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The results of an accurate density-functional study of the structure, energetics and electronic structure of Ptn

clusters (withn ) 13, 38, and 55) are presented. For Pt38, a truncated octahedral geometry is considered; for
Pt13 and Pt55, icosahedral, truncated decahedral, and cuboctahedral geometries are considered. In each case,
the structure of the neutral and positively and negatively charged clusters is fully optimized within the given
symmetry group. For Pt13, allowing symmetry breaking starting from the symmetrical structures derives
additional local minima. The computational procedure is thoroughly tested to keep numerical accuracy under
control. From the electronic structure point of view, it is found that these systems start developing metallic
characteristics, with ionization introducing small changes. From the structural point of view, for Pt13 the
icosahedral configuration is not favored, whereas it becomes the ground state for Pt55, in agreement with the
predictions of atom-atom potentials. Moreover, the lowest energy configuration of Pt13 is a symmetry-broken
D4h one, while for Pt38 and Pt55 a peculiar rearrangement is found, corresponding to an expansion
(reconstruction) of the atoms lying on (111) or (100) faces.

1. Introduction

The chemistry and physics of metal clusters have attracted
much attention in recent years (see, for example, ref 1) for their
peculiar structural, electronic, optical, etc., properties. The wealth
of experimental data has prompted an intense theoretical effort
devoted to elucidate the mechanisms at work in this class of
systems. The theoretical literature on isolated metal clusters has
dealt with both the structural and the electronic properties.2-16

From the structural point of view, attention has usually
concentrated on high-symmetry configurations. Structures cor-
responding to pieces of the bulk crystals (fcc, bcc, etc.), which
should be the lowest energy ones for very large aggregates, have
been compared with others containing C5 axes (icosahedral or
decahedral) which are incompatible with translational symmetry
but are expected to be good competitors for smaller clusters,
due to more favorable surface energies at the expense of
introducing internal strain.2-9,13 One thus expects a crossover
among these structures with increasing size, with the icosahedral
configurations dominating at small sizes, the decahedral con-
figurations dominating at intermediate sizes, and the crystalline
configurations eventually dominating at large sizes (see, for
example, ref 7). More recently, “amorphous” arrangements have
also been proposed as possible lowest energy structures for small
clusters.11,12,15From the electronic point of view, the limitations
of simplified approached such as the “jellium” model have been
pointed out,13 and various techniques have been proposed to
analyze the shell structure of the one-electron energy levels10

and to study the behavior of the cluster properties with size
(and extrapolate them to the bulk limit).8,9,13,14

In this context, platinum clusters undoubtedly represent a class
of systems of great importance because of the role they play in
many catalytic processes (they are considered one of the most
important materials in heterogeneous catalysis1). A theoretical
understanding of their structural and electronic properties is
essential to the first-principle prediction of their behavior.
Moreover, platinum is especially interesting also from a purely
theoretical point of view because the crossover between icosa-
hedral, decahedral and crystalline structures is expected to occur
at small size.7 Despite this, in the literature one cannot find
many calculations on Ptn clusters withn g 13,10-12,14probably
due to the fact that platinum (as a third-row transition metal)
simultaneously presents all the difficulties connected with s/p-d
mixing and relativistic effects.

Experimentally, the structure of Ptn clusters withn e 200 is
still unclear: for clusters with diameter>10 nm17 or even∼2
nm18 crystalline geometries seem to be preferred, but other
structural forms might be favorite for smaller aggregates.19

In the present article, density-functional (DF) calculations on
Pt13, Pt38, and Pt55 neutral clusters and their singly charged ions
will be presented. Highly symmetrical structures have been
considered: truncated octahedron (Oh symmetry group) for Pt38,
cuboctahedron (Oh), truncated decahedron (D5h), and icosa-
hedron (Ih) for Pt13 and Pt55 (see Figure 1 for schematic pictures).
All the structures have been fully optimized within the corre-
sponding symmetry group. In the case of Pt13, symmetry break-
ing starting from the symmetrical structures has been allowed,
producing configurations corresponding to additional local
minima. The chosen symmetrical structures are the most likely
ordered candidates as the lowest energy ones for finite sys-
tems.2,3 Moreover, from their comparison it is possible to predict
the general crossover behavior among the different structural
motifs (see, for example, ref 7 and references therein). Investiga-
tion on “amorphous” structures11,12,15is deferred to future work.
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From a computational point of view, symmetry is fully
exploited to reduce the computational effort, so as to make a
computationally accurate approach feasible on these large and
complicated systems. This should also provide a standard against
which more approximate approaches (many-body atom-atom
potentials,7,20 tight-binding methods,21,22etc.) can be contrasted
and parametrized. Preliminary DF calculations on Pt13 and Pt55

cuboctahedral clusters have been previously presented.14

In section 2, the computational approach and the theoretical
method will be detailed. In section 3, the results of the DF
calculations will be presented and discussed. The main conclu-
sions will be summarized in section 4.

2. Computational Details and Method

All the calculations were carried out with the DF module of
the NWChem computational chemistry package (release 4.1)23

that uses Gaussian-type orbitals (GTOs) for the solution of the
Kohn-Sham equations.

An effective core potential (ECP)24 was used to represent
the nucleus plus inner-shell (up to the 4f shell) core electrons
interactions with all valence electrons; thus only the outer-core
(5s and 5p shells) plus valence electron wave function is solved
for explicitly. This ECP incorporates spin-orbit-averaged
relativistic effects. Two atomic orbital bases were used for
describing the outer-core plus valence electrons, both derived
from a (7s6p5d)/[6s3p2d] basis set.25 In the first one (basis set
A), the s-functions were left uncontracted, the first p- and
d-contractions of 4 GTOs were split into three and one GTOs,
corresponding to a (7s6p5d)/[7s4p3d] basis set. In the second
one (basis set B), we removed the most diffuse p-function that
causes numerical instabilities in these highly condensed systems,
and split the first p-contraction as above, to get a (7s5p5d)/
[6s3p2d] basis set.

