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The influence of the support ionicity on the adsorption of H, CHx (x ) 2, 3), and O on supported Pt particles
is investigated using density functional theory (DFT). The DFT calculations reveal that the importance of the
6s,p states for the Pt adsorbate bonding increases in the order Pt-O < Pt-CH2 < Pt-CH3 < Pt-H. Both
the Pt-H and Pt-O bond strengths are strongly affected by changes in the support ionicity whereas the
difference for the Pt-CHx bond strength is much smaller. The Pt-H bond strength is higher for ionic supports,
whereas the Pt-O bond strength is higher for acidic or more covalent supports. These bond strength changes
occur because the support ionicity has a large impact on both the Pt 6s,p and 5d states. On ionic supports
with electron rich oxygen atoms, the 6s,p states are pushed toward the surface of a metal cluster where it can
participate in H bonding, whereas on supports with electron poor oxygen atoms (existing in acidic supports
or for supports with more covalent cations) the 6s,p states are attracted toward the metal-support interface.
The Pt 5d states shift to lower binding energy (lower ionization potential) on ionic supports, where it bonds
less effectively with the O adsorbate. These findings indicate that the hydrogen and oxygen coverage on Pt
particles are strongly determined by the ionicity and acid/base properties of the support and therefore may be
the most important for producing changes in the reactivity of Pt wit support ionicity in various hydrogenolysis,
hydrogenation, and oxidation reactions.

Introduction

Supported noble metal catalysts are widely used in com-
mercially important reactions, including hydrogenation, naphtha
reforming, and isomerization reactions, and in electrocatalysis
redox reactions involving O2 and H2 such as that taking place
in a fuel cell.1 Dalla Batta and Boudart made the first report of
enhanced reaction rates with specific supports.2 Since then, it
has been well established that the nature of the support
influences the rate of hydrogenation and hydrogenolysis reac-
tions on catalytically active metal particles.3-10 For example,
in the conversion of neopentane (C-(CH3)4), it has been
observed that the rate of hydrogenolysis is several orders of
magnitude higher when Pt particles are supported on an acidic
support compared to a basic support. In addition, the inhibition
by hydrogen of the hydrogenolysis of alkanes is much stronger
for basic supports: the order in H2 ranges from-2.5 (basic
support) to-1.5 (acidic).10-13

Although the effect of the support on the catalytic properties
of the supported metal particles has been well established, at
least for reactions involving H, the nature of this metal-support
interaction has been the subject of much debate. Explanations
have involved the formation of metal-proton adducts on

Brønsted acidic supports,5,14 electron transfer between support
and particle,4,15,16the polarization of the metal particle by nearby
cations,17 and a change in the ionization potential of the metal,
due to a shift in the d-band density of states.8,9,18,19

Work by our group revealed that the nature of the metal
support interaction involves a change in the electronic properties
of the metal cluster, induced by and correlated to the electron
richness of the support oxygen atoms.8,9,18This oxygen electron
richness is determined primarily by the ionic character of the
cations in the oxide support; with electron rich oxygens existing
in basic supports with alkaline cations, and electron poor
oxygens existing in acidic supports with protons or other more
covalent cations. X-ray absorption fine structure experiments
(L2 and L3 near edge structure and Atomic XAFS) and density
functional theory (DFT) calculations on supported Pt clusters
revealed that the support influences the electronic properties of
a metal particle in at least three separate ways: (i) the complete
Pt density of states (DOS) shifts to higher energy (lower binding
energy) with increasing electron richness of the support oxygen
atoms,8,9 (ii) the location of the 6s,p bonding orbital (IBO:
interstitial bonding orbital20) moves from the metal-support
interface to the surface of the Pt particles with increasing
electron richness of the support oxygen atoms,18 and (iii) the
insulator to metal transition with increasing cluster size is shifted
to lower particle sizes on basic supports.21

The change in electronic structure of the Pt particles induced
by the support ionicity and acid/base properties will affect the
bonding of adsorbates on the Pt surface; however, it is not clear
which of the above-mentioned changes in electronic structure
play a dominant role in the bonding of adsorbates. Recent
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theoretical calculations reported in the literature are mostly
performed on slabs with periodic boundary conditions, or on
relatively small clusters chosen to model flat Pt(111) surfaces
(see review of these calculations in ref 23). In contrast, our
group10,22,23performed density functional calculations using the
ADF code on a model Pt4/(X2O3) cluster, where the X2O groups
mimic the support (X) F, covalent; X) H, neutral; X) Na,
ionic) to investigate the influence of the electron richness of
the support oxygens on the electronic structure of small Pt
particles. The calculations show that the Pt-H bond strength
is higher for Pt particles on ionic supports. The atop position
for hydrogen adsorbed on Pt is preferred only at very low H
coverage and low Pt coordination (cluster corners).22,24 Increas-
ing the hydrogen coverage forces this atop H to move to an
n-fold site, to reduce lateral interactions. The calculations show
that the adsorption energy in then-fold sites existing at high
hydrogen coverage increases on the ionic (basic) supports,
implying that the fraction of strongly bonded hydrogen is larger
in ionic (basic) supports. This knowledge together with informa-
tion on the dominant hydrogen absorption sites (atop orn-fold)
obtained from Pt L3 X-ray absorption near edge data (XANES),
was used to analyze previously reported neopentane hydro-
genolysis kinetic data.10 The results from that analysis provided
a basic understanding of the metal-support interaction for
hydrogenolysis reactions of alkanes catalyzed by Pt particles
on supports with different ionicity and acid/base properties. At
a fundamental level, the support alters the equilibrium thermo-
dynamic coverage of H. This influences the bonding of the
neopentane to the surface, thereby changing the “apparent”
activation energy for the reaction.

