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We develop testbeds to study catalytic reactions modeled using the minimum number of platinum atoms
needed to have an acceptable description of the chemistry on a realistic platinum surface that may include the
contribution from a bulk continuum or may simply represent a local site on a nanocluster. In this particular
case, the requirement is that a stable cluster may be connected to a stable bulk with equivalent highest occupied
molecular orbital and Fermi level, respectively. We focus our work on the interaction of platinum clusters
with molecular oxygen, which yields a complex cluster-molecule with fully delocalized molecular orbitals
in the neighborhood of the Fermi energy of platinum, responsible for the interesting catalytic behavior of this
material.

I. Introduction

Detailed studies of platinum clusters and their interactions
with reactant molecules are important for numerous applications
such as fuel-cell catalysis and electrocatalysis.1 Platinum is
widely used in the catalysis industry due to its smaller
hydrogenation energy compared with that of Ni and Pd.2,3

Transition-metal clusters are used as models for catalytic
surfaces, providing insights into the influence of the size and
the structure4 on reactivity.5 Specific interactions of small
molecules such as H2, CO, and O2 with such clusters have been
reported.2,6

Small platinum clusters have been extensively investigated;
however, the studies have been restricted due to the complexity
of the Pt electronic structure.7 Recent work reported density-
functional-theory (DFT) analyses of bare and hydrogenated
platinum clusters,1 using Gaussian atomic-orbital methods within
the generalized gradient approximation for the exchange and
correlation. Sebetci and Gu¨venç6 studied the lowest-energy
structures of Ptn clusters with molecular dynamics (MD) and
thermal quenching (TQ) simulations by using a semiempirical
version of an embedded-atom model (EAM). The non-self-
consistent Harris functional version of the local density ap-
proximation (LDA) was used to study smaller clusters and Pt13,8

which have drawn much attention because the existence of
closed-shell icosahedral and cubooctahedral structures was
reported.4 Grönbeck and Andreoni reported a study of Au2-
Au5 and Pt2-Pt5 clusters with DFT for the neutral and anionic
states, using both the local-spin-density approximation (LSDA)
for the exchange-correlation functional and the spin-polarized
gradient-corrected Becke-Lee-Yang-Parr (BLYP) functional.7

Balasubramanian presented complete-active-space MCSCF
followed by MRSDCI calculations to seek the electronic states
of PtH2.3 Later, CASSSCF/first-order CI and second-order CI
calculations for PtH were carried out by Balasubramanian and
Feng.9 Pt trimer was studied by Wang and Carter10 using
generalized-valence-bond with configuration-interaction (GVB/

CI) calculations. A comparison between Au and Pt heptamers
using DFT calculations employing relativistic core pseudopo-
tentials with Gaussian basis and plane-wave pseudopotential was
reported in ref 11. Also, Andrew and Wang5 performed DFT
calculations to study platinum hydrides and used a laser-ablation
technique to get the infrared spectra of PtH2, PtHD, and PtD2.
An early study carried out by Wang and Pitzer12 using
relativistic-electronic-structure calculations for the ground and
excited states of PtH and PtH+ found significant differences
with experimental data. Okamoto13 reported a study of adsorp-
tion of CO, O2, H, and O on icosahedral clusters, which have
corresponding (111) flat surfaces. A periodic DFT-GGA study
of CO and OH adsorption on a variety of Pt-Ru alloy surfaces
is carried out in ref 14.

In this work our goal is to find out about a few Pt clusters
with characteristics compatible with the corresponding bulk
material such that they can be combined with bulk ab initio
models to study the chemistry taking place in a local site of a
material. We test these clusters by interacting them with an
oxygen molecule. The next section describes the methodology
used for our analysis, and the results are described in section
III.

II. Methodology

Structural optimization is carried out using the Berny
algorithm15 which calculates the derivatives of the energy with
respect to the Cartesian coordinates of all atoms, ensuring that
the atomistic system is in equilibrium, that is, forces are
approximately zero in all atoms. These optimizations are
followed by a second-derivative calculation performed to
determine the existence of a true local minimum and to find
zero-point energies. If negative eigenvalues are found in the
Hessian matrix, the geometry is modified in order to drive the
system into a true local minimum. Imaginary frequencies
correspond to negative eigenvalues in the Hessian matrix and
relate to unstable geometrical conformations. The self-consis-
tency of the noninteractive wave function is performed with a
convergence threshold on the density matrix of 10-6 and 10-8

for the root-mean-square and maximum-density-matrix error
between iterations, respectively. These settings provide correct
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energies of at least five decimal figures, three for the atom
lengths and one for the bond angles within the level of theory.