All the calculations were performed spin-unrestricted, using
the Becke functional26 for exchange and the Perdew-Wang
functional27 for correlation, hereafter referred to with the
acronym BPW91. The BPW91 functional has been selected as
the gradient-corrected one which gives optimal values for the
5d96s1 f 5d10 excitation energy of the Pt atom and dissociation
energy of the Pt2 molecule28 (hybrid functionals should not be
used for metal clusters14). We refer to refs 8-11, 14, and 16
for a discussion of the DF approach as applied to transition
metal clusters.

In addition to the basis set for the Kohn-Sham orbitals, a
charge density fitting basis was used to compute the Coulomb
potential according to the method described in refs 29 and 30.
The (9s3p3d2f2g) basis set used was derived from the one
described in ref 31. Numerical tests on Pt13, Pt38, and Pt55 have
shown that the effect of this approximation on the total energy
differences among the various configurations is of the order of
mhartree (care must be used in the choice of the auxiliary basis
set, especially for the larger systems).

A numerical integration is necessary for the evaluation of
the exchange-correlation potential and energy. The scheme used
in this work adopts well-known techniques that partition the
density into atomic contributions;32 this “atomic density” is then
integrated using a radial quadrature and a highly efficient angular
quadrature.33 One hundred twenty-three points were used for
the radial part. Five hundred ninety points were used for the
angular part, corresponding to the exact integration of all
spherical harmonics up tol ) 41. For the radial quadrature, the
scheme of ref 34 has been rescaled35 in order to better integrate
the contribution coming from the diffuse functions present in
the basis set. Such an extensive grid is necessary to keep
numerical accuracy under control in these complicated systems,
with s, p, and d mutually interacting open shells. Tests have
shown that using lower quality numerical grids or charge density
auxiliary basis sets may lead to even qualitatively incorrect
results or slow convergence.

As in ref 14, the geometry optimization was stopped when
maximum force on atoms was less than 4× 10-4 au.

The exploitation of symmetry is obviously beneficial to
reduce the computational effort. For example, the CPU time
ratios among the different symmetries for Pt13 using basis set
A on a single processor of a Compaq Alpha XP-1000 667 MHz
computer are

It is to be noted that CPU timeIh > D4h, Oh even thoughIh

is a higher group. This is due to the fact that the Lebedev angular
grid33 exhibits cubic symmetry, so that symmetry is not fully
exploited when C5 axes are present (the precise figure will in
general depend on the ratio between the computational effort
involved in the evaluation of the Coulomb potential and the
numerical integration).

NWChem is a suite of programs specifically developed for
parallel computers, and is based on a distributed memory
approach for parallelism.23 The use of an auxiliary charge
density basis set can be particularly advantageous in this respect,
because one expects super-linear scaling whenever the aggregate
memory is sufficient to store all the three-center integrals in
the memory available on the parallel hardware (which are
therefore not recalculated at each iteration step). To give an
idea of the computational effort involved in the calculations,
we quote that a single SCF cycle forOh Pt55 using the present

Figure 1. Schematic drawings of the Pt13 and Pt38 structures considered
in the text.
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methodology requires∼2300 s when running on a Compaq
Alpha XP-1000 667 MHz computer.

To overcome the degeneracy problems that arise in systems
such as these, containing many transition metals in low oxidation
state, a Gaussian-smearing technique for the fractional occupa-
tion of the energy levels was applied.36,37This was not used to
mimic Fermi-Dirac statistics at finite temperatures, nor was a
many-determinantal wave function used to take into account
long-range correlation effects.38 However, smearing the one-
electron levels is very beneficial if not strictly necessary to
obtain a smooth convergence for such quasi-metallic systems,
with very many levels extremely close in energy. The NWChem
program has been purposely modified, and this new feature is
available in the NWChem 4.1 release. Usually, the use of an
error function with a broadening factorσ ) 0.006 au is sufficient
for obtaining a good convergence at the beginning of the SCF
process, whileσ ) 0.0003 au was used for final convergence.
All the results reported below have thus been obtained usingσ
) 0.0003 au and∼0.01 eV.

If at convergence the HOMO-LUMO gap is appreciably
larger thanσ, then the use of smearing does not affect the final
energy value (it is simply a tool to improve convergence).
However, when restraining the system to have a definite (high)
symmetry, one can find either an incomplete occupancy of a
degenerate HOMO: Jahn-Teller systems (JT) or an accidental
quasi-degeneracy between HOMO and LUMO in one spin
symmetry: pseudo-Jahn-Teller systems (pJT). In such cases,
the use of smearing makes a difference. For JT systems, in
particular, it ensures an even occupation of all degenerate
HOMOs, allowing one to perform calculations within the given
symmetry group (no symmetry breaking). To be specific, for
example, for neutral Pt13 we found one JT system (D5h) and
two pJT systems (Oh andIh). In the case of Pt13, starting from
the geometry optimized at high symmetry, we have evaluated
the gradient with respect to atomic displacements with the use
of symmetry turned off; this gradient has resulted to be of a
lower symmetry, which has finally been imposed in a further
geometry optimization. This should guarantee that the final
structures are local minima on the energy hyper-surface. Note

that, for JT systems,σ ) 0 has to be set in order to break
symmetry.

A noteworthy advantage of the electron-smearing technique
is that the difference in the number ofR andâ electrons takes
its optimal value since no constraint is imposed on the spin
multiplicity.36,37To check that this holds in a specific example,
in analogy with ref 10 we have calculated forOh Pt13 (NR - Nâ
) 6, see Tables 1 and 2 below) the solutions obtained without
using the electron-smearing technique, but imposing a different
value ofNR - Nâ, and found that these solutions existed at a
higher energy.