The effects of the support on the adsorption of oxygen are in
the opposite direction to that found for hydrogen.23 The Pt-O
bond strength is higher for Pt on supports with a lower electron
richness (covalent or acidic). The oxygen adsorption site also
depends on the support properties. Oxygen is adsorbed in a
3-fold hcp and/or subsurface Pt site on supports with low
electron richness of the support oxygen, whereas on ionic
supports the 2-fold (bridge) sites are preferred.25 These bond
strength changes could be related to the increase in energy
position (higher binding energy) of the Pt 5d orbitals with
covalent or acidic supports. This shift to higher binding energy
leads to a more covalent character (stronger bond) in the Pt-O
interaction.

It remains unclear how the bonding of hydrocarbons is
affected by changes in the electronic properties of supported
metal clusters. It seems obvious that the changes in the DOS
within a supported Pt particle as a function of the support
ionicity and acid/base properties will affect the chemisorption
of CHx and other hydrocarbons on the surface as well, but will
they track in the direction of H or O bonding. The reported
data in the literature regarding the adsorption of CHx on metals
mainly focus on Pt(111) flat surfaces.20,26-28 However, the flat
surfaces areas are very small in the case of highly dispersed
metal particles, because these particles mainly consist of edge
and step sites. Theoretical work has suggested that the metal d
states are more important for chemisorbed CHx fragments.20,26-28

In this paper the influence of the support ionicity on the
chemisorption of O, CHx, and H is compared with the help of
density functional calculations using the ADF package.29 CH3

and CH2 adsorbates are modeled on a Pt4/(X2O)3 cluster (see
Figure 1) exactly similar to our previously reported calculations
on H and O. Because it is computationally expensive (although
possible) to simulate a complete support matrix, the Pt4 clusters
in this work are placed on three X2O molecules to mimic the

support, where the O atoms mimic similar oxygen atoms of the
support. The change in O-Si (Al) ionic character, which alters
the O support atoms in “real” supports from being electron rich
(ionic, basic supports) to electron poor (covalent, acidic sup-
ports) is simulated in the cluster by varying the nature of the X
atom. F2O (F is very electronegative, therefore giving an electron
poor oxygen atom) represents an acidic support whereas Na2O
(Na is less electronegative than oxygen, thus giving electron
rich oxygen atoms) mimics a basic support. It was shown
earlier10,22,23 that this simple model of cluster plus support
reproduces the electronic structure of the Pt clusters and the
changes with support ionicity quite well. However, with six X
atoms near the Pt4, the Pt4/(X2O)3 cluster perhaps models
extremely acidic and basic supports and may not be modeling
all aspects of the support accurately; such as the local field in
an ionic oxide. The theoretical results will show that the support
ionicity has a very strong influence on the adsorption of H and
O, whereas the effect of the support on CH3 and CH2 adsorption
is much smaller. The shift in location of the IBO within the Pt
particle and the position in energy of the 5d orbitals induced
by the support ionicity are the most critical factors in altering
the Pt-H and Pt-O adsorption energy, respectively. The
implications of these results for catalysis will be discussed.

Computational Methods

The DFT calculations reported here have been performed
using the Amsterdam Density Functional Package ADF.29 This
package uses the Kohn-Sham approach to the density-
functional theory. Slater-type orbitals are used to represent the
atomic orbitals. All basis sets consist of triple-ú quality, extended
with two polarization functions. The density functional was
calculated using the Vosko-Wilk-Nussair approximation of
the local density approximation (LDA), and using the Becke
gradient correction30 and Perdew correlation term31 for the
generalized gradient approximation (GGA). To enhance com-
putational efficiency, several atomic core shells of the Pt atoms
were frozen up to and including the Pt 4d level. Relativistic
effects were accounted for using the ZORA approximation.32,33

The geometry optimizations that were performed were carried
out in the spin-restricted mode including scalar relativistic
effects, thereby excluding spin-orbit effects. This level of
accuracy has been reported to agree well with experimental
data.34 The numerical integration precision applied was set to
5.5 significant digits. The applied criteria for the geometry
optimization were 1× 10-3 hartree for the changes in energy,
1 × 10-4 hartree/Å for changes in the energy gradients and 1
× 10-2 Å for changes in the Cartesian coordinates.