The calculations are performed using DFT as coded in the
program Gaussian 0316 by means of the B3PW91 hybrid
functional, which uses a combination of the Becke3 (B3)17

exchange functional and the Perdew-Wang (PW91)18,19 cor-
relation functional. The hybrid functional B3PW91 is used with
the quasirelativistic pseudopotential and basis set LANL2DZ,
which describes the 1s to 4f core electrons for Pt using effective
core pseudopotentials of Hay-Wadt.20-22 We also tried the
Stuttgart-Dresden ECPs (SDD);23 however, the results are not
better for cases where experimental information is available.
The SDD basis set practically uses primitive Gaussians for the
valence electrons of heavy atoms and includes relativistic effects
within Dirac-Fock theory.24

The continuum is considered through a combined Green
function-density functional theory approach initially used to
determine the electrical characteristics of single molecules
trapped at metal or semiconductor junctions. This procedure
went through a very intensive development25-34 and has been
adapted for the study of reactions on surfaces.35-37 Bulk
properties of platinum are calculated using Crystal-03.38,39

Specifically, the total DOS is obtained through a Green function
approach, whereby the bulk continuous DOS broadens and shifts
the discrete MOs of the cluster, forming the total DOS of the
cluster as affected by the bulk. The reader is forwarded to refs
29, 40 and references therein for further details regarding the
theoretical methods used in this work.

III. Results and Discussion

We describe in this section the results on hydrogenated
platinum clusters, followed by an analysis of the local DOS on
platinum substrates and by a description of the oxygen contribu-
tion to the molecular orbitals.

Platinum Clusters. Clusters with different multiplicities are
analyzed to determine the most stable structures, associatedwith
the lowest energies. Geometries, multiplicities, energies, and

binding energies per atom of the most stable structures of Ptn

(n ) 1-5) clusters are shown in Table 1, and the corresponding
structures are displayed in Figure 1. The LANL2DZ uses 22
basis functions per Pt atom; however, the SDD uses 39 basis
functions for the 18 valence electrons of Pt. The binding energy
per atom for a Ptn cluster is calculated as done in ref 41:

The comparison of results using LANL2DZ and SDD basis
sets for the platinum dimer illustrates that the bond length
obtained with LANL2DZ (2.356 Å) is closer to the experimental
value (2.33 Å)42 than that of SDD (2.528 Å). The ground state
of the dimer is a triplet, and it is 1.64 eV more stable than the
quintet state using LANL2DZ and 0.93 eV with the SDD basis
set. Sebetci,1 Yang, and Drabold8 and Li and Balbuena41 have
reported the same ground state. Xiao and Wang4 and Grönbeck
and Andreoni7 reported bond lengths of 2.34 and 2.32 Å,
respectively, which are very similar to our results with the
LANL2DZ basis set.

The experimental value43 for the binding energy of Pt2 is
-1.57 eV/atom, which is overestimated by 0.22 eV/atom using
LANL2DZ and by 0.48 eV using the SDD basis set. Reference
41 reported a value of-1.15 eV/atom, in very good agreement
with our SDD results; however, different results were obtained
in refs 1,4 of-1.68 and-1.76 eV/atom, respectively, in better
agreement with the LANL2DZ results. Others have reported
2.37 Å1 and 2.46 Å2 for the bond length and-1.68 eV/atom
for the binding energy.1

The optimized structure for Pt3 is an equilateral triangle with
symmetryD3h, and both basis sets yield the same value for the
bond length. In this case, there is not a marked difference
between the singlet and triplet states. Nevertheless, the singlet
is the ground state in agreement with previous work.7,41 The
bond lengths and binding energy agree with ref 41, but they
are lower than the values reported by others.4,8 Sebetci1 has
reported a distance of 2.53 Å and a binding energy of-2.19

