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ABSTRACT: We present a theoretical study of the structural evolution of small
minimum energy platinum clusters, using density functional theory (DFT). Three
growth pathways were identified. At the subnanoscale, clusters with triangular packing
are energetically most favorable. At a cluster size of approximately n = 19, a structural
transition from triangular clusters to icosahedral clusters occurs. A less energetically
favorable transition from triangular clusters to fcc-like clusters takes place at around

n = 38. Ionization potentials, electron affinities, and magnetic moments of the triangular
clusters were also calculated. Understanding the structures and properties will facilitate
studies of the chemical reactivity of Pt nanoclusters toward small molecules. ~ © 2006
Wiley Periodicals, Inc. Int ] Quantum Chem 107: 219-224, 2007
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Introduction

Anumber of intense studies have been per-
formed on clusters of precious and early tran-
sition metals at the nano/subnanoscales in recent
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years, largely because of their potential applications
as building blocks for functional nanostructure ma-
terials, electronic devices, and nanocatalysts [1-10].
Platinum nanoparticles are of particular interest
since they have been widely used in many hetero-
geneous catalytic processes [11]. To gain a detailed
understanding of the catalytic properties of these
nanoparticles, it is essential to understand the elec-
tronic structure of small platinum clusters. This is
because clusters not only can serve as a tractable
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model for the nanoparticles but can also provide an
excellent platform for systematic understanding of
structure/property evolution as they grow from a
small size to a large size and ultimately into the
bulk. Because of their fundamental and technolog-
ical importance, platinum clusters have been a sub-
ject of extensive theoretical and experimental stud-
ies [12-30]. Numerous clusters of various sizes
were found to be thermodynamically stable or
metastable. The purpose of the present study is not
to reinvestigate the cluster structures that have
been reported in literature. Instead, our main inter-
est is to gain insight into the evolution of platinum
cluster reactivity toward small molecules as the size
of the clusters increases. This requires understand-
ing of the evolution of cluster geometric structures
as well as the evolution of cluster electronic struc-
tures. In doing so, we discovered several platinum
cluster structures that have not been reported in the
literature with more stable or comparable binding
energies. These new structures can be important for
a systematic understanding of cluster growth and
physicochemical properties. The main results of our
computational studies are presented in this work.

Computational Method

The present study used density functional theory
(DFT) under the generalized gradients approxima-
tion (GGA) with the Perdew-Wang exchange-
correlation functional (PW91) as implemented in
DMol®> package [31-35]. The spin-polarization
scheme was employed to deal with the electroni-
cally open-shell system. A double numerical basis
set augmented with polarization functions was
used to describe the valence electrons with the core
electrons described with effective core potential
(ECP), which also accounts for the relativistic effect
expected to be significant for heavy elements in the
Periodic Table. Full electron calculations were also
performed for selected clusters and the difference
in the calculated cluster structures and the pre-
dicted relative stability between the ECP and full
electron calculations was found to be very small.
All cluster geometries were fully optimized without
imposing symmetry constraints, except for the ico-
sahedral structures for which point group symme-
tries were used to simplify the calculations. For
each specific cluster size, an exhaustive search for
minimum energy structures for the cluster was con-
ducted and usually ended up with numerous stable

isomers. The average cluster binding energy was
calculated using the following equation:

AE, = [nE(Pt) — E(Pt)]/n, n=2,3,...), (1)

where E(Pt) represents the atomic energy of Pt, and
E(Pt,) is the energy of Pt, cluster. Subsequently, we
evaluated the cluster ionization potential (IP), elec-
tron affinity (EA) and magnetic moment (u) defined

by

IP, = E(Pt,) — E(Pt,), (2a)
EA, = E(Pt)) — E(Pt,), (2b)
w=(m, —my/2, (2¢)

where m,, and m, are the numbers of spin-up and
spin—down electrons with m,, > m,, respectively.

The cluster structural search follows essentially
the idea of genetic algorithm by adding a new atom
on top of the preceding minimum energy cluster
and then searching for energetically most stable
site. To avoid missing the energetically more stable
structures, additional caution was taken by placing
the new addition to the preceding clusters with
energies close to the minimum energy cluster fol-
lowed by energy minimization. We found that
starting with an unstable preceding structure usu-
ally resulted in an energetically less favorable clus-
ter. An important guide for small Pt, cluster struc-
tural search is to follow a compact triangular
growth pattern, which often leads to a lower energy
structure.

