative value for the adsorption energy means that the
corresponding adsorbed state is thermodynamically more stable
than the unbounded state.

The calculations described above were carried out using the
restricted formalism in the singlet electronic spin state. This
was done considering the 4d'? closed-shell electronic ground-
state configuration for the palladium atom. However, as recently
shown,’! the ground electronic state for small Pd; and Pdjo
clusters have triplet (S = 1) and septet (S = 3) spin states,
respectively. This prompted us to redo the above calculations
considering the several possible electronic spin states. Therefore,
the geometry of formaldehyde interacting with both the Pdy4
clusters and the Pds/Al;pO;s ensemble was reoptimized using
the unrestricted formalism considering the electronic spin states’
triplet (S = 1), quintet (S = 2), septet (S =3), and nonet (S =
4). For the unrestricted calculations, the stability of the final
wave function was tested. The reported adsorption energy in
each case is that found with the most stable wave function using
the bigger basis set.

In order to determine the effect of the support on the
properties of the palladium clusters, we focused on the
electrostatic potential (ESP)-derived charges, using the Merz—
Kollman—Singh scheme (MKS population analysis), which fits
the ESP to points selected on a set of concentric spheres around
each atom.’>33 In the MKS scheme, the charge transfer and
electrostatic components do not have the usual physical mean-
ings considered in the Mulliken and Morokuma analyses.>*>>
Additionally, a set of natural bond orbital (NBO) calculations
were carried out in order to evaluate the nature of the electronic
interactions between the formaldehyde/Pd and Pd/Al,O3 inter-

faces. All calculations were performed using the Gaussian 03W
computational package.’®

Results

Adsorption of Formaldehyde on Pd4. Two Pd, clusters were
tested, one planar rhombohedral in D, symmetry and another
tetrahedral in 7; symmetry (Figure 2). For the planar Pdy4
arrangement, the most stable spin state is singlet, while for the
tetrahedral arrangement, the triplet spin state is the most stable.
Previous calculations on Pd4 clusters consistently reported the
tetrahedral arrangement as the most stable when compared to
either linear, squared, or thombohedral arrangements.>”->8 For
the tetrahedral cluster, the triplet spin state has been found as
the most stable,~92 although in some studies, the singlet state
was found almost degenerated.®>% In our studies, the tetrahedral
arrangement is considerably more stable than the planar
arrangement (by 22.0 kcal*mol~!). When interacting with the
Al,O3 surface, the most stable arrangement for Pd4 is an
distorted intermediate structure between the planar and the
tetrahedral forms. In the distorted structure, the quintet spin state
is the most stable, probably due to the more dispersed arrange-
ment of the palladium atoms over the Al,Oz surface. DFT
calculations using the plane-wave basis set for the Pd, cluster
supported on the (100) and (110) y-alumina surface found the
triplet state as the most stable, even though the energy difference
for lower spin state was small.%?

Figure 1 shows possible adsorption modes of formaldehyde
on the (111) face of palladium. When considering the planar
Pd, cluster, the arrangements given in Figure 4 were found.
The 1?—(C,0) adsorption forms A and C, with di-o geometry,
are those which give the higher (more negative) adsorption
energy (A = —21.4 kcal-mol~'; C = —20.2 kcal mol~!, Table
1). These are the structures where formaldehyde interacts with
two palladium atoms of the border of the cluster. Previous
calculations?’ as well as experimental3* results also reported the
7%(C,0) form as the preferential one, with two typical o
interactions between the formaldehyde and the palladium cluster.
The other adsorption forms (%(C,0)—di-o (form B); #*(C,0)—x
(form D), *(C,0)— (three-center) (form E); and #'(0) (form



8932 J. Phys. Chem. A, Vol. 112, No. 38, 2008

Vs J
l !/ '
&)
@ % o
(D)

E)

Carneiro and Cruz

Figure 4. Adsorption forms for formaldehyde adsorption on a planar Pdy cluster.

