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The effect of γ-Al2O3 support on the NO adsorption on Pd4 clusters was investigated by means of 
density functional theory (DFT) calculations. Pd4 adsorbed on γ-Al2O3 (represented by a Al14O24H6 
cluster) changes its preferential geometry from tetrahedral to a distorted planar structure. The alumina 
support promotes a higher dispersion in the palladium catalyst and reduces the NO adsorption energy 
to –25.6 kcal mol-1 (computed at B3LYP/LANL2DZ/6-311+G(d)), in close agreement with the 
experimental value of –27.2 kcal mol-1. On the bare planar Pd4 cluster the NO molecule adsorbs in 
a bridge arrangement, with adsorption energy of –41.2 kcal mol-1. Adsorption on the tetrahedral Pd4 
cluster occur preferentially in an atop mode, with adsorption energy of –30.6 kcal mol-1. Charge density 
analysis show that the electron flux between the NO molecule and Pd4 depends on the adsorption 
form, with back-donation being stronger in the bridge adsorption mode.

Keywords: Pd clusters, DFT, supported-Pd clusters, alumina, NO adsorption, back-donation

Introduction

Palladium catalysts have found wide appllication in 
several areas of chemistry.1-3 One of the most common 
and established use of palladium catalyst is to control 
automobile exhaust gas emission.4-6 Use of catalytic 
converter in automobile exhaust is a requirement to reach 
the recommended limits for emission of toxic byproducts. 
Although studies have been dedicated to the understanding 
of the catalytic conversion process in the exhaust emission,7 
more fundamental studies are still necessary for a full 
comprehension of the catalytic process, particularly at the 
molecular level.8,9

Commonly, the platinum and palladium catalysts are 
supported on metal oxides, among them γ-Al2O3, although 
oxides of cerium, zirconium and titanium are also frequently 
employed.10-12 These supported catalysts are thus employed to 
remove carbon monoxide (CO), nitric oxide (NO), NOx and 
SOx contaminants, among others, from the exhaust engine.4-6

Nitric oxide has an odd number of electrons and is one 
of the most versatile molecules, making its chemistry and 

adsorption process of particular interest.13 The adsorption of 
NO on the supported catalyst surface has been investigated 
by both experimental7,14-20 and theoretical procedures.21-29 
NO adsorbs on small Pd clusters through its nitrogen atom 
in a tilted orientation, preferentially in the hcp threefold 
and bridge sites,27 although the relative binding energies 
are strongly dependent on the size and geometry of the 
cluster employed.27 For adsorption of NO on an extended 
surface at low coverage the interaction is determined by 
electron donation and back-donation involving the 5σ/2π* 
antibonding orbital of the NO molecule and the d-bands 
of the transition metal, with a net charge transfer from the 
transition metal to the adsorbed NO.29 However, the extent 
of the interaction via the back-donation process is strongly 
dependent on the coordination mode of the NO molecule. 
On a flat surface, the preferential adsorption occurs on a 
hollow-site.29 Adsorption on the energetically less favorable 
top-site results in tilted orientation with the NO bent to the 
metal surface.

In the vast literature on theoretical studies of NO 
adsorption on metal surfaces, the catalyst is frequently 
represented as a single crystal29 or as a small atomic 
cluster,21-24,27,28 although evidence shows that the support 
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plays a relevant role in the reactivity of the supported 
catalyst.10-12,18-20,25,26 The oxidation of Pd nanoparticles is 
improved in the presence of the γ-Al2O3 support.30,31

In the supported catalyst, the size of the metal particles 
may vary to some degree. Dispersed clusters are usually 
formed by small number of atoms. Extended X-ray 
absorption fine structure (EXAFS) analysis of a fresh 
platinum catalyst supported on Al2O3 indicated an average 
Pt–Pt coordination number of 2.6 ± 0.4, suggesting a 
platinum cluster size of 3 to 4 atoms dispersed on the 
γ-alumina surface.32 Therefore, simulation with a small 
cluster of atoms considering the presence of the support 
should grasp the main features of the real system.

