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Structures of Platinum Clusters: Planar or Spherical?
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Platinum clusters of up to 55 atoms were studied using density functional theory with a plane wave basis set.
The results show that planar platinum clusters of up to nine atoms are as stable as their three-dimensional
isomers and the six-atom planar cluster is, surprisingly, more stable than its three-dimensional isomers. Among
the three-dimensional platinum clusters investigated in this work, the layered clusters are found to be as
stable as their spherical close-packed isomers. The high stability of planar and layered clusters suggests that
it is easy to grow a platinum monolayer or multilayer. The existence of many energetically possible isomers
shows a fluxional structural characteristic of platinum clusters. The effect of the-gfhit coupling was
investigated, and the results show that the relative stability of the Pt clusters is not affected although the
binding energy of the cluster increases if the spanbit coupling is included in the calculation. Most of the
platinum clusters studied here show good conductivity and ferromagnetism, which make them potentially
useful as high-density magnetic data storage materials. A quantitative correlation is provided between various
properties of platinum clusters and the structure and size.

1. Introduction the Pt-Pt bond’ On the other hand, studies on the electronic
states of platinum trimer using an ab initio generalized valence
bond metho#l show that the PtPt bonding is dominated by
delocalized ss interactions and the overlap of a-8s bond

is maximized by the-sd hybridization with a negligiblesp

Small clusters have attracted great attention in recent years
due to their high ratio of surface area to volume and the finite
spacing of energy levels with respect to their bulk counterparts.
In particular, transition metal clusters have been of special hybridization
interest both theoretically and experimentally because of their )

i . . X Despite many studies of Pt clusters, there are controversies
potential as catalysts and high-density magnetic data storage . . :

23 . . : . . with regard to the ground-state structures. A density functional
materials®® Platinum is one of the ingredients in the catalyst

. . ) . theory study of Pt clusters with four to six atoms based on the
used in automotive catalytic converters to reduce toxic pollut- : : . X .
. non-self-consistent Harris functional version of the local density
ants, such as CO, NQand hydrocarbons, and is also an

important material for the heterogeneous catalysis of hydrogena—appmxImatlon (LDA) indicates that the planar structure is more

. . . - stable than the three-dimensional structute. contrast, the
tion. It has long been recognized that size and microstructures . -

; . - . . “results obtained from the B3PW91 calculations show that the
of metal particles play important roles in their catalytic

performance, though little is known about how the catalytic most stable structure is tetrahedral among four-atom Pt clusters

. i o . and square-based pyramidal among five-atom Pt clu&ters.
behaviors of these nanoparticles depend quantitatively on their . .
) " Obviously, those structures need to be reexamined.
size and structuresin addition, tremendous effort has been
. . . . The 13-atom and 55-atom Pt clusters have also drawn much
made toward increasing magnetic data storage capacity. The - .
. . attention because they can form closed-shell icosahedral and
evidence of ferromagnetism of metal clusters makes research a8 . :
: : . ; .~ cubooctahedral structurés.38 Despite many studies on the 13-
on these nanopatrticles particularly attractive due to their potential -
as high-density maanetic data storage matefiiTherefore atom Pt clusters, what is the most stable structure of the 13-
'9 y magne 9 : - atom clusters is still an issue in debate. For instance, other
studies on the mechanical and electromagnetic properties of the

. ) . . - isomers with lower energies than the icosahedral and cubo-
platinum clusters as well as their relationships to size and shape

. ) ; octahedral structures are found using the many-body embedded
will advance our understanding of these nanoparticles as well 2 .
: B ) . . . atom method? On the other hand, different embedded atom
as their applications in the chemical and materials industry.