Apart from the electron smearing, the exploitation of sym-
metry is extremely important to obtain a smooth convergence
of the iterative process: for example, level-shifting techniques
(with σ ) 0) had to be used when dealing with low-symmetry
configurations, such asC2V Pt13, as we were unable to obtain
convergence even using electron smearing with high values of
σ.

Unrestricted spin calculations have always been performed.
The value of 〈S2〉 has been taken as an indicator of spin-
symmetry breaking:39 it usually differed from the spin-restricted
value by less than 1%, except for few cases which will be
explicitly indicated in the following.

3. Results

The results of DF/BPW91 calculations will be reported in
this section, divided according to the number of atoms in the
cluster.

Pt13. Our results are collected in Table 1 (basis set A) and
Table 2 (basis set B). For reasons of synthesis, the∆E column
in these and the following Tables has a mixed meaning,
reporting the binding energy BE per atom BE/N in the case of
the lowest energy minimum (D4h for Pt13), the electron affinity
and ionization potential for the lowest energy ionic structures
(D4h

- andD4h
+, respectively, for Pt13), and the excitation energy

with respect to the lowest energy configuration of each charge
state for all other configurations.

The bandwidth BW reported in the tables is defined as the
difference between the one-electron energies of the lowest and

TABLE 1: The Results of DF Calculations Using Basis Set A on Pt13
q (q ) 0, (1) in Various Structural Arrangements

(Described in the Text) Are Reporteda

system ∆E NR - Nâ BW (R/â) gap (R/â) εF geometry

Ih 1.086 2 7.30/7.43 0.13/0.13 hg
3 -5.242 2.671

Ih 1.065 8 7.57/7.49 0.82/0.03 -5.101 2.687
Th 1.003 8 7.49/7.45 0.80/0.06 tg

1 -5.098 2.684, 2.744, 2.842
Oh 0.720 6 6.96/7.04 0.86/0.19 t2u-eg 0.001 -5.264 2.723
D5h 0.230 4 7.12/7.17 0.36/0.18 e2g

1 -5.082 2.906, 2.677 (0.463)
C2V 0.186 4 7.12/7.09 0.30/0.15 -5.071 2.907, 2.63-2.72(0.465)
D4h 3.297 2 7.48/7.36 0.11/0.31 -5.137 3.179, 2.526 (0.908)
Ih

+ 1.295 3 7.39/7.43 0.10/0.10 hg
2 -8.902 2.672

Th
+ 1.057 9 7.49/7.42 1.01/0.07 -8.786 2.684, 2.744, 2.842

Oh
+ 0.902 7 6.85/7.05 1.1/0.17 t2u-eg 0.008 -8.859 2.725

D5h
+ 0.264 5 7.15/7.15 0.35/0.06 -8.745 2.946, 2.672 (0.460)

D4h
+ 6.858 1 7.47/7.34 0.09/0.28 -8.652 3.158, 2.534 (0.902)

Ih
- 0.965 1 7.30/7.32 0.17/0.17 hg

4 -1.674 2.810
C2h

- 0.909 1 7.33/7.34 0.15/0.10 -1.609 2.63-2.70, 2.76-2.82, 2.80-2.83
Oh

- 0.566 5 6.91/6.97 0.70/0.22 -1.732 2.725
D5h

- 0.250 3 7.07/7.10 0.36/0.18 -1.411 2.874, 2.685 (0.465)
D4h

- 3.342 3 7.37/7.18 0.06/0.26 -1.585 3.145, 2.548 (0.898)

a NR - Nâ is the difference in the number ofR andâ electrons; BW and gap are the band width and the HOMO-LUMO energy difference for
R/â electrons, respectively;εF is the Fermi energy; and geometry lists representative atom-atom distances as explained in the text. In the case of
JT or pJT systems, HOMO symmetry labels are explicitly reported on the right of the gap value, together with their energy difference. The∆E
column has a mixed meaning, reporting the binding energy per atom BE/N in the case of the lowest energy minimum (D4h for Pt13), the electron
affinity and ionization potential for the lowest energy ionic structures (D4h

- andD4h
+, respectively, for Pt13), and the excitation energy with respect

to the lowest energy configuration of each charge state for all other configurations. Energy-related quantities are in eV, distances in angstroms.
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the highest occupied molecular orbitals. The gap value is defined
as the difference between the one-electron energies of the
HOMO and LUMO: a small value will be taken as an indication
of the metallic character of the clusters. In the case of JT or
pJT systems, all the (quasi-)degenerate orbitals have been
considered as HOMOs, correspondingly taking average values
of the various quantities. In these cases, the HOMO symmetry
labels and energy differences are reported on the right of the
gap values.

To avoid excessive duplications, not all states and quantities
are reported in the two tables: in Table 2 only the basic states
are reported, to be compared with the results for Pt38 and Pt55

using the same basis set. All the geometries have been fully
optimized within the given symmetry group starting from
“idealized” geometries, i.e., in which the basic Pt-Pt distance
was set toR0 ) 2.774 Å (bulk crystal40). For Oh geometries,
which correspond to a section of the face-centered cubic (fcc)
crystal, this completely defines the atomic arrangement. Two
distances characterize theIh and D5h geometries: the shorter
one corresponds to the inter-shell distance forIh and most of
the distances forD5h; the longer one to the intra-shell distance
for Ih and a few distances forD5h. The ratio between the two is

We set the shorter distance in idealized structures to 2.774 Å,
which implies that the strained distance is equal to∼2.915 Å.
The relaxation energiesErelax reported in Tables 2, 4, and 5 refer
to this choice of idealized geometries (for Pt13 the relaxation
energy is only reported for basis set B).

As anticipated in section 2, for Pt13 the octahedral, icosa-
hedral, and truncated decahedral geometries have been relaxed
in the absence of symmetry until a local energy minimum was
found. Let us start by looking at which kind of symmetry
breaking one finds in each case.