The structure of γ-Al2O3 is characterized by the presence 
of tetrahedral and octahedral aluminum atoms. In a study 
employing density functional theory (DFT) to compute the 
adsorption of formaldehyde on palladium supported on 
γ-Al2O3 we showed that the Pd–Al2O3 interactions result 
in charge transfer from octahedral aluminum atoms to the 
deposited Pd cluster.33 The tetrahedral aluminum site has 
high acididity, acting as electron acceptors, while octahedral 
aluminum sites act as electron donors.33 Therefore, it was 

possible to establish the electron flux between the γ-Al2O3 
support and the metal cluster.

In the present study we return to the discussion on 
the the adsorption properties of small palladium clusters 
supported on γ-Al2O3. We employed the DFT B3LYP 
approach to analyze the energies for adsorption of nitric 
oxide on a Pd4 cluster supported on a model for γ-Al2O3. 
The goal was to quantify geometric, electronic and 
energetic parameters involved in the adsorption of NO on 
the palladium clusters and evaluate the effect of the support 
γ-Al2O3 on the adsorption process.

Methodology

In the present work we report data for adsorption of 
NO (Figure 1a) on planar (Figure 1b) and tetrahedral 
(Figure 1c) Pd4 clusters and on the Pd4 cluster supported 
on a model for the (110) surface of γ-Al2O3 (Figure 1d).

The model for the γ-Al2O3 surface was obtained from 
the unit cell of γ-Al2O3 by cutting a slice in the (110) 
direction of the unit cell. The resulting surface exposes 
both tetrahedral and octahedral aluminum atoms, as 

Figure 1. Structures of the (a) nitric oxide (NO) molecule; (b) planar Pd4 cluster; (c) tetrahedral Pd4 cluster; (d) general representation of γ-Al2O3; (e) 
Al14O24H6 unit used to represent the γ-Al2O3 support; and (f) lateral and (g) superior views of Pd4 optimized over the Al14O24H6 unit. Distances are given 
in Å, Alt is for tetrahedral aluminum atoms and Alo is for octahedral aluminum atoms.
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well as oxide anions, to external interactions, in addition 
to being the most stable face for γ-alumina.34,35 Due to 
computational cost, the γ-Al2O3 model was restricted to 
three sheets of atoms containing a total of 14 aluminum 
and 24 oxygen atoms. To balance charge and yield a neutral 
model, 6 hydrogen atoms were added to terminal oxygens, 
leading to a final model with Al14O24H6 stoichiometry. In 
the γ-Al2O3 model, each oxygen atom is coordinated to at 
least two aluminum (or one aluminum and a hydrogen, in 
the case of the terminal oxygen atoms) and each aluminum 
is coordinated to at least three oxygen atoms, therefore 
reducing any border effect. Experimental distances and 
angles were used to construct the γ-Al2O3 model.36

On the (110) face of the γ-alumina we deposited the 
Pd4 cluster, starting from a planar geometry for the Pd4 
moiety and Pd–Pd distances of 2.751 Å (Figure 1b), with 
the palladium atoms interacting with both tetrahedral and 
octahedral aluminum atoms. The Pd4 cluster was then 
optimized on the γ-Al2O3 surface, leading to a distorted 
geometry (Figures 1f and 1g). Considering that tetrahedral 
Pd4 cluster has a triplet ground state33 and that the γ-Al2O3 
model has a singlet ground state,37 all calculation involving 
the Pd4 deposited on the γ-Al2O3 was carried out in the total 
triplet electronic state, using the unrestricted formalism 
(see Table S1). For all unrestricted calculations the stability 
of the final wave function was tested and the adsorption 
energies were computed using the most stable wave 
function in each case.

After having prepared the Pd4/γ-Al2O3 aggregate for 
adsorption, the NO molecule was optimized in several 
orientations over the Pd4/Al14O24H6 cluster. Initially, the 
calculations were performed relaxing only the NO distance 
and orientation, while keeping the positions of the atoms 
in the Pd4/Al14O24H6 cluster in their original positions. In 
the final step, both the NO molecule and the Pd4 unit were 
allowed to relax.