TABLE 1: Adsorption Energy (E,q, kcal-mol~1), Charge Density on Pdy (¢), and Selected Geometrical Parameters for
Formaldehyde Adsorbed on Planar Pd, (distances in angstroms and bond angles and dihedral angles in degrees)

A B C D E F

C—Pd 2.055 2.048 2.051 2.180 2.056 3.114
O—Pd 2.004 1.977 1.990 2.158 2.241 2.133
Cc-0 1.358 1.386 1.374 1.316 1.379 1.252
C—H 1.102 1.104 1.103 1.098 1.102 1.098
H-C-0O 115918 113.626 114.156 120.058 114.572 121.793
H-C-O—-H 20.630 22.786 21.691 9.724 21.666 0.000
E. " —21.40 —15.50 —20.19 —16.28 —7.06 —10.91

qi (Pd) +0.152 +0.145 +0.144 +0.072 +0.115 —0.133

@ Adsorption energies were calculated for the triplet state for all adsorption forms but B, for which the singlet state was used.
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Figure 5. Adsorption forms for formaldehyde adsorption on a tetrahedral Pd4 cluster.

F)) are at least 4 kcal-mol™! less stable. Although the
7*(C,0)—di-o arrangement (form B) has a geometry resembling
that of A and C, in the B form, the interactions occur with the
metal atoms with higher coordination number, therefore leading
to lower (less negative) adsorption energy.

The geometry of formaldehyde in the most stable arrangement
(A) shows a clear rehybridization of the carbon atom. Geometric
parameters (Table 1), such as increased C—O bond length (1.358
A as compared to 1.241 A in isolated formaldehyde), reduced
H—C—O bond angle (115.9° as compared to 121.9° in isolated
formaldehyde), and deviation of the hydrogen atoms from the
original molecular plane, as given by the HCOH dihedral angle
(20.6°), clearly indicate a high sp? character on the carbon atom.
Further indication of the degree of deformation in the geometry
of formaldehyde as a result of the adsorption process is given
by the bond reorganization energy, calculated as the energy

difference between the geometry of formaldehyde after adsorp-
tion and the full relaxed molecule. For the most stable adsorption
form (A), the bond reorganization energy of formaldehyde is
25.3 kcal*mol~!. The smallest C—Pd distance is 2.055 A, while
the smallest O—Pd distance is 2.004 A. For the arrangements
with lower adsorption energy, the changes in the geometric
parameters of formaldehyde are correspondingly lower.
Figure 5 gives the geometrical arrangements for the adsorp-
tion of formaldehyde over the tetrahedral Pds cluster. The
7*(C,0)—m arrangement (form J) is the most stable with an
adsorption energy of —13.2 kcal-mol~!. However, other adsorp-
tion forms, such as 7'(0) (form I) and #*(C,0)—di-o (form K),
are found with only slightly higher energy (less than 3
kcal-mol~"). Although we calculated a higher adsorption energy
(more negative) for the planar arrangement of Pda, the absolute
energy is lower for formaldehyde/Pd, tetrahedral than for that
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TABLE 2: Adsorption Energy (E,q, kcal-mol~1), Charge Density on Pdy (¢,), and Selected Geometrical Parameters for
Formaldehyde Adsorbed on Tetrahedral Pd4 (distances in angstroms and bond angles and dihedral angles in degrees)

G H I J K
C—Pd 2.046 4.196 3.078 2.223 2.050
O—Pd 2.185 3.063 2.081 2.194 1.967
Cc-0 1.397 1.243 1.256 1.319 1.367
C—H 1.101 1.104 1.097 1.082 1.104
H-C-0O 113.742 121.742 119.284 118.886 114.493
H—-C—O—-H 22.68 0.183 0.000 9.045 21.291
E. +2.38 +0.07 —11.50 —13.17 —10.23
qi (Pdy) +0.089 —0.107 —0.165 +0.052 +0.152
¢ Adsorption energies were calculated for the triplet state.
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Figure 6. Adsorption forms for adsorption of formaldehyde on the Pd4/Al;¢O;s cluster. M and M’ are the same adsorption modes shown in different

orientations.

formaldehyde/Pd, planar, mainly due to the much lower energy
of tetrahedral Pd, than that of planar Pd4. Additionally, the lower
border effect (due to the higher coordination number) of the
tetrahedral Pd4 cluster makes the adsorption energy lower than
that for adsorption on the planar cluster. Therefore, the higher
adsorption energy on the tetrahedral cluster compares well with
experimental measurements (—12 to —14.6 kcal *mol~").3*