The clusters that were investigated consist of a Pt4 tetrahedron
supported by three X2O molecules, with X) Na or F. The
global geometry is shown in Figure 1. In this small Pt4 cluster
all four Pt atoms are at the surface of the cluster; however, only
the apical Pt atom is designated Ptsurface, because in the model
cluster this Pt atom is involved with bonding to the adsorbates
in all cases. In contrast, the Pt atoms labeled Ptinterface are in
direct contact with the support, and bond with the asorbate only
in the bridged, and fcc adsorbate binding sites. The geometry

Figure 1. Pt4/X2O cluster with three different adsorption sites.
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of the clean Pt4/X2O was optimized within the boundaries of
C3V symmetry. CH3 or CH2 fragments were placed in the atop,
bridged or 3-fold sites (see Figure 1). The Pt4 cluster with
adsorbate was allowed to relax its geometry within the limits
of Cs symmetry; however, the coordinates of the X2O molecules
were fixed to represent the rigid nature of a real support.

The bond energy is calculated in two ways. The “heat of
adsorption”,Eads, reflects the decomposition of the gas-phase
molecule into fragments followed by adsorption of these
fragments onto the Pt cluster. The gas-phase molecule was either
H2 or CH4. Thus, Eads for H2 is calculated by taking the
difference in the total energy of Pt4-H/X2O and H2 + Pt4/X2O:

The total energy of a cluster was determined relative to the
atomic reference energies according to Baerends et al.35 In
calculating the adsorption energy of CHn it was assumed that
the hydrogen fragment adsorbs on a clean cluster, and thus the
adsorption energyEads is given by:

The “intrinsic bond energy” reflects the energy required to
remove a fragment adsorbed on the Pt4 cluster to the gas phase.
It is given for hydrogen bonded on Pt4 by

and for a CHn fragment bonded on Pt4:

Results

Hydrogen Adsorption. Although the calculations for H on
the model cluster utilized in this work have been reported
previously, the heats of adsorption,Eads, and intrinsic bond
energiesEint for Pt-H are given here in Table 1. The optimized
geometries are given in Figure 2 for completeness. Regardless
of the support (Na2O vs F2O), when starting in the 3-fold hollow
site, the hydrogen drifts to the atop site after geometry
optimization. Moreover, a single hydrogen in the atop site is
much more stable than in the bridged site (Table 1). Also,Eads

for this single atop H atom is 70 kJ/(mol H2) more exothermic
for Pt4/Na2O than for Pt4/F2O. Analogous to the heat of
adsorption, the intrinsic bond strength is increased by 35 kJ/
(mol H) for the basic support.

The hydrogen in the atop site is found to be tilted toward the
interface, and this tilt is largest in the case of the Pt4/F2O:
compare Figure 2A with B. The Pt-H bond length is 1.55 Å
for adsorption in the atop position on the Pt4/F2O cluster, with
Pt-Pt bond lengths varying from 2.49 to 2.59 Å. For Pt4/Na2O,
the Pt-H bond length is 1.59 Å, and the Pt-Pt bond lengths
range from 2.56 to 2.59 Å.

The gross population density of states (GPDOS) for the H
and Ptsurface atoms for the Pt4/F2O and Pt4/Na2O clusters are
shown in Figures 3 and 4, respectively. Several observations
can be made: The H 1s state around-12 eV is split into
multiple peaks, with maxima aligning with peaks in the Pt 6s,p
DOS. The Pt 5d band also has significant intensity and overlaps
with the maxima in the H 1s DOS, suggesting that 5d also
participates in the bonding. Above the Fermi level, the H 1s-
Pt 6s,p antibonding state (AS) is clearly visible. Compared with
the acidic F2O support, the H 1s also overlaps similarly with
the Pt 6s,p and Pt 5d states on the Na2O support, but now much
more with the Pt 6p. Indeed, the significant increase of 6s,p
contribution overlapping with the H 1s around-4 and-9 eV
appears to be the major difference between the F2O and Na2O
supports. Moreover, there are clearly more Pt 6sp states below
the Fermi level in the Na2O case.

CH3 Adsorption. The most favorable adsorption site for a
single CH3 on the supported Pt4 cluster is the atop position. If
CH3 was placed in another adsorption site initially, it drifted to
the atop position during the geometry optimization. The
optimized geometries for CH3 adsorbed on the Pt4/F2O and Pt4/

TABLE 1: Heat of Adsorption ( Eads) and Intrinsic Bond
Energy (Eint) for the Adsorption of H 2 and CHn in the Atop,
Bridged (br), and 3-Fold Hollow Site (3-f) on Pt4/F2O or
Pt4/Na2O

Eads(kJ/mol) Eint (kJ/mol)

adsorbate Pt4/F2O Pt4/Na2O Pt4/F2O Pt4/Na2O

Ha (22) atop -106.0 -175.2 -375.8 -410.4
br +105.4 -14.8 -270.1 -330.2
3-f unstableb

CH3 atop -59.7 -110.1 -303.8 -319.5
br unstableb

3-f unstableb

CH2 atop +1.6 -86.7 -553.4 -572.5
br -49.6 -105.7 -604.6 -591.5
3-f +23.2 unstableb -531.8 unstableb

O (23) br -545 -383

a The adsorption energyEads for H2 is in kJ/mol of H2; the intrinsic
energyEint is in kJ/mol of H.b The adsorbed fragment drifted to the
most stable position during the geometry optimization.