Neutral D5h Pt13 is a JT system, having a degenerate
incompletely occupied e2g

1 HOMO in the minority â spin
symmetry. The structure deforms to aC2V geometry. The energy
gain is however small: only 0.044 eV. Adding or removing an
electron from the e2g orbital produces a system with a finite
gap.

NeutralIh Pt13 is a more complicated case, and very difficult
to converge, because of an accidental quasi-degeneracy between
a t2g and a hg orbitals close to the Fermi energy (here and in
the following,â spin-orbitals will be denoted by underlining:

hg), which implies a quasi-degeneracy between two electronic
configurations:

differing in energy by∼0.02-0.03 eV (see Tables 1 and 2).
Of course, any change in the functional, but even in the basis
set or the numerical procedure can reverse the order between
the high- and low-spin states. By allowing symmetry breaking,
the Ih configuration relaxes to aTh or aC2h one, depending on
the charge state, but the energy lowering is again modest: 0.06
eV, except in the cationIh (Ih

+) case, where however we were
not able to converge to the high-spin state. An unusually high
value of 〈S2〉 for C2h

- Pt13: 〈S2〉 ) 1.152 withNR - Nâ ) 1,
testifies this quasi-degeneracy (the value of〈S2〉 differs signifi-
cantly from the spin-restricted one also forD4h

- Pt13: 〈S2〉 )
8.767 withNR - Nâ ) 3).

Symmetry breaking is only important for the octahedral
geometry, in which case one finds that aOh f D4h distortion
lowers the energy by a substantial amount: 0.7, 0.9, and 0.5
eV for Pt13

q with q ) 0, +1, -1, respectively. TheD4h distorted
geometry thus turns out to be the lowest energy one, surpassing
the D5h (C2V) one byg0.2 eV at any charge state. In Table 2,
therefore, only theD4h, D5h, Oh, and Ih states have been
considered.

Before further relaxation, the order of the structure is:D5h

< Oh < Ih, irrespective of the charge state. This is at variance
with the expectations of more simplified approaches2,3,7(atom-
atom potentials, counting of the number of first neighbors, etc.)
according to which the order should beIh < D5h < Oh: see
below for a discussion. It is to be noted that low-spin states
prevail, especially for the lowest energy configurations, in
agreement with the fact that platinum is a nonmagnetic metal.
The values of bandwidth BW and Fermi energyεF are similar
for the different configurations, with the BW in the following
order: Oh < D5h < D4h ∼ Ih. Noteworthy is the variation ofεF

with the charge state.
By comparing the results with different charge, one finds that

the addition or removal of an electron does not seem to affect
much these clusters. All the characteristic quantities stay
practically unchanged, apart from a “rigid-band” shift of all one-
electron levels. In fact, we have checked that for each geometry
even the electronic configuration stays the same, apart obviously
from the orbitals directly involved in the charging process. Also
the excitation energies of the various structural arrangements

TABLE 2: The Results of DF Calculations Using Basis Set B on Pt13
q (q ) 0, (1) in Various Structural Arrangements

(Described in the Text) Are Reporteda

system ∆E NR - Nâ BW (R/â) gap (R/â) εF Erelax geometry

Ih 1.233 2 7.45/7.49 0.13/0.12 hg
3 -5.211 0.71 2.671

Ih 1.201 8 7.70/7.60 0.83/0.03 -5.081 0.74 2.686
Oh 0.701 6 7.00/7.09 0.90/0.21 t2u-eg 0.009 -5.300 0.24 2.725
D4h′ 0.250 8 7.20/7.02 0.40/0.13 -5.081 1.86 3.147, 2.583 (0.965)
D5h 0.221 4 7.20/7.27 0.36/0.16e2g

1 -5.086 0.76 2.914, 2.678 (0.462)
D4h 3.228 2 7.61/7.47 0.08/0.29 -5.189 2.11 3.181, 2.528 (0.905)
Ih

+ 1.206 9 7.61/7.61 1.10/0.02 hg
2 -8.791 2.682

Oh
+ 0.895 7 6.92/7.12 1.13/0.19 t2u-eg 0.0006 -8.933 2.727

D5h
+ 0.248 5 7.26/7.26 0.36/0.07 -8.819 2.950, 2.673 (0.460)

D4h
+ 6.907 1 7.59/7.47 0.07/0.25 -8.724 3.166, 2.536 (0.903)

Ih
- 1.215 1 7.40/7.42 0.17/0.15 hg

4 -1.555 2.672
Oh

- 0.561 5 7.01/7.04 0.69/0.23 t1g-eg 0.016 -1.713 2.726
D5h

- 0.309 3 7.15/7.20 0.36/0.15 -1.357 2.881, 2.685 (0.464)
D4h

- 3.359 3 7.38/7.26 0.06/0.26 -1.572 3.145, 2.550 (0.892)

a Notations are the same as those In Table 1, except forErelax, which is the energy difference in eV between the “idealized” and optimized
geometries. Energy-related quantities are in eV, distances in angstroms.

x2(1 - 1/x5) ∼ 1.05146

high spin: hg5t2g
3hg

0 NR - Nâ ) 8
low spin: hg

5t2g
0hg

3 NR - Nâ ) 2
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do not change much: the order isD4h < D5h < Oh < Ih for all
cases, withD5h at higher energy by 0.2-0.3 eV with respect to
theD4h ground state,Oh by ∼0.6-0.9 eV andIh by ∼1.0-1.2
eV. The values of the geometrical parameters exhibit slightly
larger differences, especially forIh andD5h.