To have a reference for the effect of the γ-alumina 
surface on the NO adsorption energy, we also computed the 
NO adsorption on a naked Pd4 cluster. The NO molecule 
was optimized on the following three clusters, all containing 
four palladium atoms, each in different arrangements: 
(i) the planar arrangement in D2h rhombohedral symmetry 
(Figure 1b); (ii) the tetrahedral arrangement with Td 
symmetry (Figure 1c); and (iii) the distorted arrangement 
obtained in the previous optimization of Pd4 on the 
Al14O24H6 cluster. In these cases only the NO molecule was 
allowed to relax during the optimization process, whereas 
the palladium atoms were kept fixed in their original 
positions. Several adsorption modes for the NO molecule 
on Pd4 were simulated: atop, bridge, hollow, di-σ and π, as 
shown in Figure 2. When possible, symmetry was imposed.

The NO adsorption energies were computed by 
summing the energies of the NO molecule and of the Pd4 
or Pd4/Al14O24H6 cluster and subtracting the result from 
the energy of the NO/Pd4 or NO/Pd4/Al14O24H6 complex, 
according to equation 1.

 (1)

The adsorption energies were subjected to correction 
due to the basis set superposition error (BSSE),38,39 using 
equations 2 and 3.

 (2)

 (3)

In these equations Ead/corr. is the BSSE corrected 
adsorption energy; A is the cluster (Pd4 or Pd4/Al14O24H6) 
and B is the NO molecule; E(AB) is the energy of the  
NO/Pd4 or the NO/Pd4/Al14O24H6 complexes; E(AB) and 
E(AB) are the absolute energies of the NO/Pd4 or the  
NO/Pd4/Al14O24H6 complexes, considering the nuclei of 
B and A, respectively, as absent; Edef is the deformation 
energy of NO, computed from the difference in the energy 
of NO in the geometry of the complex (EB(AB)) and in the 
fully optimized geometry (E(B)).

All calculations were carried out using the Gaussian 03 
computational package,40 with the B3LYP hybrid functional 
as proposed and parameterized by Becke.41 This is a 
mixture of Hartree-Fock and DFT exchange terms with the 
gradient-corrected correlation functional of Lee et al.42 The 
palladium atoms and the γ-alumina atoms were described 

Figure 2. Different positions for adsorption of nitric oxide on the 
palladium (111) surface. Atop (O) and atop (N) are for adsorption of 
NO on a specific palladium atom, via the oxygen or the nitrogen atom, 
respectively. Bridge (O) and bridge (N) are for adsorption of NO on a 
bridge position, via the oxygen or the nitrogen atom, respectively. Hollow 
(O) and hollow (N) are for NO adsorption on the hollow positions, via the 
oxygen or the nitrogen atom, respectively. Di-σ and π are for adsorption 
in parallel orientations, as shown in the figure.
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by the LANL2DZ pseudopotential43 and the D95V44 
basis set for the valence electrons. The NO molecule was 
described by the 6-311+G(d) basis set.45

Charge densities were computed using the natural bond 
orbital (NBO) approach, to identify the main electron 
flux between the several units interacting in the NO/Pd4,  
Pd4/Al14O24H6 and NO/Pd4/Al14O24H6 complexes.

Results and Discussion

Adsorption of NO on Pd4 clusters

The preferential site for adsorption of NO on Pdn cluster 
seems to have not yet been defined precisely. Recent studies 
proposed adsorption either on the atop21 or on the hollow 
and bridge sites,46 following previous computational studies 
that also suggested threefold hollow47 or threefold hollow 
plus atop sites as the preferential adsorption mode.48

In the present study, we computed the adsorption of 
NO on three different Pd4 clusters, planar (Figure 1b), 
tetrahedral (Figure 1c) and the distorted cluster obtained 
after optimization of Pd4 over the γ-alumina surface 
(Figures 1f and 1g). Several electronic spin states were 
considered, using either the restricted (singlet) or the 
unrestricted (doublet to septet states) formalisms. It has 
been shown49 that the ground electronic state for small 
Pd7 and Pd10 clusters have triplet (S = 1) and septet (S = 3) 
spin states, respectively. For the Pd4 cluster in any of the 
three arrangements computed, we found the triplet as the 
ground state, with the tetrahedral arrangement always more 

stable than the corresponding planar form. The distorted 
arrangement is less stable than tetrahedral and planar 
palladium clusters.