Eads,H2
) 2EPt4-H/X2O

- 2EPt4/X2O
- EH2

(1)

Eads,CHn
) EPt4-CHn/X2O

+ (4 - n)EPt4-H/X2O
-

(5 - n)EPt4/X2O
- ECH4

(2)

Eint,H ) EPt4-H/X2O
- EH - EPt4/X2O

(3)

Eint,CHn
) EPt4-CHn/X2O

- ECHn
- EPt4/X2O

(CHn bonding)

(4)

Figure 2. Optimized geometries of a Pt4 cluster. Hydrogen adsorbed
in the atop position: (A) F2O and (B) Na2O support. CH3 adsorbed
atop: (C) F2O and (D) Na2O support. CH2 adsorbed in the bridged
position: (E) F2O and (F) Na2O support. The C-H bond length was
not affected by the support, the Pt-O and O-X bond lengths were
unaffected by the adsorbate. The bond lengths are given in Å.
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Na2O cluster are shown in Figure 2C,D. The Pt-C bond length
for the Pt4/F2O (and Pt4/Na2O) cluster is 2.02 Å (2.09 Å) and
the Pt-Pt bond lengths range between 2.48 and 2.70 Å (2.61
and 2.66 Å). The CH3 adsorbate is tilted toward the interface
with the F2O support, but nearly perfectly in the atop geometry
for the Na2O support.

The intrinsic bond energyEint for Pt-CH3 is smaller for the
acidic support (Table 1), just as was observed for the Pt-H
bond; however, the difference is much smaller for CH3: 16 kJ/
(mol CH3) vs 35 kJ/(mol H). The heat of adsorption for CH3 is
50 kJ/mol smaller in the case of an acidic support compared to
a basic support.

The GPDOS for CH3 adsorbed in the atop position on the
Pt4/F2O cluster is shown in Figure 5. Because no extra
information is obtained from the results for the Pt4/Na2O cluster,
these results are omitted. For the Pt4/F2O cluster, the DOS show
maxima at approximately-12 eV for both the H 1s and C 2s,p
states. These maxima represent the C-H bond involving the C
2pz orbital. This C-H bonding orbital is degenerate with some
Pt 5d states, indicating that some mixing between those orbitals
occurs. The overlap between the C 2s and H 1s orbital is located
at lower energy and is not shown in Figure 5. At∼-11 eV, a
second, smaller peak in the C 2p DOS is visible, corresponding
to a peak in the Pt 6s,p states. The H 1s shows no intensity at
that energy, suggesting that this is primarily the Pt-C bond.
Therefore the Pt-C has significant 6s and 5d character. Just
above the Fermi level another maximum in the C 2p and Pt
6s,p states is visible, showing the antibonding state.

CH2 Adsorption. The favored adsorption site for the CH2

fragment is the bridged site for both supports. The optimized
geometries are shown in Figure 2E,F. The two hydrogen atoms
are eclipsed with respect to the two Pt atoms bonded to the
carbon. In other words, CH2 shows a tetrahedral coordination
together with the two Pt atoms. The Ptinterface-C bond lengths
are 2.02 and 2.04 Å and the Ptsurface-C are 1.97 and 1.99 Å for
Pt4/F2O and Pt4/Na2O, respectively. The Pt-Pt bond length
between the 2 Pt atoms in the cluster that bond to the CH2

decreases from 3.07 to 2.62 Å for Pt4/F2O and Pt4/Na2O,
respectively.

The other adsorption positions, the 3-fold hollow site and
the atop site, are less stable by 50-70 kJ/mol (Table 1). If CH2
is initially placed in the 3-fold site for the Pt4/Na2O cluster, it
drifts toward the atop position during the geometry optimization.
Due to symmetry restrictions in this calculation (the symmetry
is Cs), the CH2 fragment cannot move to the bridged site.

The intrinsic bond energy of CH2 in the bridged position is
lower by 13 kJ/mol in the case of the acidic F2O support (-605
kJ/mol vs-592 kJ/mol). This is the reverse order to that found
for the adsorption of H and CH3, which were adsorbed more
strongly on the basic supported Pt4 cluster. In contrast, the heat
of adsorption, which includes the adsorption of 2 hydrogen
atoms, is lowest in the case of the basic support (-105.7 kJ/
mol compared to-49.6 kJ/mol).

Figure 6 shows the GPDOS for the CH2 adsorbed on a Pt4/
F2O cluster in the bridged position. The results for the Pt4/Na2O
cluster are omitted here because no critical information is

Figure 3. H 1s GPDOS and the surface Pt atom 5d,6s,p GPDOS for
hydrogen adsorbed in the atop position on a Pt4/F2O cluster. The Pt 6s
and 6p GPDOS is magnified by a factor of 5.EF is the Fermi level.

Figure 4. H 1s GPDOS and the surface Pt atom 5d,6s,p GPDOS for
hydrogen adsorbed in the atop position on a Pt4/Na2O cluster. The Pt
6s and 6p GPDOS is magnified by a factor of 5.EF is the Fermi level.