By comparing the results of Tables 1 and 2, one sees that
the smaller basis set (B) reproduces very well the results of the
larger one (A). Apart from the binding energy BE per atom
BE/N, which is larger forD4h Pt13 by 0.07 eV when using basis
set A, all the other energy differences, bandwidths, gaps, Fermi
energies, and optimized geometrical parameters are accurately
reproduced. We have also checked that the electronic configura-
tions are the same using the two basis sets. Only the basis set
B will thus be utilized for the calculations on the larger
clusters: Pt38 and Pt55.

Let us now discuss the structural results. TheIh and Oh

structures have only one degree of freedom, which is the one
reported in Tables 1 and 2: the distance between the central
and the peripheral atoms. In theOh structure, all the distances
are the same. In theIh structure, the distances among peripheral
atoms are larger by a factor∼1.051. TheIh structure can relax
to aTh or C2h geometry. In the former (Th) case, all peripheral
atoms stay on a sphere, but six pairs of bonds in each of the
plus/minus Cartesian directions shrink with respect to the other
30 surface bonds: these three distances are reported in Table
1. Note thatTh Pt13 is still a JT system, with a tg

1 electronic
configuration at the Fermi level. However, further symmetry
breaking toC2h geometry has a negligible effect on the energy,
and has not been reported in Table 1. In the latter (C2h) case,
the original 12, 6, and 30 nearest-neighbor bonds of theTh

structure spread in such a way that it is difficult to describe. In
Table 1 the range in which these bonds spread is reported.

The D5h structure has three degrees of freedom which are
reported in Tables 1 and 2: the distance of the two apical and
of the 10 off-C5 peripheral atoms from the central one, and the
ratio between the absolute values of thez-coordinate of the off-
C5 atoms and the apical atoms (z is the C5 axis). This ratio
should be 0.5 in an idealized structure; its being smaller suggests
that the (100) faces are larger than their optimal size, as expected
on the basis of a Wulff construction reasoning.2,3,7 WhenD5h

Pt13 relaxes to aC2V structure, the two regular pentagons on
which the ten C5 atoms are distributed deform to two irregular
ones. Again, the range in which the distances from the central
atom spread is reported.

The most interesting case is theOh f D4h deformation. The
Oh idealized cuboctahedron section of the fcc lattice is shown
in Figure 1. The two (100) planes (or faces) along thez-axis
are at a distance (2)1/2R0 ) 3.92 Å, and are separated by a
“crown” of four atoms in the(x and(y directions, at a distance
R0 ) 2.774 Å from the central atom. For neutral Pt13 this
structure is at 0.94 eV from theD4h lowest energy state, and
lowers to 0.72 eV after relaxation of the nearest-neighbor
distance to 2.725 Å (results using basis set B from Table 2).
TheD4h lowest energy configuration is also shown in Figure 1:
with respect to theOh structure, the (100) planes in the(z
directions get closer to each other (from 3.92 to 3.12 Å) and
slightly enlarge (the nearest-neighbor distance increases from
2.774 to 2.82 Å), while the four “crown” atoms get further from
the central one (from 2.774 to 3.17 Å). This structure may
resemble an idealized body-centered cubic (bcc) structure (also
shown in Figure 1), section of eight first and four second
neighbors around the central atom of an hypothetical bcc crystal
with nearest-neighbor distance set equal to 2.774 Å. However,
in the bcc-like structure, the edges of the (100) faces are

larger: 3.20 Å, so that the distance between atoms on the cube
is the same as the second-neighbor distance (3.20 Å), and the
bcc-idealized structure is at 2.11 eV over theD4h ground state.
TheD4h lowest energy structure therefore represents something
between the bcc and fcc geometries, which differs substantially
from both of them. This is confirmed by the fact that if one
starts the geometry optimization from the bcc structure, one finds
a differentD4h local minimum (denotedD4h′ in Table 2) in which
the edge of the (100) faces is 2.95 Å; these faces are at a distance
of 3.05 Å, and the peripheral atoms are at 3.15 Å from the
central one (high spin:NR - Nâ ) 8). This structure resembles
more the bcc idealized one, but is at 0.25 eV above theD4h

lowest energy configuration. The presence of low-lying local
minima corresponding to structural isomers (even exhibiting the
same symmetry) can have an influence on the mechanical
properties of Pt nanoclusters. The peculiarity of theD4h structure
is also confirmed by the calculations reported in Table 3, where
binding energies are reported for the sequence: Pt9, Pt11, Pt13,
and Pt15, i.e., starting with a central atom surrounded by a cube
of eight first-neighbors (Pt9) and by progressively adding pairs
of second neighbors on opposite faces of the cube. The BE
increases by 8.34 eV fromOh Pt9 to D4h Pt11, and by 8.63 eV
from D4h Pt11 to D4h Pt13, but only by 8.25 eV fromD4h Pt13 to
D2h Pt15, which is moreover a pJT system, and, as such, is not
particularly stable.

It is interesting to note that the relaxation energy, i.e., the
difference between the idealized geometry and the optimized
one, is minimal for the fcc (Oh) structure:∼0.2 eV, intermediate
for the C5-axis structures,D5h andIh, ∼0.7 eV, and largest for
the D4h one,∼2.1 eV. Even though the definition of idealized
Ih andD5h structures is not unique, these are the expected trends,2

again with the only exception of theD4h state.
The results forIh and Oh Pt13 are comparable with those

reported in the most recent work on these systems10 (whose
analysis of the orbital shell structure we refer to), after allowing
for the differences due to the density functional, basis set,
pseudopotential, and numerical approach. The main difference
with respect to ref 10 is that the authors did not consider the
D5h structure and that a limited account of the Jahn-Teller
distortion for theOh structure hindered them from finding the
D4h ground state. In passing, it can be noted that theIh - Oh

energy difference comes out to be much smaller from the
calculations of ref 11, confirming the limitations of the Harris
functional as applied to transition metal clusters.9

Pt38. The results of DF calculations on Pt38
q truncated

octahedral cluster (q ) 0, (1) using basis set B are reported in
Table 4. With respect to Pt13 one can observe a general increase
in the BW, BE, and electron affinity values, and a decrease in
the gap and ionization potential values, as expected. It is also
to be noted the spin quenching effect, which now gives a closed-
shell Pt38 neutral cluster. The value of〈S2〉 differs significantly
from the spin-restricted one only forOh

+ Pt38: 〈S2〉 ) 1.001
with NR - Nâ ) 1.