Small Pt clustersi(= 2—12) have been investigated in detai method calculations show that the icosahedron is the most stable

; . : structuret33
by several groups using different methdd$? Theoretical . . L
studies of Pt dimer show that the bond lengths of low-lying Moreover, for systems involving Pt atoms, relativistic effects

. ; ’ are expected to be importakt!®230 However, spir-orbit
electronic states are in the range of-2246 A, which are shorter coupling was not taken into consideration in most previous

calculations. In this paper, we present our investigation of 70
bt clusters that consist 0f-55 atoms using density functional
theory (DFT) calculations with a plane wave basis set. We will
focus on investigating the following three issues. First, is the
planar or three-dimensional isomer more stable? Second, is the
* Part of the “Gert D. Billing Memorial Issue" icosahedral or cubooctahedral structure or the other layered
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MCSCF (CASSCF) followed by first-order configuration in-
teraction calculationThe MP2 calculations show a hybridiza-
tion among 6s, 6p, and 5d atomic orbitals in the formation of
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TABLE 1: Binding Energies (Eg), Bonding Energies Epong), HOMO —LUMO Band Gaps (Eg), Magnetic Moments (), and
Bond Distances of Linear Pt Chains

Notation Lz L3 L4 Ls Lﬁ

Structure S 235 2.35 2.34 332.3 553345

Eg (eV/atom) 1.76 2.18 2:32 2.53 2.52

Epona (€V/bond) 3.52 3.27 3.09 3.16 3.02

Eg (eV) 0.81 1.71 0.00 0.53 0.19

I (Hg/atom) 1.00 1.33 0.50 0.00 0.33

Notation L, Ly Lo | B
SiFicHiTe 234 2347235 234 234235 238 5%
Eg (eV/atom) 257 2.61 2.63 2.85
Epona (€V/bond) 3.00 2.98 2.96 2.85
Eg (eV) 0.17 0.16 0.04 0.00
L (Hp/atom) 0.29 0.38 0.22 0.00

large number of Pt clusters studied here allows us to correlateless than 1.0 nm in the calculations of finite clusters and in the
the electromagnetic properties of Pt clusters with the cluster nonperiodic directions for infinite cluster calculations. Initial
size and structure. This work also provides us the data to begeometry of a cluster was set with bond distances of 0.27 nm.
used for constructing a potential energy surface that is necessaryro test the sensitivity of the initial input of bond length to the
in our future dynamics studies on the catalytic behaviors of Pt result, we used two different initial bond distances for the Pt
nanopaticles and allows us to correlate the catalytic activities dimer. The same equilibrium geometry and total energy were

of these nanoparticles with their magnetic properties. obtained. Normal-mode analysis was performed to ensure that
the structures we obtained are minima. To explore the dahn
2. Computational Details Teller effect on the stability of various structures, we also

Among 70 Pt clusters investigated in this work, many isomers distorted the perfect symmetry pf initigl geometry of a cluster.
have been studied and compared for the stability, the energy !l e parameters used in the simulations were tested to ensure
gap between the highest occupied molecular orbital and thethe calculated binding energy is converged to within 0.01 eV/
lowest unoccupied molecular orbital (HOMQUMO), and the atom. . )
magnetic moment. In addition to the three-dimensional struc- 1€ binding energy per atoni§) is calculated using
tures, the one-dimensional and two-dimensional structures were Es = Eqiom — Eciusie/N (1)
also studied. Initial structures were chosen according to our .
experience on studies of other transition metal clu&tetsand where Eaiom and Eciuster represent the total energy of a single
were relaxed without imposing any symmetry constraints. platinum atom and of the cluster df platinum atoms,

The simulation techniques used here are similar to those in "€SPectively. We note that the binding energy as defined in eq
our previous studie®-41 The calculations were carried out using L IS @lso denoted as the atomization energy per atom.
the DFT method with a plane wave basis set, implemented in Ve defined a bonding energy per borii{q to explore the
the Vienna Ab initio Simulation Package (VASE)244 The strength of bonds in a cluster as
electrqn—ion interaction; were described by uItras_oft pseudo- Epond= (NEom— EciustedNoona 2)
potentials'® Scalar relativistic electron wave functions for an
atomic reference configuration of %s$ were used to construct  WhereNsongrepresents the total number of bonds in the cluster.
the Pt pseudopotential. The Projector augmented wave (PAW)For infinite structures, such as the one shown in Table 1, each
method® is also used to test the accuracy of the ultrasoft of the edge bonds is counted as a half bond. As such, the infinite
pseudopotential calculations. The exchange and correlationone-atom Pt nanowire () in Table 1 has two bonds. The unit
energies were calculated using the Perg&Vang 91 form of ~ Of EnonaiS €lectronvolts (eV) per bond. We note that the bonding
the generalized gradient approximation (G@ASpin polariza- ~ energy defined in eq 2 is an average bonding energy per bond.
tion was included in the calculations to account for the magnetic = The HOMO-LUMO band gap E) is the difference between
properties of Pt clusters. Finally, spiorbit coupling was also  the energy of the highest occupied level and that of the lowest
included in some calculations to assess its effect on the unoccupied level. The unit dg is eV. The magnetic moment
calculated relative stability of Pt clusters. per atom ) is calculated by