Figure 5. H 1s GPDOS, C 2s,2p GPDOS and the surface Pt atom
5d,6s,p GPDOS for CH3 adsorbed in the atop position on a Pt4/F2O
cluster. The Pt 6s and 6p GPDOS is magnified by a factor of 5.EF is
the Fermi level.

Figure 6. H 1s GPDOS, C 2s,p GPDOS and the surface and interface
Pt atom 5d,6s,p GPDOS for CH2 adsorbed in the bridged position on
a Pt4/F2O cluster. The Pt 6s and 6p GPDOS is magnified by a factor of
5. EF is the Fermi level.
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obtained from these DOS. Only the H 1s, C 2s,p and Pt 5d 6s,p
DOS of the Pt atoms attached to the CH2 are shown (Figure 6).
At ∼-13 eV the C 2p and H 1s DOS show simultaneously a
maximum, representing the C-H bond. The Pt states peak at a
little higher energy, indicating that the mixing between the C-H
bond and Pt states is limited. At-12 eV, the C 2s,p states show
a second maximum in the DOS, this is essentially the Pt-C
bond. The Pt 5d and 6s,p DOS for both the surface and the
interface atoms peak at the same position. Compared to CH3

adsorption (Figure 5), the relative intensity of the Pt 6s,p states
is decreased significantly in the primary Pt-C bond orbital. Just
above the Fermi level at-6 eV, the C 2p and Pt 6s,p states
reveal an antibonding state. Note the large Ptsurf 6s,p contribution
in this antibonding orbital compared to the atop CH3 case,
reflecting the decreased importance of 6sp bonding in the
bridged CH2 case.

Discussion

Hydrogen Adsorption. The Pt-H bond lengths with H in
the atop position (1.56 and 1.59 Å for the F2O and Na2O
supports, respectively) are in good agreement with the value of
1.57 Å reported by Papoian et al.28 The Pt-Pt bond lengths,
which are between 2.49 and 2.59 Å, are low compared to the
bulk value of 2.77 Å. However, it is well-known that due to
the increasing dehybridization of the Pt valence orbitals for
decreasing Pt particle sizes the Pt-Pt bond strength increases
and consequently the Pt-Pt coordination distance decreases for
small clusters.20,36Thus, our calculations clearly reproduce the
geometries that have been found in the literature. In general,
the favored adsorption position for hydrogen on flat Pt(111)
surfaces is the 3-fold site.28,37 However, for small clusters the
first hydrogen that adsorbs is known to go into the atop
position.20,22

The adsorption energies that are found (-100 to -170 kJ/
(mol H2)) for H adsorption here are larger than is generally
found for H/Pt(111) (-35 (20 kJ/mol).23,28,34The much higher
adsorption energy for hydrogen on the small model cluster
compared to adsorption on Pt(111) surfaces no doubt arises from
the low Pt-Pt coordination at such sharp cluster corners where
the H is bonded. It also generally agrees with temperature
programmed desorption studies that show that all hydrogen
desorbs below 300-350 K from Pt(111) surfaces38-40 whereas
hydrogen remains on the surface up to 450 K for stepped
edges38,41,42or on highly dispersed particles.25,43

The origin of the large difference in the adsorption energy
for basic and acidic supports lies in the relatively large
contribution of Pt 6s,p states to Pt-H bonding, as indicated
already in the Introduction. As can be seen in the DOS for the
Pt4/F2O cluster (Figure 3), the maxima of the H 1s DOS align
to a large extent with the Pt 6s,p peaks. This suggests that the
bonding of hydrogen to Pt via the Pt 6s,p states is very
significant. This has also been reported previously in the
literature. Kua and Goddard20 performed generalized valence
bond (GVB) calculations on a series of Pt clusters of variable
size and showed that hydrogen binds in part via the so-called
“interstitial bonding orbital” (IBO). When bulk Pt is involved,
Pt atoms share one IBO in each tetrahedron. In fact, this IBO
is the bonding combination of the Pt 6s and 6p orbitals in a Pt4

tetrahedron. Although others do not use the IBO terminology,
it is generally found that the Pt 6s,p states play a significant
role in the bonding of H on Pt.28 The specific symmetry
properties of the Pt 6s,p orbitals are very beneficial for Pt-H
bonding.

In an earlier paper, it was shown that the location of the IBO
within the Pt particle shifts from the metal-support interface

to the Pt surface with increasing electron richness of the support
oxygen atoms (more basic support).18 In addition, some anti-
bonding 6s,p states are shifted below the Fermi level and become
populated at the cost of the Pt 5d. This can also be seen when
the H DOS on Pt4/F2O (Figure 3) and Pt4/Na2O (Figure 4) are
compared. There are clearly more Pt 6s,p states below the Fermi
level for Na2O, and they are at lower energy relative to the
Fermi level. These 6s,p states overlap strongly with the H 1s
orbital. Effectively, with increasing electron richness, the Pt
valence band rehybridizes and obtains more 6s,p character, e.g.,
from 5d96s1 to 5d8.86s1.2.