Geometrical changes for adsorption on the tetrahedral Pd4
cluster are smaller than those calculated for planar Pds. The
C—O0 bond length increases to 1.319 A, the H—C—O bond angle
decreases to 118.9°, and the dihedral HCOH angle is 9.0° (Table
2). In the most stable arrangement (J), the carbon and oxygen
atoms are almost equidistant from the palladium atom in the
corner of the tetrahedron (C—Pd = 2.223 A and O—Pd = 2.194
A). The bond reorganization energy for formaldehyde adsorbed
on the tetrahedral Pds is correspondingly smaller, 10.9
kcal*mol~!. These changes correspond to nearly half of that
calculated for adsorption on the planar cluster.

Adsorption of Formaldehyde on Pd4/Al;9O1s. As a first step
in the calculation of the Pds/Al;3s0,7 ensemble, we fully
optimized the geometry of the Pds cluster over the Al;gOy;
cluster. The latter was designed in four layers of AI’* and O?~
ions (Figure 3). The four Pd atoms were deposited on the (110C)
surface of the Al;30,7 cluster and were allowed to fully relax
while keeping the Al;3O,7 geometry fixed. The final arrangement
is shown in Figure 3. Pd4 adsorbs on the Al;30,7 cluster in an
arrangement which is halfway between the planar and the
tetrahedral geometry. After optimization, the palladium atoms
are more disperse, with Pd—Pd distances of 3.258 (Pd(x)—Pd(w)),
3.153 (Pd(y)—Pd(w)), and 2.674 A (Pd(x)—Pd(y) (see Figure
3). Indeed, there are four increased Pd—Pd distances and one
reduced Pd—Pd distance. Three of the four palladium atoms

(x, w, and z) adsorb in a bridge form involving, in each case,
two octahedral aluminum cations, while the fourth Pd atom (y)
adsorbs on a tetracoordinated aluminum cation (Figure 3). The
smallest Pd—O distances are 2.336 and 2.420 A, while the
smallest Pd—Al distances are 2.489 and 2.567 A. Among all
Pd—Al distances in the metal—alumina interface, those distances
inovlving the octahedral aluminum cations (Al,) are smaller than
the distances involving the tetrahedral aluminum cations (Al)
(Pd(w)—Al, = 2.498 A; Pd(w)—Al, = 2.567 A; Pd(w)—Al, =
2.522 A; Pd(y)—Al, = 2.590 A).

After defining the positions of the four palladium atoms on
the aluminum cluster, the formaldehyde molecule was adsorbed
on the full ensemble Pds/alumina. However, in order to reduce
computational cost, the two layers farther from the palladium
atoms were removed, thereby reducing the size of the alumina
cluster from Al;30,7 to Al19O;s. The geometry of formaldehyde
was then fully optimized over the entire Pds/Al;pO,s ensemble,
retaining the geometry of the Pd4/Al;(O;s ensemble analogous
to that optimized in the previous step. The five main arrange-
ments of formaldehyde adsorbed over the Pd4/Al;0O;5 ensemble
obtained after optimization are given in Figure 6. For all of the
adsorption forms shown in Figure 6, the ground electronic spin
state is the quintet state. The most stable adsorption form of
formaldehyde over the Pdy/Al 015 ensemble is the 7*(C,0)—x
adsorption mode (form M), with an adsorption energy of —12.3
kcal-mol™!. This value is similar to that found for adsorption
on the isolated tetrahedral Pdy cluster, for the same adsorption
mode, and is also close to experimental measurements.®® A
calculation where the first shell of the Al;gO,; cluster was
allowed to relax led to adsorption energy of —16.8 kcal*mol ™!,
in line with previous calculations.® The geometry of adsorbed
formaldehyde resembles that calculated for the isolated tetra-
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TABLE 3: Adsorption Energy (E,q, kcal-mol~1), Charge
Density on Pdy (¢g¢), and Selected Geometrical Parameters
for Formaldehyde Adsorbed on the Pdy/Al;(O;s Cluster
(distances in angstroms and bond angles and dihedral angles
in degrees)