. Below we summarize the parameters that were used in the = (m, — my/N ©)
simulations. A cutoff energy of 300 eV was used for the plane
wave basis, which was demonstrated to be sufficient by the wherem, andmy are the number of electrons of different spin
convergence test. Orlepoint was used in the finite-cluster ~ states, withm, > my. The unit ofu is Bohr magnetonug) per
calculations. For the infinite clusters, such as a cluster of infinite atom.
number of atoms aligned linearly, okepoint was used in the
nonperiodic directions and eight points were used in the
periodic directions. To eliminate interactions between neighbor-  The calculated structures and properties of Pt clusters are
ing clusters, we set the nearest distance between images to ngiven in Tables +3. Following our presentations for the ¥d

3. Results and Discussion
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TABLE 2: Binding Energies (Eg), Bonding Energies Epong), HOMO —LUMO Band Gaps (Eg), Magnetic Moments (), and
Bond Distances of Planar Pt Cluster3

Ed

Notation P3 Py | P4.s 'Ps.] P 5.2 p 5-3 Pe.
A1 L Wi A
Symmetry Cay Dy Cap Do Cay Ca Cay
Bond distance (A) 2.47-2.48 2.48 2.51-2.58 248 2.45-2.68 2.43-2.51 2.49-2.61
Eg (eV/atom) 233 2.61 2.62 2.83 2.84 2.89 3.08
Epgna (eV/bond) 2.33 2.61 2.10 2.36 2.03 2.41 2.05
Eg (eV) 0.034 0.12 0.096 0.50 0.12 0.37 1.27

H (Hp/atom) 0.0 0.50 0.50 0.40 0.80 0.40 1.00
Notation p(,_}_ P@-} P(,.;; P?_| P?_g Pg_| Pg_z
Structure B H
Symmetry C Cay Doy, D2y Cov Dap, Doy,
Bond distance (A) 2.47-2.64 2.40-2.48 2.41-2.79 2.55-2.60 2.41-2.59 2.41-2.48 2.47-2.67
Eg (eV/atom) 2.99 3.08 3.23 3.08 3.10 3.21 3.27
Epona (€V/bond) 1.99 2.64 242 1.80 2.41 2.57 2.01
Eg (eV) 0.19 0.092 0.54 0.91 0.47 0.10 0.38
M (Mg/atom) 0.33 0.33 0.67 0.86 0.86 0.25 0.50
Notation Pg.3 Pg.y Pq.z P9.3 P] 9 Ps Pd
Structure % % él )t ) ji:r N
Symmetry Cyy Dyp, s Cay Dgp Dy Dy,
Bond distance (A)  2.45-2.70 2.44-2.46 2.48-2.68 2.44-2.60 2.50-2.58 2.54 2.60-2.61
Ep (eV/atom) 3.28 3.41 3.39 3.34 3.68 4.12 4.57
Epgng (eV/bond) 2.19 2.56 1.91 2.15 1.94 2.06 1.52
Eg (eV) (.55 0.39 0.043 0.056 0.083 0.50 0,00
H (Hlp/atom) 0.50 0.44 0.22 0.44 0.53 0.28 0.00

aThe data for i1 (*) were taken from ref 51.

and Ru cluster$! the Pt clusters are discussed below according and without including spirorbit coupling in the DFT calcula-

to the dimensionality to which the cluster belongs. For the clarity tions are plotted in Figure 1 as dashed and solid lines,
of our presentation, we use/Pv-i, and Ty—; to represent one-,  respectively.