These results show that the changes in the Pt-H bond strength
are correlated with changes in the Pt 6s,p states. When the IBO
moves toward the metal-support interface, as is the case for
the acidic support,18 it can no longer participate in the Pt-H
bond. The IBO is located below the 5d band at-15 eV in the
Pt4/F2O cluster, and at that energy the H 1s DOS shows no
intensity, revealing a lack of bonding between the hydrogen
and the IBO. However, on the Na2O support, the IBO is located
at the surface.18 Therefore, the IBO can participate in the Pt-H
bond and this is indeed shown in Figure 4 for the H and Ptsurface

DOS of Pt4/Na2O. In this cluster, the IBO is located at-9 eV,
and the H 1s orbital shows a small peak at this energy. Because
sp states are mixed with the 5d band to a greater extent on the
basic Na2O support, the altered symmetry of the 5d-6s,p orbital
(they become more sp like) improves the overlap with H 1s,
and consequently, the Pt-H bond is strengthened.

Figure 7 illustrates the nature of the IBO and how this changes
with the acidity of the support on the basis of the ADF results
in Figures 3 and 4. Here the IBO is sketched as a combination
of Pt 6s,p orbitals overlapping at the center of the tetrahedron.
The more Pt 6p character, the more we elongate the orbital on
the Pt. Thus on the basic support, the Ptsurf 6s,p contribution is
significantly elongated, showing a strong overlap with the
adsorbate, whereas on the acidic support, the Ptint 6s,p contribu-
tions are elongated, showing strong overlap with the support O
atoms. Figure 3 (although not showing the DOS on the Ptint

atoms) does show small Ptsurf 6p DOS just below the Fermi
level. This arises because of mixing of the Ptsurf and Ptint orbitals,
and the Pint orbitals are mixing with the O nonbonding orbitials
on the support O atoms. Overall, a shifting of the IBO from
the surface to the interface occurs with increasing acidity, as
illustrated in Figure 7. Because the Ptsurf-H bond has a strong
Pt 6s,p component, this shift significantly affects the Pt-H bond
strength.

The shift of the s,p states toward the interface with the acidic
cluster can also explain the remarkable difference in the
geometry of the H in the atop position in the Pt4/Na2O and Pt4/
F2O cluster. H is tilted much more toward the interface region

Figure 7. Schematic illustration of the interstitial bond orbital (IBO)
inside a tetrahedral Pt4 cluster on a ionic (basic) and covalent (acidic)
support, with one H atom adsorbed in an atop position.
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in the case of the acidic F2O support (Figure 2). Because the Pt
6s,p states are very important in the Pt-H bonding, the hydrogen
atom tries to “follow” the metal sp states. Therefore, the Pt 6s,p
states not only determine the Pt-H bond energy but also
influence the geometry.

The DFT calculations indicate a preference for the atop site
at low coverage, especially on these small clusters. So far, atop
H has never been seen spectroscopically on Pt, except at very
high coverage in an electrochemical cell39 and on Pt black at
low temperatures,17 but never at temperatures greater than 330
K. Although atop H has been seen via HREELS on Ir(111), it
has not been seen on Pt(111) at any coverage or temperature.
However, Kua and Goddard42 have suggested that at very low
coverage (below 1/7 monolayer [ML]) H may in fact prefer the
atop sites on Pt(111), because it can then maximize its overlap
with three interstitial bond orbitals (IBO), although recent ADF
results reported by Koper and van Santen48 do not find this. At
coverage above this level, the H clearly prefers the 3-fold fcc
sites on Pt(111), where it can maximize its overlap with one
IBO, and not have to share with other H. Recently,22 however,
atop hydrogen has been observed for small (D < 1 nm) Pt
particles dispersed on covalent (acidic) supports. Further, ADF
results22 show that when two or three H atoms are placed on
the simple Pt4 cluster considered here, the H atoms indeed move
to the bridged and 3-fold sites, respectively. Thus the preferred
adsorption site depends strongly on the H coverage, and the
ADF results reported here are not necessarily inconsistent with
previously reported theoretical or experimental results.

A point about the zero point energies needs to be made here.
The total energy of a cluster was determined relative to the
atomic reference energies according to Baerends et al.35 and
the calculations performed were in the spin-restricted mode. A
classic example of what can occur in this approximation will
become clear from the following. From eqs 1 and 3, the
difference Eads,H2 - 2Eint,H equals -EH2 + 2EH with the
dissociation energy of the H2 molecule around 440 kJ/mol.44

However, the results in Table 1 give this energy difference to
be approximately 645 kJ/mol. At equilibrium distance, H2 is
reasonably well approximated in the spin-restricted mode
because of the closed shell system, but at the dissociation limit
the spin-restricted approximation gives an energy for two
separated H atoms that is much too high because of the large
ionic components (H+H-) forced in this approximation for two
separated H atoms.45 Thus theEadsenergies are generally more
reliable for comparison with experimental and non-spin-
restricted calculations, but both the relativeEadsandEint energies
are reliable for determining the preferred binding sites.