L M N O

C—Pd 2.410 2.118 3.646 3.627
O—Pd 2.293 2.157 2.408 2.391
Cc-0 1.279 1.325 1.241 1.241
C-H 1.102 1.095 1.103 1.102
H-C-0O 120.385 119.268 121.400 121.352
H-C-0O—-H 7.132 11.239 0.000 0.000
E." —3.20 —12.30 —2.29 —2.81

qi (Pdy) —1.184 —1.055 —1.202 —1.203

@ Adsorption energies were calculated for the quintet state.

hedral case, with a C=0O bond length of 1.325 A, H-C-0
bond angle of 119.3°, and HCOH dihedral angle of 11.2° (Table
3). This leads to a reorganization energy of 12.5 kcal*mol ™!,
almost the same value as that calculated for adsorption on the
isolated tetrahedral Pd, cluster. The Pd—O and Pd—C distances
are 2.157 and 2.118 A, respectively. The other adsorption forms
are at least 9.1 kcal-mol™! less stable. Therefore, when
considering the adsorption of formaldehyde on the supported
palladium from the energetic and geometrical point of view,
the effect of the Al;pO;s support is not significant. Adsorption
energy changes by about 1 kcal-mol™!, and the geometric
parameters are essentially the same. The preferred #*(C,0)—n
adsorption form was found in both cases. However, it should
be considered that the metal cluster arrangement is not exactly
the same in both cases, so that dissimilar effects may compensate
and lead to these small differences. For example, while the Pdy4
cluster on the alumina surface has a geometry that could lead
to a higher adsorption energy, as was observed in the case of
the planar Pd, cluster, the presence of the support, donating an
electron to the palladium atoms, therefore decreasing its acidity,
as discussed below, may act in the opposite direction, thereby
leading to a compensation between these two opposite effects.

Although the additional adsorption forms which were calcu-
lated are less stable than the #*(C,0)—x form, two points
regarding their structure caught our attention and may help us
understand the nature of the interaction between the aluminum
cations and the palladium atoms. The first point is the fact that
the 7z system of formaldehyde moves away from the palladium
atom (Pd(27)), which is bonded in a bridge between two
octahedral aluminum cations (Al(4) and AI(5)) (see Figure 7
for atom numeration). Upon optimization of this arrangement,
the geometry reorganizes in order to allow the oxygen atom to
approach the palladium atom, leading to an #'(O) adsorption
form (form O, Figure 6), with a final Pd—O distance of 2.391
A. The second point was observed when trying to optimize a
geometry with the st bond of formaldehyde near to the palladium
atom (Pd(26)), which is adsorbed over a tetracoordinated
aluminum cation (AI(3)). In this case, optimizations lead to a
structure with an 7%(C,0)—di-o arrangement (form P), however
with a tetrahedral aluminum cation as the anchorage point. The
first fact is strong evidence of the Lewis acidity of the
tetracoordinated aluminum cation, also identified in the NBO
analysis (vide infra). The second fact is evidence for some Lewis
basicity of the octahedral aluminum cations Al(4) and Al(5),
which transfer electrons to the palladium atom. The electron
donation effects of the octahedral aluminum cations Al(4) and
Al(5) are also seen in the NBO analysis.

In order to verify the effect of fully relaxing the Pd4
arrangement, the %#*(C,0)— adsorption form was reoptimized,
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now relaxing not only the geometry of formaldehyde but also
the positions of the four palladium atoms. Optimization of both
the formaldehyde molecule and the Pd, cluster over the Al;¢O;s
cluster reduces the absolute energy by only 1.5 kcal-mol™!,
increasing the adsorption energy to —13.8 kcal-mol~!. Geo-
metric changes are also not significant. The only relevant change
is the fact that the palladium atom (Pd(26)) adsorbed over the
tetracoordinated aluminum cation (Al(3)) moves away, increas-
ing the Pd(26)—Pd(27) distances from 2.674 to 2.721 A and
the Pd(26)—Pd(29) distance from 3.258 to 3.635 A. This may
be an indication of the facility with which the palladium atoms
may move over the alumina surface with low energetic cost.