TABLE 1: Structure and Energies for the Ptn (n ) 1-5) Cluster Using the B3PW91 Functional with the LANL2DZ and SDD
Basis Setsa

bond lengths
(Å)

energy
(Ha)

binding energy per atom
(eV/atom)

cluster m LANL SDD LANL SDD LANL SDD

Pt2 3 2.356 2.528 -238.33596 -238.76748 -1.35 -1.09
(2.33)b (2.33)b (-1.57)c (-1.57)c

Pt3 1 2.499 (2.66)d 2.499 -357.56049 -358.23354 -1.86 -1.83
Pt4 5-3 R1 ) 2.555 R1 ) 2.551 -476.76396 -477.66073 -1.97 -1.94

R2 ) 2.542 R2 ) 2.702
θ ) 120.4 θ ) 116.0

Pt5 5 1-2 ) 2.493 1-2 ) 2.504 -595.99458 -597.11328 -2.19 -2.14
1-3 ) 3.143 1-3 ) 2.636
1-4 ) 2.612 1-4 ) 2.636
1-5 ) 2.549 1-5 ) 2.504
2-3 ) 2.513 2-3 ) 2.568
3-4 ) 2.540 3-4 ) 2.652
4-5 ) 2.489 4-5 ) 2.568

a m is the multiplicity) 2S+ 1 whereS is the total electron spin of the molecule; the ground state of Pt4 was quintet using LANL2DZ and triplet
with the SDD basis set; experimental values are indicated in parentheses.b Ref 42.c Ref 43.d Ref 44.

Figure 1. Smallest Pt clusters. Bond lengths and energies are shown in Table 1.

EB ) (E(Ptn) - n(EPt))/n
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eV/atom by using the B3PW91/LANL2DZ level of theory. Our
calculated bond-length values implementing the same method
are 0.031 Å shorter, and all the calculated values are underes-
timated when compared with the experimental value of 2.66
Å.44

The bond lengths for the Pt4 rhombus with symmetryD2h

are similar using both basis sets. The ground states are quintet
and triplet using the LANL2DZ and SDD basis sets, respec-

tively. References 1,8 reported an out-of-plane rhombus ofC2V
point group with similar values of bond length but having
comparatively greater binding energies. Our bond-length values
are in agreement with ref 41, that reported the ground state for
Pt4 as singlet. BLYP calculations7 have found an out-of-of-plane
structure for triplet and a plane rhombus for singlet. Other
references7,45 reported the triplet as the ground state for the
tetramer.

Figure 2. Local DOS plots corresponding to the top of the central Pt (blue), one of the Pt-H corners (green), and one of the hydrogen atoms (red)
of (a) singlet Pt7H6, (b) triplet Pt13H6, and (c) singlet Pt13H6. Total DOS of Pt bulk (dotted line) obtained using Crystal-03 is also shown. All clusters
are fully optimized and have no zero imaginary frequencies.
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The lowest energy of Pt5 corresponds unambiguously to the
quintet state. Sebetci1 has found the quintet state for a bridge-
site-capped tetrahedron and a rhombus pyramid but the triplet
state for a W-like geometry as the structure reported in this work.
The septet is the second structure more stable, and it is 0.22
eV higher than the quintet state using the LANL2DZ and 0.30
eV using the SDD. The bond lengths are similar to values
calculated by other authors.1,7,8,41The binding energy calculated
by using the SDD basis set is in agreement with that of ref 41,
but refs 1,4,8 reported larger binding energies.

The convenience of using the LANL2DZ instead of the SDD
basis sets and effective core potentials is inferred from the above
discussion. Thus, we adopted the B3PW91/LANL2DZ level of
theory for the calculations reported in the following sections in
this manuscript.