CH3 Adsorption. The optimized geometries for CH3 ad-
sorbed in the atop site show features similar to those of the H
adsorbed in the atop position. The Pt-C bond lengths of 2.03
(acidic cluster) and 2.09 Å (basic) are similar to values reported
in the literature.26-28 The favored atop adsorption position is
also well-known for the adsorption of CH3 fragments. CHn
fragments generally tend to maintain the tetrahedral geometry;
i.e., CH3 adsorbs in an atop position, CH2 in the bridged position,
and CH in the 3-fold hollow site.26-28,46

We find intrinsic bond energiesEint for adsorption of CH3
and H of-304 kJ/mol (F2O support) to-320 kJ/mol (Na2O).
This is larger than the values reported in the literature (-200
kJ/mol46) for CH3 adsorption on Pt(111) surfaces. This differ-
ence is caused again by the coordinatively unsaturated nature
of the Pt atoms in a Pt cluster compared to a flat (111) surface.
In addition, the calculations reported here do not fully account
for the spin properties, and therefore the true atomic ground

state and true bond energy are not calculated. The trends that
are observed, however, are not spin-related and can be calculated
reliably without using the computationally expensive calcula-
tions including spin-orbit effects. AlthoughEint is only lower
by 16 kJ/mol for the basic support, the heat of adsorptionEads

is lower by 50 kJ/mol. This large drop inEadsreflects the much
larger change (35 kJ/mol) in Pt-H bond strength going from
acidic to basic supports.

When the DOS for CH3 vs H adsorbed on Pt4/F2O (Figures
5 and 3) are compared, some interesting differences are seen.
The C 2p states show some overlap with the Pt 6s,p states, but
the degree of overlap is much smaller for Pt-CH3 than for Pt-
H. However, the Pt-CH3 bond involves more Pt 5d states than
the Pt-H bond. This means that the Pt 6s,p states are more
important for the Pt-H bonding and that the Pt 5d states are
more essential for the chemisorption of CH3 on Pt.

The Pt 6s and 6p orbitals are very diffuse, whereas the Pt 5d
orbitals are more localized with specific geometries. Due to their
delocalized nature, the Pt 6s,p states have more interaction with
the support and consequently are less affected than the localized
Pt 5d states. Because the Pt 6s and p states are more important
for chemisorption of H than for CH3, it can be concluded that
the influence of the support is less important for the chemi-
sorption of CH3.

CH2 Adsorption. As expected, CH2 preferentially adsorbs
in the bridged position where it can complete the carbon’s
tetrahedral geometry (Figure 2E,F). The Pt-C bond length
of ∼2.00 Å is in agreement with the work of Kua and
Goddard,26,27but it is much smaller than the 2.3 Å reported by
Paul46 for the adsorption of CH2 in the bridged position on Pd-
(111). In the case of the Pt4/F2O cluster, the adsorption of CH2

leads to a large elongation of the Pt-Pt bond length to 3.07 Å
between the Pt atoms forming the bridge. This elongation
suggests that the CH2 is adsorbed very strongly, because it
weakens the Pt-Pt bond to a large extent. This elongation is
not observed for the Pt4/Na2O cluster. In agreement with these
observations, the intrinsic bond energyEint is more negative
(more exothermic) by 13 kJ/mol for the Pt4/F2O cluster
compared to the Pt4/Na2O cluster. However, the heat of
adsorptionEadsis more negative in the case of the Na2O support.
This again is caused by the larger difference in the Pt-H bond
strength, because during the dissociative adsorption of CH4 as
CH2, CH4 f CH2 + 2H, two hydrogen atoms are adsorbed on
the Pt4 cluster. This means that the dissociative adsorption of
CH4 is more exothermic for adsorption on the Pt4/Na2O cluster
than it is on the Pt4/F2O cluster, although the intrinsic Pt-CH2

bond strengths are in the reverse order. Clearly, the change in
the CH2 heat of adsorption is governed by the hydrogen intrinsic
adsorption energy.

From a comparison of the DOS of CH2 in the bridged position
(Figure 6) with the DOS of CH3 on the atop position (Figure
5) on the Pt4/F2O cluster, it is clear that the CH2 adsorption
involves even less Pt 6s,p states and more Pt 5d states than the
CH3. Therefore, the adsorption of CH2 is mainly determined
by the influence of the support acidity on the d-band. On acidic
supports, the d-band is shifted to lower energies, which is
beneficial for the overlap of the C 2p and Pt 5d band when
CH2 is adsorbed.

The importance of the Pt 5d states for the bonding of CHx

fragments is in agreement with results reported by Nørskov et
al.47 They show that the adsorption energy correlates with the
energy of the d-band center across a transition metal series. The
diffuse metal sp states effectively are the same across a transition
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metal series, and only changes in the d-band are reflected in
the adsorption energies.