Discussion

The present computational study allows us to derive relevant
conclusions about the energetic and geometric parameters for
the adsorption of formaldehyde on palladium. Our results clearly
indicate that formaldehyde preferentially adsorbs using its 7
electrons, either in an 7*(C,0)—di-o adsorption form, where
the carbon and oxygen atoms interact each with a palladium
atom in a o-type bond, or in an 5*(C,0)— adsorption form,
where both the carbon and oxygen atoms interact with the same
palladium atom in a sr-type bond. The first situation was found
for the planar arrangement of the Pd4 cluster, while the second
was preferentially found in the tetrahedral Pd4 cluster. While
both arrangements may compete, more frequently, we found
the #*(C,0)—x adsorption form as the most stable, although
the #*(C,0)—di-o arrangement was usually only slightly less
stable. Adsorption of formaldehyde using the oxygen lone pairs,
in an 7'(0) adsorption form, is always much less stable than
any of the 7? adsorption forms discussed above. To our
knowledge, no experimental result that could clearly differentiate
between the two 72 adsorption forms has been reported, although
experimental evidence suggests the 772 adsorption form, without
differentiation between the o- and sr-bonding possibility. Density
functional calculations using extended surfaces based on
periodical slabs® or more extended flat surfaces® lead to the
7%(C,0)—di-o adsorption form as the most stable. This corre-
sponds to our result using the planar Pd4 cluster, a result that
could be expected on the basis of the similarity between the
two models. Therefore, it seems that when modeling planar
surfaces, using either small clusters or extended surfaces, the
7%(C,0)—di-o adsorption mode is preferential. However, for a
not fully planar arrangement, as is the present case with the
tetrahedral cluster model, the %*(C,0)— adsorption form may
become either competitive or the most stable one.

Intriguingly, we found no remarkable effect of the Al;(O;g
support on the adsorption energy of formaldehyde, unless we
let the alumina surface relax. On both the isolated (tetrahedral)
and the supported Pd4 cluster, the value calculated for the
adsorption energy is close to experimental measurements. The
geometry of Pd, deposited on the alumina surface is intermediate
between that of the planar and the tetrahedral models. This could
lead to adsorption energies that are more negative than that
calculated for the isolated tetrahedral model, as was found for
the Pd, cluster in the planar arrangement. However, as will be
shown below, the alumina support seems to preferentially
transfer electron density to the Pdy cluster, therefore reducing
its acidity and, correspondingly, the adsorption energy. This
effect would act in a contrary direction as that predicted on the
basis of the geometrical arrangement. Therefore, an imbalance
between these two opposite effects may well be responsible for
the similarity in the adsorption energies of the isolated and the
supported Pd4 clusters. However, the preferred adsorption form
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2 Pd (28)

Al (4) .

Figure 7. Representation of the NBO orbitals involved in the interaction of Pd(28) with Al(4) and Al(10) octahedral aluminum cations. (a) Back-
donation from Pd(28) to Al(10); (b) back-donation from Pd(28) to Al(4); (c) donation from Al(10) to Pd(28); (d) donation from Al(4) to Pd(28).

and geometrical parameters of formaldehyde after adsorption
are similar in both situations.

What are the main interactions between the metal and the
adsorbate in the present case? Analysis of charge density
changes as a consequence of adsorption may help us understand
electronic effects acting on the adsorption process. We also
carried out NBO calculations, which could help rationalize
electron transfer between the metal catalyst and the adsorbate,
as well as that between the metal catalyst and the support.

The total Mulliken charge density on the Pds cluster after
adsorption of formaldehyde is positive for all adsorption forms,
with the exception of those forms where the adsorption involves
the oxygen lone pairs (Tables 1, 2, and 3). These are, however,
forms with low adsorption energies (as discussed before) and
should not be taken into consideration. Charges calculated using
the Merz—Kollman—Singh scheme point to the same direction.
These results are found for both the #*(C,0)—di-o and the
7*(C,0)—x adsorption forms, although with more positive
charge on the Pdy4 cluster in the #*(C,0)—di-o than in the
7%(C,0)—x adsorption modes. These results may be an indica-
tion that back-donation, responsible for electron transfer from
the metal d orbitals to the antibonding C=O0 s orbital, is more
relevant than the usual electron donation from the adsorbate to
the metal surface. The C=0 double bond considerably stretches
upon adsorption on either of these modes, which may be a
consequence of increased occupation of the antibonding C=0
¥ orbital.