We computed the several alternatives for interaction 
between the NO molecule and Pd4, as shown in Figure 3. 
The most stable form for adsorption of NO on planar Pd4 is 
on the bridge site, with adsorption energy of –41.2 kcal mol-1 
(Table 1), followed by adsorption on the hollow, atop 1 and 
atop 2 sites, which have adsorption energies lower by 3.2, 
8.5 and 11.1 kcal mol-1, respectively (Figures 3a-3d). On the 
tetrahedral Pd4 cluster (Figures 3e-3g) the atop adsorption site 
is preferential, with adsorption energy of –30.6 kcal mol-1, 
followed by adsorption on the bridge and hollow sites, 
with adsorption energy lower by 1.4 and 9.6 kcal mol-1, 
respectively (Table 1). The energy for atop adsorption on 
the distorted arrangement of Pd4 (the only adsorption mode 
found for supported Pd4) is –31.8 kcal mol-1, in the midway 
between atop adsorptions on the tetrahedral and on the planar 
arrangements. Therefore, the preferential adsorption site is 
dependent on the arrangement of the Pdn cluster, as found in 
previous studies,22,23,50 with palladium atoms having higher 
coordination number showing lower ability to accept the 
NO molecule.

Adsorptions on the atop sites lead to Pd–N distances that 
are in general lower than the corresponding Pd–N distances 
for adsorption on the bridge or hollow sites, reflecting the 
lower coordination number of the adsorbed NO molecule. 
In any case, the adsorption occurs in a tilted orientation, 
with O–N–Pd angles between 113 and 136°. The higher 
tilting was found for the bridge modes.

Figure 3. Different arrangements for adsorption of NO on planar, tetrahedral and distorted Pd4 clusters.
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One important point is the electron flux between the 
two moieties. This is also a parameter which depends on 
the adsorption site. Previous studies reported that the NO 
adsorption process happens with charge back-donation 
from the Pd4 cluster to the NO molecule.21 Our results 
indicate that the amount of charge transferred between the 
two moieties depends on the adsorption site, but not on 
the arrangement. In both arrangements, adsorption in the 
atop mode, where back-donation to the 2π* orbital of NO 
seems to be less efficient, results in charge transfer from 
the NO molecule to the Pd4 cluster, while for adsorption 
in the bridge and hollow modes, charge is transferred from 
the Pd4 cluster to the NO molecule. As a consequence, the 
NO distances in the NO adsorbed on the bridge or hollow 
sites are larger than those for the NO adsorbed on the atop 
sites. This should have consequences for the NO reduction 
process and, therefore, for the catalyst efficiency.

In summary, our computations for adsorption of NO 
on Pd4 show that adsorption energies and preferential 
adsorption mode are strongly dependent on the arrangement 
of the Pdn cluster, in agreement with previous studies.22,23 In 
spite of these facts, the general trends are that adsorption on 
palladium atoms with higher coordination number results 
in lower adsorption energies and the back-donation is less 
efficient for adsorption on atop sites.

The Pd4/Al14O24H6 cluster

Starting from a planar arrangement with palladium 
atoms interacting with both tetrahedral and octahedral 
aluminum atoms, Pd4 was fully optimized on the Al14O24H6 
cluster, while keeping the Al14O24H6 moiety unchanged. 
The final optimized geometry for Pd4 resembles one 
intermediate between the planar and the tetrahedral 
arrangements (Figures 1f and 1g). In a previous study on 
the adsorption of Pd4 on the surface of α-Al2O3(0001),51 
the arrangement of the Pd4 cluster that resulted in the 
highest adsorption energy is similar to the almost flat 
arrangement we found in the present case. Palladium 

atoms interact with both aluminum (tetrahedral and 
octahedral) and oxygen atoms. Three of the four palladium 
atoms adsorb in bridge positions, between either two 
octahedral aluminum or two oxygen atoms. The fourth 
one assumes an atop position over a tetrahedral aluminum 
atom. In general, the positions of the palladium atoms 
are close to the vacant sites of the alumina framework 
(Figures 1f and 1g).

After adsorption on the support, the palladium atoms 
become more dispersed than in the isolated cluster, with the 
peripheral atoms showing elongated Pd–Pd distances, while 
the central Pd–Pd distance is decreased (Figure 1f). On 
average, the peripheral Pd–Pd distances in the supported Pd4 
are 2.975 Å, as compared to 2.751 Å in bulk palladium. One 
of the central Pd–Pd distances becomes shorter (2.677 Å) 
than in the bulk palladium.