Results and Discussion

Like other metal clusters, there are numerous
isomers for each given size of platinum clusters.
Figure 1 depicts the lowest energy structures of
platinum clusters, where the average binding en-
ergy is also labeled underneath the structure. By
definition, Eq. (1), the lowest energy structure cor-
responds to the structure with the largest average
binding energy. The white ball shown in cluster Pt,
denotes the new addition from the preceding clus-
ter Pt,,_;. The cluster structures with n = 2-7,10 have
been previously reported [12-23]. To our knowl-
edge, the structures for n = 8, 9,11—15 shown in
Figure 1 are reported for the first time. The struc-
tures shown in Figure 1 are of higher or comparable
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FIGURE 1. Lowest energy structures for Pt,, clusters
(n = 2-15) and the calculated average binding energies
per atom. The unit for the bond length is Angstroms

A.

binding energies compared with the previously re-
ported structures. While the structures of n = 2, 3,
and 6 are two-dimensional (2D), Pt, and Pt5 adopt
a 3D configuration with a tetrahedral geometry and
a fused tetrahedral geometry, respectively. An
abrupt structural change occurs from Pt; to Pt, with
the triangular bipyramid geometry changed into a
nearly equilateral triangle. In addition to the 2D
equilateral triangular structure, we also obtained an
octahedral structure for Pt, whose average binding
energy, 2.886 eV, is only slightly smaller than that
of the equilateral structure, which is 2.941 eV. It is
possible that both geometries may exist for this
cluster. It appears more natural for the clusters to
grow three-dimensionally from Pt,. Pt, can be
viewed as two square pyramids fused with a trian-
gular face from each. It is the basic structure on top
of which small platinum clusters grow. By adding
an atom on top of one of the fused edges, Ptg is
formed. Placing a Pt atom on Ptg to form Pt, results

in significant distortion. From Pty the clusters
grow successively on top of the preceding structure
without significant structural deformation.

To compare with the structures of previously
reported small Pt clusters, we chose Pty and Pty for
further analysis. Figure 2 shows several isomers
obtained from Ref. [23]. We further optimized these
structures using the computational method em-
ployed in the present study. The calculated average
binding energies are also shown in Figure 2. It was
reported that the cubic structure was the most sta-
ble isomer of Ptg and capping an atom on the cubic
structure yielded the most stable structure for Pty
[23]. The average binding energies calculated with
our computational method for these two structures
are 3.200 eV and 3.301 eV, respectively, consider-
ably smaller than those of the lowest energy struc-
tures shown in Figure 1. In addition, the lowest
energy structures are more closely packed with the
average bond length of 2.683 A for Ptg and 2.609 A
for Pty, respectively, compared with the average
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FIGURE 2. Selected isomers of Pty and Pty and the
calculated average binding energies per atom. The unit
for the bond length is Angstroms (A).
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FIGURE 3. (a) Calculated binding energy per Pt atom
(Eg) as a function of cluster size. (b) lonization potential
(IP). (c) Electron affinity (EA). The experimental values
were taken from Refs. [27-30].

bond length of 2.763 A for the cubic structure of Pty
and 2.683 A for the capped cubic structure of Pt,.
As the cluster size increases, the average binding
energy of the clusters also increases [Fig. 3(a)], in-
dicating that the clusters become increasingly sta-
bilized. The calculated ionization potential (IP) and
electron affinity (EA) are shown in Figure 3(b) and
3(c), respectively. Comparison with the available
experimental data [27-30] suggests that the experi-
mentally measured IP can be reproduced reason-
ably well. The calculated EAs deviate from the
experimental values considerably, although the
qualitative trend is consistent with the experimen-
tal results except Pt,. It is possible that the structure
of the anionic species Pt, generated in the photo-
electron spectroscopic experiments may differ from
the tetrahedral geometry, although the computa-
tional results obtained in this study as well as in the