The charge density on formaldehyde adsorbed on the Pds/
Al1pOy5 cluster is negative, with values similar to those
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calculated for adsorption on the isolated Pd4 cluster. However,
a significant difference is found for the charge density on the
four palladium atoms. When they are supported on the Al;oO;s
cluster, the charge density on the metal is negative, with a total
charge density on the palladium atoms above —1le™ (Mulliken)
or —0.008e~ (Merz—Kollman—Singh). Therefore, even con-
sidering the Merz—Kollman—Singh result, there is a relevant
charge transfer from the support to the metal catalyst. Individual
analysis of charge density on each atom shows that this charge
is transferred mainly from the octahedral aluminum atoms with
high coordination number to the neighboring palladium atoms.
NBO analysis confirms these fact, as the second-order perturba-
tion energy, which gives an indication of the amount of electron
transfer between two subunities, is significantly high for
interaction between the octahedral aluminum atoms and the
palladium atoms directly bonded to them.

NBO analysis for the Pds/Al;gO;s cluster shows that the
palladium atoms interact more strongly with the aluminum
cations than with the oxygen anions. Figure 7 shows the main
orbitals involved in donation and back-donation for the pal-
ladium atom (Pd(28) or its symmetrical Pd(29)) adsorbed in a
bridge position on the Al(10) and Al(4) aluminum cations. The
back-donation interactions involve the 4d,, orbital on the
palladium atom and a hybrid sp%? (65.86% s, 34.14% p) valence
orbital on the aluminum atom Al(4) as well as the 4d,; orbital
on the metal and a high s character (90% s and 10% p) orbital
localized on the octahedral Al(10) aluminum cation. The second-
order perturbation energies for these interactions are 10.1 and
8.9 kcal*mol~!, respectively. The donation involves the same
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SCHEME 1: HOMO (the highest occupied molecular
orbital, either o or ) and LUMO (the lowest unoccupied
molecular orbital, either o or ) Energies for Planar,
Distorted, and Tetrahedral Pd4 Calculated at the UHF/
6-31G(d) Level*

Ener# ?s'?-?)? +0,004
— 0,019 @=1)
&5 0,026
0,229

Isolated Isolated Supported Isolated
planar Pdy distorted Pd, distorted Pdy  tetrahedral Pd,
@ The distorted geometry was obtained from optimization of Pd4 on

the Al;30,7 cluster. In the second distorted structure (supported Pd.),
the wave functions of Al;3sO,7; were included (via ghost atoms).

hybrid orbital on the octahedral aluminum cation (Al(4)), which
has a relatively high occupation number (0.694e™) and an s
(97.1% s and 1.3% p) orbital on the palladium atom as well as
ap (92.5% p and 7.5% s) orbital on Al(10). The second-order
perturbation energies for these donation interactions are 23.4
and 18.1 kcal-mol~!, respectively. Although the second-order
perturbation energy for the individual interactions is higher for
donation than it is for back-donation, when taking all of the
interactions together, that is, including interactions between other
orbitals, the total back-donation is 21.5 kcal*mol ™! stronger than
the donation. This is probably associated with the fact that the
aluminum atom has low coordination number, therefore forcing
strong back-donation from the metal. Corresponding interactions
were also found for the palladium atom (Pd(27)) deposited over
the octahedral aluminum atoms Al(4) and Al(5). Nevertheless,
in this case, donation is stronger than back-donation. For
adsorption on the tetracoordinated aluminum cation (Al(3)), the
backdonation interactions involve the d.? orbital on Pd(26) and
an sp”* (68.7% s and 31.2% p) hybrid orbital on the aluminum
cation. The NBO result indicates reduction in the occupation
of the d.? orbital (1.821e™) and increased occupation of the sp®+
orbital (0.439¢7). The second-order perturbation energy for this
interaction is 19.8 kcal-mol~!. No noteworthy interaction
corresponding to a classical donation was found. In summary,
the NBO results indicate that the tetrahedral aluminum atoms
behave as a Lewis acid, given that only back-donation interac-
tions were found in this case. In contrast, the octahedral
aluminum atoms, at least those of high coordination number,
may act as a Lewis base and may donate electrons to the metal
support.