The smallest Pd–O distances are 2.160 and 2.206 Å, 
while the smallest Pd–Al distances are 2.527 and 2.616 Å. 
Among all Pd–Al distances in the metal-alumina interface, 
those distances involving the octahedral aluminum atoms 
(Alo) are shorter than the distances involving the tetrahedral 
aluminum atoms (Alt). Therefore, although one of the 
palladium atoms sits atop on a tetrahedral aluminum atom, 
the Pd–Alt distance is larger than for the Pd–Alo case, where 
the palladium atoms are adsorbed on a site between two 
aluminum atoms.

The strong distortion promoted upon adsorption 
of Pd4 on the alumina support is a consequence of the 
strong interaction between the two subunities. The 
energy for adsorption of Pd4 on the alumina support is 
197.7 kcal mol-1. If we add to this the energy necessary to 
distort the Pd4 cluster from the planar arrangement to the 
arrangement it has on the alumina surface (18.7 kcal mol-1), 
it results that the total interaction energy between the Pd4 
and the alumina surface is 216.4 kcal mol-1.

The total NBO atomic charge on the Pd4 unit adsorbed on 
the alumina surface is positive (0.475 e–), concentrated on the 
palladium atoms adsorbed in bridge positions over oxygen 
atoms (Pd(47) and Pd(48), Figure 1f). When the palladium 

Table 1. Adsorption energy (Ead., kcal mol-1, corrected for BSSE), charge density (e–) on Pd4 and selected geometrical parameters for nitric oxide adsorbed 
on planar and on tetrahedral Pd4 (distances in Å and bond angles in degrees)

Form
Pd4 (planar, D2h) Pd4 (tetrahedral, Td)

Atop (1) (A) Atop (2) (B) Bridge (C) Hollow (D) Atop (E) Bridge (F) Hollow (G)

N–Pd / Å 1.831 1.857 1.964 1.976 1.836 2.016 1.987

O–N–Pd / degree 135.00 129.43 121.68 125.25 135.68 113.52 119.13

N–O / Å 1.152 1.156 1.180 1.200 1.157 1.191 1.204

qt (Pd4) / e– –0.096 –0.111 +0.031 +0.167 –0.036 +0.176 +0.093

Ead. / (kcal mol-1) –32.68 –30.65 –41.22 –38.01 –30.57 –29.20 –21.02

qt: charge density; Ead.: adsorption energy.
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atom is adsorbed bridge on the octahedral aluminum (Pd(46)) 
or atop on the tetrahedral aluminum (Pd(45)) the NBO 
atomic charges are slightly negative. Therefore, we should 
expect a stronger influence of the aluminum atoms on the 
catalyst process than of the oxygen atoms.

Adsorption of NO on the Pd4/Al14O24H6 cluster

After optimization of the positions of the four 
palladium atoms on the alumina surface, the NO molecule 
was adsorbed on the Pd4/Al14O24H6 cluster, keeping the 
atomic nuclei of Pd4/Al14O24H6 fixed in their previously 
optimized positions. Initially, four adsorption modes were 
tested: atop, bridge, di-σ and hollow. After optimization, 
all arrangements converged to the atop adsorption mode, 
with the NO unit bent to the alumina surface (Figure 4). 
Due to the unpaired electron of the NO molecule and 
considering the results found for the Pd4/Al14O24H6 cluster, 
four electronic spin states were calculated: doublet, quartet, 
sextet and octet. The electronic state of lowest energy 
depends on the position where NO adsorbs. The lowest 
energy electronic state for adsorption on the palladium 
atoms Pd(46) and Pd(47) is the doublet, while for adsorption 
on Pd(45) the lowest energy electronic state is the quartet. 
The most stable site for adsorption is Pd(47), as shown in 
Table 2, with adsorption energy of –25.6 kcal mol-1, close 
to the experimental value of –27.2 kcal mol-1.18 The second 
site for adsorption is on Pd(45), with adsorption energy 
of –18.4 kcal mol-1 (all values corrected for BSSE, which 
amounts to 2-3 kcal mol-1 (see Tables S2 and S3)). The 
preferential site for adsorption of NO is on the palladium 

atom that is closer to the oxygen atoms, with the highest 
positive electronic charge. Therefore, our data indicate that 
the main parameter that determines the intensity of the 
interaction of NO with the palladium atoms is the charge 
on the corresponding palladium. More positive palladium 
atoms have higher ability to accept the σ electrons from 
the NO molecule, making the adsorption process stronger.