studies by others [13, 17] suggest that the tetrahe-
dral structure is the energetically most favorable
geometric configuration. Indeed, besides the tetra-
hedral structure of Pt,, which we found no appre-
ciable structural change upon electron attachment
to the fully optimized neutral cluster, we also ob-
tained other geometric configurations such as
square, rectangle, and rhombus. Although none of
these structures is as stable as the tetrahedral ge-
ometry, the calculated EAs are much closer to the
experimental value with the square geometry of
2.15 eV, rectangle of 2.66 eV, and rhombus of 2.46
eV. The reported experimental value is 2.5 + 0.1 eV
[30]. Furthermore, we attribute the underestimation
of the cluster EAs shown in Figure 3(c) mainly to
the fact that the present computational method
does not include diffusion functions in the basis set,
which is known to be essential for accurate elec-
tronic structure calculations of anionic species. The
calculations indicate that the IP of small Pt clusters
generally decreases with the cluster size and thus
becomes easier to oxidize, while the EA increases
with the cluster size with relatively a small varia-
tion for larger clusters. With an electronic configu-
ration of 5d°6s' for the Pt atom, Pt clusters may
possess unpaired electrons and thus can be intrin-
sically magnetic. Figure 4 displays the calculated
total magnetic moments of the clusters, where com-
parison with the results of a previous DFT study
[23] was made. Our results indicate that the mag-
netic moment of the clusters are generally smaller
than 2, while Ref. [23] reported a larger magnetic

Magnetic moment (p ;)

Cluster size

FIGURE 4. Calculated magnetic moment (u) of Pt
clusters as a function of cluster size. Data taken from
Ref. [23] are denoted by solid dots; the values obtained
from the present study are shown as solid triangles.
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FIGURE 5. Optimized Pt clusters adopting an icosa-
hedral growth pattern (a) and a fcc-like growth pattern

(b). The unit for the bond length is Angstroms (A).

moment for clusters larger than n = 7. The discrep-
ancy in the calculated magnetic moments arises
from the fact that the present calculations yielded
different but energetically more stable Pt clusters.
We also note that the 5d and 6s orbitals of Pt atom
are nearly degenerated and thus a change from a
high spin state to a lower spin state (and vice versa)
in the cluster should not give rise to a significant
energy penalty.

To gain further insight into the growth of larger
clusters, we selected 4 clusters adopting an icosa-
hedral symmetry (n = 13, 19, 25, and 55) and 4
clusters with fcc-like geometry to examine the
structural evolution. The optimized structures are
shown in Figure 5, where the main geometric pa-
rameters are also labeled. In addition, we used the
same computational method to compute the bulk
structure and binding energy by imposing a peri-
odic boundary condition. The calculated bond dis-
tance is within 0.087 A difference from the experi-
mental value and the calculated binding energy is
5.40 eV, in good agreement with the experimental
value of 5.77 eV [36, 37].

Figure 6 displays the calculated binding energies
of the triangular, icosahedral, and fcc-like clusters
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FIGURE 6. Comparison of binding energies between the lowest energy clusters and the clusters adopting the fcc

growth pathway.
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vs. the inverse of the cluster size. By interpolating/
extrapolating the binding energy curves, we found
that at about n = 19, an abrupt structural transition
from the triangular clusters to the icosahedral clus-
ters will occur. It can also be identified that a struc-
tural transition from the triangular clusters to the
fce-like clusters can occur at approximately n = 38,
although the transition is less likely to happen be-
cause small fcc-like clusters are energetically less
favorable than the icosahedral clusters. Unfortu-
nately, it is difficult to identify the structural tran-
sition from the icosahedral clusters to the fcc-like
clusters because too few points are available for
data interpolation/extrapolation.

Summary

We have performed extensive computational
studies of the minimum energy structure, proper-
ties, and growth of small Pt clusters based on DFT.
We attempted to address the critical issue of Pt
cluster evolution from subnano/nano size to bulk
by examining three different growth pathways and
by identifying the approximate sizes where struc-
tural transition between different growth pathways
takes place. At the subnanoscale, the clusters essen-
tially adopt a triangular growth pattern. Subse-
quently, at approximately n = 19, an abrupt tran-
sition to the icosahedral structures occurs. Based on
the limited calculated data, it is envisaged that the
structural transition from icosahedral clusters to the
fec-like clusters will occur at a very large number.
We have also calculated some of the physical prop-
erties of the small triangular clusters and found that
the magnetic moment of a cluster is size- and struc-
ture-dependent. A minimum energy cluster tends
to have a smaller magnetic moment due to stronger
electron pairing. The present study of small mini-
mum energy Pt clusters allows us to conduct fur-
ther studies of the chemical reactivity of Pt nano-
cluster toward small molecules, which will be
published in due course.
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