The energy of the HOMO and LUMO orbitals of the Pdy
cluster may also help understand the origin of donation and
back-donation in the interaction between the Pd, cluster and
the alumina support. The HOMO and LUMO energies for the
planar, tetrahedral, and two distorted arrangements of the Pd4
cluster are given in Scheme 1. The distorted geometry of Pd4

Carneiro and Cruz

is that optimized over the alumina support. Calculations for the
distorted Pd4 were carried out in the absence and in the presence
of the alumina support (using ghost atoms to represent the
alumina basis sets). The orbital energies were calculated with
the unrestricted Hartree—Fock model using the 6-31G(d) basis
set.

The results show that the HOMO energy of the supported
palladium cluster is 0.097 eV lower than the corresponding
energy for the isolated (tetrahedral) cluster. This reduction comes
mainly from the change in the geometry of the cluster, with a
small contribution due to the alumina wave functions. Similar
reduction in energy upon distortion of the tetrahedral arrange-
ment is also calculated for the LUMO orbitals. For the supported
Pd4, the LUMO energy is 0.030 eV lower than the LUMO
energy of the tetrahedral cluster and 0.020 eV lower than the
LUMO energy of the planar cluster. In this case, the aluminum
wave functions are responsible for 0.007 eV in the reduction
of the LUMO energy of the distorted Pds. Reduction of the
energies of the frontier orbitals may be the origin for the
increased charge transfer from the support to the metal cluster.
While lower HOMO energies preclude electron donation from
the metal to the alumina cluster (back-donation), a corresponding
lowering in the LUMO energy of Pdy4 helps donation from the
alumina to the Pd4 cluster. This is reflected in the electron
transfer from the alumina to the metal, as discussed above.

Conclusions

In the present work, we report a detailed analysis of the
adsorption forms and adsorption energies for formaldehyde
adsorbed on small palladium clusters and palladium supported
on an AljgOjs cluster. Our calculations suggest that the 7?2
adsorption forms, where the 7 electrons of the carbon—oxygen
double bond interact with the metal surface, either in a o-type
or in a z-type bonding arrangement, are more stable than the
alternative bonding through the oxygen lone pairs. For the planar
Pd, cluster, the preferential adsorption form is the 7%(C,0)—di-o
mode, while for adsorption on the tetrahedral Pd, cluster, the
7%(C,0)—x mode is favored. The calculated adsorption energies
for these two adsorption forms are —21.4 and —13.2 kcal*mol ™!,
respectively. Although the adsorption energy is higher (more
negative) for the planar cluster, the absolute energy for
adsorption on the tetrahedral cluster is smaller. Therefore, the
last should be considered as the most stable species. The
corresponding adsorption energy is close to experimental
measurements (—12 to —14 kcal-mol~!). Adsorption on Pdy
supported on the Al;(O;s cluster changes neither the energy nor
the preferential adsorption form when compared to the adsorp-
tion on the tetrahedral cluster, although the geometry of the
supported Pd, is intermediate between that of the tetrahedral
and the planar clusters.

Charge density analysis indicates that electronic charge
density is transferred from the metal to formaldehyde when it
adsorbs on the Pd, cluster in either of the 72 adsorption modes.
In the presence of alumina, not only the charge on the
formaldehyde but also that on the metal becomes negative as a
result of charge transfer from alumina to the metal cluster. This
is a consequence of the strong reduction in the LUMO energy
of the distorted Pd4 when adsorbed on the alumina surface. NBO
analysis indicates that this charge transfer involves mainly the
highly coordinated octahedral aluminum atoms, which act as
Lewis bases, donating electronic charge to the metal cluster, in
opposition to the lower coordinated tetrahedral aluminum atoms,
which behave as Lewis acids and are electron acceptors.
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