TABLE 3: Binding Energies BE in eV for the Sequence
Pt9n-Pt15, from DF/BPW91 Calculations Using Basis Set A

system BE NR - Nâ degener

Oh Pt9 25.91 2 no
D4h Pt11 34.23 0 no
Oh Pt13 42.14 6 yes
D4h Pt13 42.86 2 no
Oh Pt15 51.07 6 yes
D2h Pt15 51.11 6 yes

a The keyword “degener” indicates whether the systems are pJT ones
(degener) yes) or have a finite gap at the Fermi level (degener)
no). NR - Nâ Is the difference in the number ofR andâ electrons.
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We have checked also for Pt38 that the electronic configuration
stays the same after the charging process, apart of course from
the orbital directly involved. An exception is Pt38

-. In this case,
in fact, the electronic configuration of the anion changes in
passing from the geometry optimized for the neutral molecule,
t1u

1t1g
0t2u

3, NR - Nâ ) 1, to that optimized for the anion itself,
t1u

3t1g
1t2u

0, NR - Nâ ) 7. This happens because the involved
orbitals and corresponding configurations are all very close to
the Fermi level, and a tiny structural rearrangement is sufficient
to exchange their order: see Table 4. Apart from this, however,
one finds that the charging process does not influence much
the electronic and structural properties ofOh Pt38, from a
quantitative point of view even less than for Pt13, as expected.

A very interesting result is the structural one. Pt38, in fact, as
a truncated octahedron should be a nearly optimal example of
crystalline geometry, as the ratio between (100) and (111) faces
is much more favorable than in the case of the cuboctahedral
arrangement.2,3,7 This is the reason Pt38 has been included in
our analysis, even though we cannot compare it with other
configurations of different symmetry containing the same
number of atoms. One has three nonequivalent atoms forOh

Pt38. In the first shell, one finds six atoms in an octahedral
arrangement; in the second shell, one finds 24 atoms lying at
the vertexes of the six (100) faces and eight atoms lying at the
center of (111) faces (see Figure 1 for a schematic picture of
the cluster). Correspondingly, one has four degrees of free-
dom: the distances of the three nonequivalent atoms from the
center of the cluster, and the ratio of the minor over the major
Cartesian components of the 24 (100) atoms (this ratio should
be 0.5 for an idealized structure). From Table 2, one sees that
this ratio has a value very close to the ideal one: this confirms
that the (100) faces are only slightly larger than their optimal
size.7 However, the three nonequivalent atoms exhibit a very
different (inhomogeneous) radial relaxation: the atoms in the
first shell or on the (100) faces relax inward by 1.8-2.7%,
whereas the atoms on the (111) faces relax outward by 6.8-
8.4%. This peculiar structural rearrangement resembles that

found for Oh Pt55 in ref 14 (and confirmed by the present
calculations, see below), and seems to be a general feature of
platinum nanoclusters, a feature not predicted by more simplified
methods such as atom-atom potentials,7 in which all the surface
atoms tend to relax inward, the more the less bound they are.
Such a behavior is probably connected with the tendency of Pt
surfaces to peculiar reconstructions.41-44

Pt55. The results of DF calculations onIh, D5h, andOh Pt55
q

clusters (q ) 0, (1) using basis set B are reported in Table 5.
The structures of these clusters can be obtained from those of
the corresponding Pt13 clusters depicted in Figure 1 by adding
another shell of atoms around the Pt13 “core”. Their appearance
is thus similar to the structures shown in Figure 1, with the
only difference that all the edges contain three atoms instead
of two, and there is a further atom at the center of the (100)
faces. From an analysis of Table 5, several points are worth
mentioning.

First, the order of the structures has changed with respect to
Pt13 and is nowIh < D5h < Oh. The energy differences are much
smaller than for Pt13. Furthermore, the lowest energy configu-
ration is now the icosahedral one, in contrast with the expecta-
tions of more simplified approaches.2,3,7 It is known in fact that
icosahedral clusters have more favorable surface energies with
respect to crystalline structures, but also larger strain for the
interior atoms, due to the mismatch between intra- and inter-
shell distances imposed by symmetry constraints. From general
bonding considerations,2,3,7 one thus expects icosahedral con-
figurations to become less and less favored with increasing size.
The fact that we found an opposite behavior implies that in our
first-principles approach Pt13 presents peculiar characteristics
of a finite system (e.g., occupation of unfavoured one-electron
orbitals due to symmetry reasons) that are difficult to insert in
a smooth behavior of the structural properties as functions of
the cluster size. In contrast, Pt55 seems to conform reasonably
well to atom-atom predictions,7 and to be located about the
crossover among 5-fold and crystalline structures (see the small
values of the energy differences). The final DF/BPW91 predic-

TABLE 4: The Results of DF Calculations on Truncated Octahedral Pt38
q (q ) 0, (1) Are Reporteda

system ∆E NR - Nâ BW (R/â) gap (R/â) εF Erelax geometry

Oh 3.876 0 8.19 0.07 -5.431 1.58 1.911, 4.311 (0.504), 3.631
Oh

+ 6.760 1 8.20/8.21 0.09/0.08 a1g-t2u
2 0.002 -8.059 - 1.914, 4.311 (0.504), 3.629

Oh
-(neu) 4.148 1 8.22/8.19 0.06 t1u

1/0.06 -2.982 - see fcc
Oh

- 4.202 7 8.24/8.14 0.02 t1g
1/0.12 -2.998 - 1.908, 4.298 (0.501), 3.681

fcc 1.961, 4.386 (0.500), 3.397

a Notations are the same as those in Tables 1 and 2: in particular, the∆E column reports the binding energy per atom BE/N in the case of the
lowest energy neutral minimum, and the electron affinity and ionization potential for the lowest energy ionic structures.Oh

-(neu) stands for the
result of a calculation on the Pt38

- anion taken at the geometry of neutralOh Pt38. fcc is the “ideal” geometry corresponding to a section of the fcc
crystal. Energy-related quantities are in eV, distances in angstroms.