The lower Pd–N distance is found for adsorption 
on Pd(47), reflecting the stronger interaction of the NO 
molecule with this palladium atom. It is worth noting that 
the N–O distance after adsorption is high for adsorption 
on Pd(47), accompanying the order of the interaction 
energy, although close to the N–O distance for adsorption 
on Pd(46), probably reflecting the higher ability of this 
palladium atom (Pd(46)), due to its more negative charge, 
to donate electron back to the 2π* orbital of NO.

For all adsorption sites the NO molecule adsorbs in a bent 
geometry, in accordance with the literature.24 The Pd–N–O 
angles varies between 131 and 136°. Adsorption in the bent 
arrangement favors overlap between the dz

2 orbital on the 
palladium atom and the polarized 2π* orbital of NO.52

Reflecting the main type of interaction between the NO 
molecule and the supported palladium cluster, the total 
NBO charge density on the NO molecule is positive for 
all adsorption sites. Therefore, in general, there is charge 
transfer from the NO molecule to the palladium cluster, with 
higher values for charge transfer found for the adsorption 
sites Pd(45) and Pd(47). The palladium Pd(46), which 
has the most negative electronic charge when interacting 
with the alumina surface, has higher ability for electron 
back-donation, therefore making the NO not so positive. 

Figure 4. NO adsorption in different positions on the Pd4/Al14O24H6 cluster: (a and b) two lateral views for adsorption on Pd(47); (c) lateral view for 
adsorption on Pd(45); and (d) lateral view for adsorption on Pd(46).
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Indeed, calculation of charge density with the alternative 
Merz-Kollman method indicates that NO adsorbed on 
Pd(46) becomes negatively charged.

Conclusions

The present computational study allowed us to derive 
relevant informations about the energetic, geometric and 
electronic parameters for adsorption of NO on palladium and 
on palladium supported on γ-alumina. The adsorption mode 
and adsorption energy for the NO molecule adsorbed on the 
Pd4 clusters is dependent on the metal arrangement. When 
adsorbing on the planar Pd4, the bridge adsorption mode is 
preferential, with adsorption energy of –41.2 kcal mol-1. For 
adsorption on the tetrahedral arrangement of Pd4 the atop 
adsorption form becomes the most stable, with adsorption 
energy of –30.6 kcal mol-1. Atop adsorption on a distorted 
Pd4 obtained by optimizing Pd4 on the alumina surface has 
adsorption energy of –31.8 kcal mol-1. The electron flux 
between the NO molecule and the Pd4 cluster also depends 
on the adsorption mode, with electron transfer from the 
NO to the Pd cluster in the atop adsorption mode and in the 
opposite direction for adsorption in the bridge arrangement.

When interacting with the alumina surface, Pd4 adsorbs 
with a strong deformation in the Pd4 arrangement, leading 
to a structure with more dispersed palladium atoms and 
arrangement that is intermediate between the planar 
and the tetrahedral forms. The adsorption of Pd4 on the 
alumina surface occurs with a high interaction energy 
(above 200 kcal mol-1) and charge transfer from the 
palladium atoms to the alumina, particularly due to the 
strong interaction with the surface oxygen atoms, although 
palladium atoms directly placed over octahedral aluminum 
atoms become negatively charged.

NO adsorbs in an atop orientation on the Pd4/Al14O24H6 
cluster, with adsorption energy of –25.6 kcal mol-1. The 
NO molecule adsorbs preferentially on the palladium 
atoms with the highest positive charge, mainly due to the 

interaction via the σ electrons of NO. Charge transfer in 
this interaction mode is found from the NO molecule to 
the Pd4/Al14O24H6 cluster. However, when adsorbing on the 
more negative palladium atoms, charge back-donation to 
the NO molecule is also observed. Therefore, the effect of 
the alumina support on the palladium cluster is mainly to 
increase the dispersion of the palladium atoms, although 
with a slightly reduced energy for adsorption of NO.
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