two-, and three-dimensional Pd clusters, respectively, where the Figure 1 shows clearly that, regardless of the size and
subscriptN is the number of atoms in the cluster (also denoted structure of the Pt clusters, the binding energy increases by about
as cluster size) and the subscrips theith structure among  0.45+ 0.04 eV/atom when spirorbit coupling is included in

the structures studied here at a given size and dimensionality.the calculation. The results show that sparbit coupling does
Further, we omit in the notation if only one structure is studied not affect the relative stability of various isomers, though the
at a given size and dimensionality. Thus, the notatian, P binding energy of Pt clusters increases by the inclusion ofspin
represents that this cluster is the second among all the two-orbit coupling. In addition, the results obtained from using the

dimensional four-atom structures studied here. pseudopotential and PAW methods are essentially the same, as
In what follows, we present the effect of spinrbit coupling also shown in Figure 1, which agrees with results from studies

on the binding energy of the Pt cluster and then discuss theon the Rh cluster®

linear, planar, and three-dimensional Pt clusters. B. Linear Pt Chains. For the linear Pt configuration, many

A. Effect of Spin—Orbit Coupling. To explore the effect researchers focused on the dimer and trimer. To the best of our
of spin—orbit coupling on the binding energy of Pt clusters, knowledge, little is known about the Pt chains with more than
we studied Pt clusters consisting of two to six atoms. The cluster three atoms. This is due to the fact that the linear structures are
of a particular size was chosen as the most stable isomer amongot considered as stable structures. However, a molecular
the structures shown in Tables-3. The results obtained with  dynamics simulation shows that the tendency for chain formation
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TABLE 3: Binding Energies (Eg), Bonding Energies Epong), HOMO —LUMO Band Gaps (Eg), Magnetic Moments (), and
Bond Distances of Three-Dimensional Pt Clusters

*
Notation

T7 Tq2

m¢$¢$mw

Symmetry Cay Coyy Ci
Bond distance (A) 2.56-2.67 2.57-2.63 2.56-2.63 2.61 2.51-2.57 2.53-2.79 2.60-2.73
Ey (eV/atom) 2.68 291 2.89 3.07 3.08 3.18 321
Epang (€V/bond) 1.79 1.62 1.81 1.54 2.05 1.59 1.50
Eg (eV) 0.28 0.63 0.22 0.02 2.03 0.25 1.25
1L (My/atom) 0.50 0.80 0.40 1.00 1.33 0.29 114
£

Notation T3 To4 Ts.| Tga Tgs
%. Eagh g ¢ s
Symmetry Csy &
Bond distance (A) 2.52-2.60 2.61 2.69 2.56 2.84 2.52 2.72 2.54 2.55 2.68 2.54-2.73
Ep (eV/atom) 3.22 3.18 3.19 3.31 3.34 3.32 3.43
By (€V/bond) 1.88 1.48 1.49 1.89 9393 1.66 1.47
Eq (eV) 0.067 0.49 0.16 0.12 113 0.29 0.44
L (Llgp/atom) 0.29 0.85 0.57 0.75 1.00 0.75 0.89

#
Notation To.2 To3 To4 Tos Tio-1 T2 Tio3

~ REA RS D

Symmetry Cay S 2 Dy,

Bond distance (A) 2.51-2.69  2.60-2.90  2.50-3.02  2.54-2.91 2.56-2.74 253269 2.56-2.96
Eg (¢V/atom) 347 3.42 333 3.41 3.51 3.50 3.46
Epona (eV/bond) 1.95 1.46 1.50 1.53 1.59 1.75 1.44