TABLE 5: The results of DF Calculations On Cuboctahedral (Oh), Truncated Decahedral (D5h), and Icosahedral (I h) Pt55
q

(q ) 0, (1) Are Reporteda

system ∆E NR - Nâ BW (R/â) gap (R/â) εF Erelax geometry

Oh 0.471 10 8.65/8.65 0.17/0.06 -5.379 1.703 2.734, 4.168, 4.792 (1.033), 5.420
D5h 0.240 8 8.81/8.74 0.04 e1

u/0.11 -5.364 2.183 2.72-2.79, 4.04, 4.71-4.86, 5.37-5.62
Ih 3.994 12 9.13/9.32 0.28/0.04 -5.511 3.807 2.651, 4.686, 5.233
Oh

+ 0.364 11 8.61/8.63 0.20/0.04 -7.705 2.733, 4.201, 4.785 (1.032), 5.423
D5h

+ 0.010 7 8.78/8.76 0.05/0.09 -7.665 2.72-2.79, 4.04, 4.70-4.85, 5.37-5.61
Ih

+ 6.545 13 9.13/9.31 0.29/0.03 -7.849 2.650, 4.686, 5.233
Oh

- 0.137 9 8.63/8.69 0.18/0.08 eu
0.6t2u

0.4 -3.082 2.735, 4.167, 4.792 (1.033), 5.421
D5h

- 0.130 9 8.78/8.74 0.04/0.11 -3.081 2.72-2.80, 4.04, 4.72-4.86, 5.37-5.61
Ih

- 4.216 11 9.14/9.31 0.20/0.08 t2g
2.2gg

2.1gu
0.7 -3.216 2.651, 4.686, 5.234

a Notations are the same as those In Tables 1 and 2: in particular, the∆E column reports the binding energy per atom BE/N in the case of the
lowest energy minimum (Ih for Pt55), the electron affinity and ionization potential for the lowest energy Ionic structures (Ih

- andIh
+, respectively,

for Pt55), and the excitation energy with respect to the lowest energy configuration of each charge state for all other configurations. Energy-related
quantities are in eV, distances in angstroms.
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tion is thus that icosahedral arrangements are possible candidates
(among the highly symmetrical ones) as the lowest energy
structures for bare platinum nanoclusters with a number of atoms
less than 100. This conclusion is attenuated by the fact that our
comparison is taken at sizes which are optimal for the icosa-
hedral structures, but not for the fcc or decahedral arrangements,
which presents too large (100) faces atN ) 55.5 BetterD5h or
Oh structures, with smaller (100) faces, can be obtained at other
sizes through the Wulff construction,2,3,7 which gives, for
example, Pt38 for Oh or a particularly goodD5h candidate atN
) 75.

Apart from the order of the structures, the other descriptors
do not present surprises. The BW follows the same order as in
Pt13, i.e., Oh < D5h < Ih, the gap values correspondently
decrease, and charging the clusters does not produce qualitative
modifications: we have checked also for Pt55 that the electronic
configurations do not change with the charge state of the clusters
(the only exception isIh Pt55, for which one finds a switch in
the one-electron levels analogous to that for Pt38

-).
The BE, electron affinities EA, and ionization potentials IP

show the expected trend with respect to Pt13.
The BE may be extrapolated to the bulk limit using the

average coordination number ACN as in ref 14. One can
calculate the ACN for the various clusters by counting the
number of formal bonds, and then extrapolating to ACN) 12.
The results of this extrapolation are given in Table 6. It can be
noted that (a) despite the fact that BE(D5h Pt13) > BE(Oh Pt13),
the extrapolated value for theOh structure is larger than that
for the D5h structure; (b) the extrapolated values forOh Pt38

and Oh Pt55 coincide, despite the fact that Pt38 is a smaller
cluster: this confirms that Pt55 is not a particularly stable fcc
cluster.

It is useful to analyze the IP and EA values in terms of the
spherical droplet model (SDM).45 In this model, the intrinsic
work functionW∞ of the metal is corrected for a cluster by the
work to be done against the electric field of the charge remaining
on the cluster (assumed to be at the surface of the cluster
assimilated to a sphere of radiusR), so that the formulas for
IP(R) and EA(R) read as

with W∞ the intrinsic work function,n the(charge, andR and
â undefined parameters. The constraintR + â ) 1 is generally
accepted, whereas there is no agreement on the ideal values for
R andâ, even though the ratioR/â is expected be around 3-4.
We took the effective cluster radii as in ref 8 by averaging over
all radial distances of the outermost shell nuclei and by adding
half the nearest-neighbor bulk distance. The results derived from
Table 2, 4, and 5 for the lowest energy state of each cluster

size are presented in Figure 2. From this figure, it is apparent
that the SDM fits the results reasonably well. The extrapolated
value of the work function: W∞ ∼ 6. eV falls within the
scattered range of experimental values.46-51 The fitted value of
theR/â ratio is about 3, as expected, and the overall appearance
of Figure 2 is typical of this kind of plots.45