Oxygen Adsorption. As shown in work previously re-
ported,23 the Pt 6s,p orbitals are much less significant in the
Pt-O bonding compared with Pt-H, so the IBO rearrangement
is not primarily responsible for the change in Pt-O bonding
with support acidity in this case. Indeed the DFT results in Table
1 confirm that the Pt-O bond strength increases on the acidic
O/Pt4(F2O)3 cluster compared with the basic cluster O/Pt4-
(Na2O)3 (an increase of nearly 30% compared with a less than
10% decrease for Pt-H; see Table 1). The Figure 8 insert
schematically illustrates the decrease in ionic character (increase
in covalent character and hence bond strength) of a Pt-O bond
with increasing Pt 5d valence band shift to higher binding
energy. This schematic is appropriate for a transition metal, an
example of the adsorbate/metal bonding in the “two-level”
strong adsorption limit.48

Influence of the Support Acid/base Properties on the
Adsorbate Bonding. When the DOS for adsorption of H, CH3,
and CH2 in their optimal positions are compared, the importance
of the Pt 6s,p states in the bonding increases in the order O<
CH2 < CH3 < H. The high importance of the metal d orbitals
in the M-CHn bond with highly unsaturated C atoms (e.g.,n
) 0) was observed earlier46 and as discussed above, the
predominance of Pd d orbital bonding with O is also well-
known. The influence of the support acid/base properties on
adsorbate bonding appears to be the largest when the adosrbate
bonding is dominated by either the Pt 5d or Pt 6s,p. The
calculations involving CH2 and CH3 adsorbed on Pt4(X2O)3
clusters showed relatively small differences in the bonding with
a change in X, even though the CHx fragments also have a strong
bonding component with the Pt d orbitals. Indeed the trend in
the Pt-C bond strength is in the opposite direction for the atop
CH3 (decrease in Pt-C bonding) versus the bridged CH2

(increase in Pt-C bonding) fragment with support acidity. It
seems clear that the CHx fragments have significant components
of both 5d and 6s,p, and the opposite effects of the 5d valence
band shift and 6sp IBO rearrangement on the bonding cancel
each other nearly out. The Pt 6s,p/Pt 5d bonding ratio apparently
increases in the order O(br)< CH2(br) < CH3(atop)< H(atop).
Figure 8 shows the change inEint (acid-base/base) relative to
that in the acidic support for each of the adsorbates. Further,
the relative importance of the Pt 5d vs Pt 6s,p bonding is
schematically indicated.

Implications for Catalysis. Figure 8 clearly shows that the
support has the most dramatic effect on the H and O adsorption

compared to CH2 and CH3. This has significant implications
for catalysis. It suggests that when changes are seen in the
turnover frequency with support ionicity, these changes may
result more from changes in the H or O coverage, than from
changes in the bond strength of the Pt-hydrocarbon.

As mentioned in the Introduction above, in the conversion
of neopentane (C-(CH3)4), it has been observed that the rate
of hydrogenolysis is several orders of magnitude higher when
Pt particles are supported on an acidic support compared to a
basic support. A detailed analysis of the kinetic data for
neopentane hydrogenolysis as reported by us10 recently showed
that the H coverage directly affected the neopentane-Pt bond
strength through the Frumkin isotherm and thereby changed the
activation energy for the reaction. Preliminary results for the
hydrogenation of benzene and other alkenes catalyzed by Pt on
supports with different ionicities show that the change in H
coverage may be the most responsible for the observed change
in reactivity.

The decreasing bond strength of the Pt-O bond with ionicity
of the support can also have significant implications for reactions
involving O. In the direct methanol fuel cell, CO poisoning of
the Pt surface is a severe problem.49 Pt is often alloyed with
another metal such as Ru, to lower the potential for the onset
of OH formation from the water. This OH, in the bifunctional
mechanism is believed to react with the CO, producing CO2,
which then leaves the surface.50,51 These results suggest that it
is worthwhile to consider changing the support from the usual
amorphous carbon at the cathode of the fuel cell. A highly
covalent (acidic) support, which according to the results above
should decrease the potential for the onset of OH and O
formation, should lower the potential when the CO oxidation
reaction occurs. This would significantly decrease the CO
poisoning and thereby increase the efficiency of the methanol
oxidation.

Conclusions

DFT results for CHx on small supported Pt clusters, along
with those reported previously for O and H, show that the
importance of the Pt 6s,p states in the chemisorption bond
increases in the order O< CH2 < CH3 < H. The Pt 5d and
6s,p states are influenced strongly by the support acid/base
properties, thereby influencing the bonding of the adsorbates.
On covalent (acidic) supports, the sp states are moved toward
the metal-support interface, and consequently, the adsorbate
bond energies are decreased for CH3 and H, when Pt 6s,p
bonding dominates. However, on ionic (basic) supports the Pt
6s,p states are located at the surface of the Pt cluster and are
readily available for the bonding to adsorbates. In contrast, the
Pt 5d orbitals dominate for Pt-CH2 and O adsorbate bonding.
In this case the Pt-adsorbate bond is stronger for acidic supports
than for basic supports.

These results have significant implications for catalysis. They
have already been used to explain the compensation effect and
the negative order in the partial pressure of hydrogen found for
the hydrogenolysis of neopentane catalyzed by supported Pt
particles10 and have potential for use in designing improved
catalysts in the direct methanol fuel cell.
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