Eg (eV) 0.27 1.06 0.17 0.099 0.17 0.52 0.25

L (Ly/atom) 0.67 0.89 0.44 0.67 0.40 0.80 0.80
Notation Tio4 Tios Tio6 T T Tua T4
Structure @ g
Symmetry C C, C C, C C;
Bond distance (A)  2.51-2.81 249272 257272 252282 2.60-2.95 248-2.76  2.44-2.73
Ep (¢V/atom) 3.64 3.57 3.49 3.55 361 3.67 3.60
Epgna (eV/bond) 1.58 1.78 1.45 1.45 1.37 1.68 1.47
Eg(eV) 0.19 0.13 0.19 0.21 0.19 0.063 023
1L (Ly/atom) 0.60 0.40 0.80 0.73 0.54 0.18 0.55
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TABLE 3 (Continued)?
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3 E3
Notation T2 T2 Ti3a T3 Ti33
Structure g
Symmetry D4y, Dsy, Cs Cyy Cap
Bond distance (A) 2.50-2.57 2.60-2.72 2.39-2 88 2.50-2.68 2.56-2.74
Ep (eV/atom) 3.65 3.65 3.71 3.68 3.58
Epang (€V/bond) 2.19 1.56 1.46 1.99 1.11 1.30 1.31
Eg (eV) 0.025 0.15 0.31 0.42 0.11 0.76 0.083
KL (Mp/atom) 0.50 0.33 0.61 0.62 0.15 0.46 0.53
Notation Tio2 T
Structure *
Symmetry Cs
Bond distance (A) 2.50-2.70 2.72-2.89 2.73-2.89 2.81
Eg (eV/atom) 3.98 4.44 4.46 5.45
Epong (€V/bond) 2.04 1.69 1.51 0.91
Eg (eV) 0.12 0.14 0.13 0.00
I (Mp/atom) 0.11 0.18 0.22 0.00

2The data for T Ts-2, To-2, T12-1, T13-2, T13-3, and Tiz—4 (¥) were taken from ref 51.

38 x x , ; ;
36+
34t
32t
30
28+
26
24+
22+
20
18+

16 1 1 I L L
1 2

Eg (eV/atom)

Cluster size

Figure 1. Binding energy Ez) of Pt clusters as a function of cluster
size obtained using the ultrasoft pseudopotential meti@d PAW
method ©), and PAW including spirrorbit coupling ). For each
size, the most stable isomer among Table81s chosen.

is strong for Pt8 Furthermore, a recent experiment demonstrated
that there exists a long-range ferromagnetic order for one-
dimensional nanostructures of Co on a surf&cEhis inspired

us to investigate linear Pd and Pt chains and to explore the
electromagnetic properties of these structures. In our previous

As shown in Table 1, the binding energies of the linear Pt
chains increase with cluster size except fgr Which is only
as stable as4d. This unusual behavior is also accompanied by
the following phenomenon: namely, the bonds at the edge
become shorter than the middle bonds for the linear clusters
with chain lengths longer than six atoms. Furthermore, the five-
atom Pt chain as shown in Table 1 has the shortest bond lengths
among all the linear clusters, which provides maximum overlap
among bonding orbitals and may explain the formation of
stronger bonds in this cluster.

Figure 2a depicts the HOMELUMO band gap and magnetic
moment as a function of cluster size for the linear Pt clusters.
The band gaps of the clusters change in an oscillatory manner
with cluster size. A similar trend holds for the magnetic
moments of these clusters. Furthermore, highly magnetic clusters
tend to have large band gaps except ferThese observations
are very similar to those observed for the palladium linear
chains®® However, the infinite and 4Pt chains are paramag-
netic, while all of the linear Pd clusters studied in ref 39 are
ferromagnetic. In addition, the overall magnetism of linear Pt
clusters is less pronounced compared to that of the linear Pd
clusters®®

In the effort to explore whether a zigzag quasi-linear structure

work we found that the linear Pd chains are indeed ferromagneticwould be preferred energetically than its linear isomer listed in

with chain length up to infinité®
The results for linear Pt chains are given in Table 1, which

Table 1, we investigated the stability of a zigzag Pt trimer. This
was done by arranging three Pt atoms initially in a geometry of

presents the calculated bond distances, binding energies, bonding2> among three atoms with two bonds of 2.50 A and then

energies, HOMG-LUMO band gaps, and magnetic moments
of eight finite chains and one infinite chain.