Local DOS on a Platinum Surface.Figure 2 shows the local
DOS corresponding to specific sites of hydrogen-passivated
surfaces belonging to stable cluster structures. Adding hydrogen
atoms, it is possible to obtain true local minima, which are very
difficult to find for small structures resembling a Pt(111) surface.
Three sites are analyzed in each of the clusters. For Pt7H6, these
local sites correspond to a central Pt atom (within the blue circle
in Figure 2a), hydrogen at the periphery of the cluster (red
circle), and the Pt-H bond region (green circle). The DOS on
the central Pt site of the triplet Pt13H6 (Figure 2b) shows the
closest resemblance to the Pt bulk total DOS, indicated by the
dotted curve. The differences between the DOS at the central
site and the total bulk DOS, except for a scaling factor, are due
to the fact that the metal atoms belong to a single-layer surface
and not to the bulk, and also to the small size of the cluster.
Figure 2c shows the results for the singlet Pt13H6 showing that
as the surface distorts from a (111) the DOS tends to be constant.
At the Pt-H site the bulk features are distorted, and they

practically disappear at the hydrogen sites for the three clusters
in Figure 2. To improve the effect of the finite size of the
surface, we tested larger clusters, which are useful for inves-
tigating reactions at realistic sites. Notice that the two Pt13H6

clusters (single and triplet) allow analyzing chemical reactions
within the central seven atoms with little or no interference from
the edges or from the hydrogen atoms.

Local DOS of Reacting Oxygen on Different Surface Sites.
Figure 3 shows the local DOS at different sites on Pt13H6

interacting with a ground-state O2 molecule (triplet) located at
several distances from the surface. The various distances
represent a molecule approaching the surface; however, the O2

geometry is kept fixed (the O-O distance is 1.2 Å in all cases).
At the closest distances the effect of the surface is clearly
dominant, the 1.9-Å distance represents an unphysical situation
since at such short distances the O2 molecule should start
dissociating and possibly chemisorbing, but at 2.5 and 3 Å the
d-band peak is observed at the left of the Fermi level denoting
a certain degree of interaction molecule/surface.

As O2 separates farther from the surface, its local DOS reveals
the discrete molecular orbital energies represented by the peaked
curves (4, 5, and 7 Å) in Figure 3. The minimum energy for
the bridge configuration (Figure 3a) corresponds to a 7-Å
separation of O2 from the surface; however, this energy surface
is a shallow minimum as the energy difference is 0.018 and
0.075 eV lower than those at 4 and 5 Å, respectively. On the
other hand, the lowest energy is found at 4 Å for O2

perpendicular to the surface (Figure 3b,d), the difference with
the parallel case is because in the perpendicular position the
second oxygen atom is 1.2 Å farther from the surface, and thus
the isolated oxygen molecule geometry may still be possible.

The lowest energy for the O2 located in the geometry depicted
in Figure 3c is found at 5 Å. Note that when O2 lies

Figure 3. DOS of the complex Pt13H6-O2 (all structures are triplets) for O2 located at different distances from the surface: (a) O2 parallel to the
surface on a bridge site, (b) O2 perpendicular to the surface on a bridge site, (c) O2 parallel to the surface on a bridge, and (d) O2 perpendicular to
the surface on a hollow site. The Fermi level of Pt46 is indicated by the dashed black line. The O-O bond length is kept at its vacuum value (1.2
Å), and the electronic structures are obtained at these single-point geometries.
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perpendicular to the surface (Figure 3b,d) and in the case of
Figure 3c, thed-band peaks (at 3 Å, blue curves) are shifted to
lower energies compared to those of Figure 3a, becoming more
distant from the Fermi level and suggesting a diminished
reactivity associated with those complexes because of their
unfavorable geometry. Thus, varying the O2 position with
respect to the surface clearly shows the connection between
geometry and electronic structure of the adsorbate-cluster
system.

Finally, we calculate the fully optimized structures of the
complexes Pt7H6-O2 and Pt13H6-O2 and run second-derivative
calculations to make sure that they correspond to local minima.
The lowest energies corresponded to a triplet for Pt7H6-O2.
An unstable singlet is found at 12.4 kcal/mol above the triplet
and with an imaginary frequency of 65i cm-1. However for
Pt13H6-O2, few conformations yield local minima. The most
relevant are the following. (a) These are the singlet and triplet
obtained by adding O2 to the triplet conformation of Pt13H6,
which had a planar structure. This yields another singlet as the
lowest structure; however, the corresponding triplet is only 3.1
kcal/mol above the singlet. The triplet shows one imaginary

frequency of only 13i cm-1, which perhaps can be disregarded
as unstable. (b)These are the singlet and triplet obtained when
adding O2 to the triplet deformed geometry of Pt13H6 (Figure
2). Both, a singlet and a triplet complexes yield local minima
with the triplet lower than the singlet by 3.3 kcal/mol.