The structural results are again very interesting. ForIh Pt55

one has three nonequivalent atoms apart from the central one:
12 in the first shell, 12 at the vertexes, and 30 at the edges of
the surface, whose distances from the central atoms are the
degrees of freedom of the structure and are given in Table 5.
For Oh Pt55, one has four nonequivalent atoms apart from the
central one: 12 in the first shell, 12 on the vertexes, 24 on the
edges between (111) and (100) faces, and six at the center of
the (100) faces of the surface. The degrees of freedom are the
corresponding distances from the central atom, plus the ratio
between the height of the (100) plane for the 24 edge atoms
and the corresponding vertex atoms (the ideal value of this ratio
is 1), and are given in Table 5. ForD5h Pt55, one has eight
nonequivalent atoms apart from the central one. In the first shell,
we find two types of vertex atoms (10+ 2); in the second shell,
two types of atoms at the vertexes (10+ 2), three types of atoms
on the edges between (111) and (111), (111) and (100), and
(100) and (100) faces, respectively, and one type of atom at
the center of (100) faces of the surface. For the sake of
simplicity, only the range of the distances from the central atom
for first-shell atoms, and second-shell vertexes, edges, and faces
is given in Table 5.

Two main points are worth noting,
(a) The geometries of the charged clusters are extremely

similar to those of the neutral ones, with differences still smaller
with respect to Pt38 and Pt13, as expected.

(b) An expansionof the atoms at the center of (100) faces is
found for Oh andD5h Pt55.

As for the latter point, to be specific forOh Pt55, the atoms
in the first shell, the vertexes, and the edges of the surface shrink
their distances from the center by 1.4%, 2.3%, and 0.3%,
respectively, whereas the (100) atomsexpandby 6.2%. Analo-
gously, forD5h Pt55 the anglesABA where B is a (100) atom
and A is an atom at a vertex, or at an edge between (111) and
(100) faces, or at an edge between two (100) faces, are 171.5°,

TABLE 6: Number of Formal Nearest-Neighbor Bonds B
and Extrapolated Values (in eV) of BE/N for the Various
Structures Considered in the Present Work

system B extrapolated BE/N

Ih Pt13 42 5.9
D5h Pt13 37 6.8
Oh Pt13 36 6.9
Oh Pt38 144 6.1
Ih Pt55 234 5.6
D5h Pt55 219 6.0
Oh Pt55 216 6.1

IP(R) ) W∞ + (R + n - 1)
e2

R

EA(R) ) W∞ - (â + n - 1)
e2

R

Figure 2. Ionization potential IP, electron affinity EA, and their
difference (IP- EA) as functions of the inverse of the effective cluster
radiusR as defined in the text. In the equations, the results of a linear
interpolation are shown, withy ) fitted quantity (IP, EA, or IP- EA)
in eV; x ) e2/R in eV; andR ) regression coefficient.
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174.9°, and 169.5°, respectively. This kind of surface recon-
struction is probably beneficial to release surface stress.41-44 A
similar but much smaller effect can be evinced for Pd55 from
an inspection of Table 6 in ref 9.

We stress that the structural relaxation is strongly inhomo-
geneous,6 with both a radial and a tangential pronounced
character. It can be noted in particular the compression6 of the
inner shell inIh Pt55 (from 2.686 to 2.651 Å), to be contrasted
with the expansion inOh Pt55 (from 2.725 to 2.734 Å), which
is in agreement with the results of refs 6, 9, 52, and 53, using
atom-atom or tight-binding approaches. This finding is in
keeping with the well-known fact that the inner core of the
crystalline structures progressively approach the bulk, whereas
icosahedral structures remain something like a “giant molecule”
at any size.6,53 For D5h Pt55, one finds an intermediate situa-
tion: compression for the elongated v-c bonds, and expansion
for the v′-c bonds, where v are the vertexes on the C5 axis, v′
are the other vertexes, and c is the central atom.

4. Conclusions

We can summarize the conclusions of the present investiga-
tion in the following main points:

(a) Platinum clusters in this size range: Ptn, n ) 13-55, start
developing metallic characteristics: we find a vanishing gap at
the Fermi level, which produces in several cases quasi-
degeneracies among different electronic configurations (see, for
example,Ih Pt13 or Oh Pt38

-). It is worth remarking that quasi-
degeneracy between one-electron levels does not imply per se
quasi-degeneracy between the corresponding electronic con-
figurations, unless Coulomb interactions are effectively screened.

(b) The introduction of a(charge produces small effects on
Pt13 and even smaller on Pt38 and Pt55; the optimized geometries
are slightly affected, the order of the structures stays the same
and the electronic configurations only change in the orbitals
directly involved in the charging process, with the only
exception of the quasi-degeneracy cases mentioned in point a.

(c) The energy order of the optimized symmetrical structure
is D5h < Oh <Ih for Pt13 andIh <D5h < Oh for Pt55, even though
the energy differences are smaller for Pt55 than for Pt13. The
anomalous behavior of Pt13 is interpreted as due to the small
size of the molecule, while Pt55 seems to be intermediate
between finite molecules and fully metallic systems.54 In any
case, the icosahedral structures seem to be possible competitors
at these intermediate sizes, in agreement with the results of
semiempirical potentials.7 The presence of several structural
isomers close in energy (seeD4h/D4h′ Pt13 above) may confer
peculiar mechanical properties to these metallic clusters.

(d) For Pt13, aD4h configuration originating from theOh one
by symmetry breaking is predicted to be the lowest energy one.
For Pt38 and Pt55, a peculiar structural rearrangement is found,
corresponding to an expansion (reconstruction) of the atoms
lying on (111) or (100) faces. For Pt13 and Pt55, the (100) faces
tend to shrink whenever allowed by the symmetry constraints,
whereas they seem to be at their optimal size for Pt38.

(e) The spin is effectively quenched, especially for the most
stable configurations, in agreement with the fact that platinum
is a nonmagnetic metal.

(f) The binding energy per atom extrapolates reasonably well
to the bulk value, and so do the ionization potential and electron
affinity.

(g) A very accurate computational procedure is needed to
keep numerical accuracy under control.
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