allowing it to relax. The result shows that this zigzag structure
is relaxed to a bond angle of 141 @ith two bonds of 2.33 A
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28504+ 1—+— 71— 1—+—71—+—7— 2.48 A. Its binding energy is 2.33 eV/atom and the ground state

' ] is singlet. Our calculated bond lengths are in good agreement
20¢ (@ with the value of 2.45 A obtained from the DFT-GGA

. ] calculation? but are shorter than the 2.52 A value from the
15t E nonlocal DFT calculatior and 2.58 A2 Our calculated binding
ok 3 energy is slightly less than 2.40 eV/atdriwvang and Cartér

s ] also reported a singlet ground state, but Lin ePakported a
o5k 3 triplet ground state.

: 3 Our results for the planar Pt tetramer show that the stabilities
0of . ; . * . of square and rhombus structures are essentially the same,
el S S although their bond lengths are different. This trend agrees with

) 20k ; the results by Yang et dlin our previous studies of PYand

g s (1)) ] R clusters, the square Pd and Rh clusters were found to be
= 1sE ] slightly more stable than their corresponding rhombus isomers.
i ; 3 The planar Pt clusters shown in Table 2 can be divided into
2 y 9 three classes according to the composition of two basic building
S E ] blocks, i.e., triangular unit @?and square unit (R1). The first

i‘iu 05 3 class consists of structures of triangular units only, suchsas P
= ok P45, and B-1. The second is the structures consisting of square

2‘_5 : units only, such as 1, Ps—3, and RB-1. The third class is the

L structures with a mixture of triangular and square units.
20b Examples of this class include, B and R_4. In Figure 3a we

‘ plot the binding energies of these planar Pt clusters as a function
15F of size according to this classification. It shows that the stabilities

‘ of isomers that belong to different classes are very similar.
10p However, the bonding energies of these planar Pt isomers,

F shown in Figure 3b, illustrate that the bonding energies of
oSt square-unit-only clusters (the second class), are substantially
ook ' higher than those of triangular-unit-only isomers (the first class).

On the other hand, less coordination numbers per atom are in
the square-unit-only clusters. Since the stability of a cluster is
determined by two factors, namely coordination numbers and
Figure 2. HOMO—LUMO energy gap Eg, solid line) and magnetic bonding energy, the similar stability among the three classes

moment {, dashed line) as a function of cluster size for linear (a), of planar clusters shown in Figure 3a is thus the consequence
planar (b), and three-dimensional (c) Pt clusters. In each dimensionality, o the balance between these two factors.

when more than one structure is available, we plot the most stable one.

Cluster Size

Furthermore, we found that the triangular-unit-only clusters
P,—, and R, are nearly as stable as their corresponding square-
only isomers B-; and R-4, respectively. However, the infinite
triangular-unit-only structure, §27becomes substantially more

energy gap of 0.67g/atom and 0.11 eV, respectively. These stable than the infinite square-only structurg, Fhe binding

values are smaller than those of the linear trimer shown in Table €N€'9Y (.)f the most stable ISomer 1S plotted as a function of
1 cluster size in Figure 4. The binding energy of planar Pt clusters

(see the open circles) increases with cluster size except for the
six-atom cluster, which is more stable than the seven-atom
the literature. For the Pt dimer, our calculated bond distance is cluster. This may be due to an optimal combination of triangular

2.34 A and the binding energy per atom is 1.76 eV. These valuesanol square unllts in the S|x-at9m Pt cI.u.ster. )

are in excellent agreement with the experimental bond length  The comparison of the relative stability of planar and linear
of 2.34 A and dissociation energy of 1.830.08 eV/atont! clusters shown by the open circles)(and filled circles @),
However, the bond length is shorter than the 22015 A respectively, in Figure 3 demonstrated (_:Iegrly th_at the planqr
reported using different computational meth&8&°Our binding clusters are much more stable than their Imegr isomers. This
energy agrees less satisfactorily with 1.92 eV from a full an be u_nderstood by the fz_ict that the coorqllnanon numbers
multiple scattering, real-space Green’s function calculation, Peratomin planar structures increase substanuall_y. Furthermore,
1.15 eV using the B3PW91 with a Guassian (3s2p2d) basi8 set, the difference in binding energy between the linear and the
1.57 eV from the dispersed fluoresence spectrosédagd 1.65  Planar isomers increases more dramatically with the increase
eV from the non-self-consistent Harris functional version of Of cluster size.