Interestingly, the highest occupied molecular orbitals of these
three structures have very similar energy eigenvalues,-5.85,
-5.86, and-5.74 eV, and all these values are very similar to
the Fermi level of bulk platinum (∼-6.0 eV) yielding a
continuity in energy between clusters and bulk that perhaps
allows us to model the bulk. This is justified by the fact that
very small clusters have been used already to model reactions
on bulk and yielded acceptable agreement with experiments.
On the other hand, the lowest unoccupied molecular orbitals of
these complexes also yield very similar energies,-4.21,-4.62,
and-4.38 eV, yielding an average gap of roughly 1.4 eV, which
means that these nanoclusters actually become semiconductors.

The specific effect of O2 on the molecular orbitals of the
clusters can be observed in Figure 4, which shows the occupied
and unoccupied molecular orbitals nearest to the HOMO and
LUMO, respectively, including their relative energy separations

Figure 4. Nearest occupied and unoccupied molecular orbitals to the HOMO (left) and LUMO (right), respectively, including their relative energy
separations or barriers calculated with respect to the HOMO and LUMO, respectively. The molecular orbitals correspond to isovalues of 0.02 au
(a) triplet Pt7H6-O2, (b) singlet Pt13H6-O2, and (c) triplet Pt13H6-O2. All complexes are fully optimized without any geometrical constraint using
the B3PW91/LANL2DZ level of theory, showing no imaginary frequencies.
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or barriers. The HOMO and LUMO of O2 in its ground state
areπ-type antibonding MOs; interestingly, these similar MOs
are well-separated in energy due to their occupation (∼13 eV).
A significant interaction of the antibondingπ* MOs of oxygen
with combination ofd-type molecular orbitals of the cluster is
clearly shown for all complexes. Also notice that in all cases,
at least one of the MOs is practically at the same energy level
as the HOMO or LUMO of the complex. This coupling of the
MOs from the molecule and the cluster definitely has an effect
on chemical reactivity, in this case inducing dissociation of the
O-O bond by allowing practically barrierless electron transfer
between cluster and molecule.

Moreover, beyond chemical reactivity, the coupling of the
MOs of the molecule and the cluster is responsible for
transferring vibrational spectral signatures from the small
molecule to the larger cluster. Thus, exciting the cluster-
molecule complex yields a relatively much larger cross section
for detection than if a detection beam were directed only to the
individual molecule; this is always the case if the radiation
source has much larger wavelengths than the size of the
molecule, and then a strong enhancement of the detection signal
takes place. This concept is of paramount importance for the
detection of a small number of molecules.

IV. Conclusions

We developed a few relatively small platinum testbeds to
study catalytic reactions. These surfaces may include the
contribution from a bulk continuum or may simply represent a
local site on a nanocluster or bulk. Given the correspondence
between molecular orbital energies and bulk properties, these
nanoclusters are good models to represent the local chemistry.
In this particular case, the requirement is that a stable cluster
may be connected to a stable bulk with equivalent Fermi level
and highest occupied molecular orbital, respectively. The
interaction of platinum clusters with molecular oxygen yields
a complex cluster-molecule with fully delocalized molecular
orbitals with energies in the neighborhood of the Fermi energy
of platinum. This is responsible for the interesting catalytic
behavior of this material. Always one of the fully delocalized
complex molecular orbitals is practically at the same energy of
the HOMO or LUMO energies of the complex. We demonstrate
a clear connection between the geometry of the molecule-
cluster interface and electronic structure. Pt has the lowest Fermi
level (∼-6 V) of any structure made of single elements from
the periodic table; we showed that even these small clusters
show a HOMO energy in the same neighborhood. Thus, we
may conclude that any molecule whose MOs are able to strongly
entangle with those of a Pt cluster yielding MOs at energy values
of ∼-6 eV are strong candidates to experience bond dissociation
upon interaction with the platinum cluster. An important
additional application of this concept is the design of metal
clusters with relatively much larger cross-sections than small
single molecules, allowing the detection of small molecules by
detection of the complex via vibrational spectroscopy.
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