LDA.® For the Pt trimer, our calculated bond length of 2.35 A The electronic and magnetic properties of the planar Pt
is slightly shorter than the previously reported results of 2.38 clusters are depicted in Figure 2b. Similar to the linear ones,
and 2.40 A0 The binding energy per atom of 2.18 eV agrees the planar clusters of higher HOM@ UMO band gaps possess

and has a binding energy of 2.14 eV/atom, which is less stable
than the linear trimer shown in Table 1. In addition, this zigzag
Pt trimer possesses a magnetic moment and HEGUAMO

Before discussing the other types of Pt clusters, we compare
our results with those obtained for the Pt dimer and trimer in

with 2.16 eV® but is larger than 1.45 e%. higher magnetic moments in most cases.

C. Planar Pt Clusters. Twenty-one planar Pt clusters were D. Three-Dimensional Pt Clusters Results obtained for 38
investigated in this work, and their results are summarized in three-dimensional Pt clusters are given in Table 3, where their
Table 2. structures, bond distances, binding energies, bonding energies,

The ground-state geometry of the planar Pt clusteisRan HOMO-LUMO band gaps, and magnetic moments are pro-

isosceles triangle with two bond lengths of 2.47 A and one of vided.



Structures of Platinum Clusters

J. Phys. Chem. A, Vol. 108, No. 41, 2008611

36 T T T T T T 4.5 T T T T T T T T T T T T T T T T T T
4 (a) ] 4.0 v -
E 32f ] vvv? O
[ 1 351 A
] ; ) 3
E A 8 075
> 30 - =
C ] v O
L ¢ ] » 30+ ]
-’ L L 4
2 : = 0 " _
= 28. 7 = L x ]
- e ® ]
] 25 LX) i
26f ] oe
X 1 °
20+ i
24 1 I L I 1 ] ] L \ | 1 ]
28 T T T T T T T 0 2 4 6 8 10 12 14 16 18 20

)
=N

Epond (eV/bond)

B R R

—
o0
T T

———a<
== ~—o

‘E"——D

166

Cluster size

10

Cluster Size

Figure 4. Binding energy Eg) as a function of cluster size for linear
(@), planar (), and three-dimensionalv] Pt clusters. In each
dimensionality, when more than one structure is available, we plot the
most stable one.

stable layered structures. Therefore, two sets of clusters were
designed and investigated. They are the 13-atom and 19-atom
clusters, and the results are given in Table 3. The layered
structures Ts-1 and Ti3-2 are indeed more stable than their
spherical close-packed isomergsT; and Ti3-4. For the 19-
atom clusters, the bilayer structurggT, is as stable as the
spherical close-packed structurg . These results are different
from our observations on the Pd clusters, where spherical
clusters, such as the 13-atom icosahedral Pd cluster, are more
stable than other three-dimensional offdsis also worthwhile
to point out that the tetrahedral structure of the 10-atom Pt
cluster shows substantial stability over its other isomers.
Among many highly symmetric structures, the relaxed Pt
clusters are mostly distorted from their perfect symmetry due

to the Jahra Teller effect. For instance, the tetrahedral structure
of T4 with Tg symmetry is distorted t&€s symmetry. This has
been shown by Lin et al. from their DFT calculations, even
though their calculatedistructure had ®,4 symmetry2° This
symmetry reduction also occurs for clusters such as 13-atom

We first discuss the binding strength of these three- and 55-atom Pt clusters.
dimensional Pt clusters and the relative stability among them The HOMO-LUMO band gap and magnetic moment of
and over other lower dimensional structures, in particular planar three-dimensional Pt clusters as cluster size are plotted in Figure
structures. As we expected, the binding energy of these three-2c. Very similar to the linear and planar clusters, a highly
dimensional clusters increases with cluster size, which is clearly magnetic three-dimensional Pt cluster tends to have a high
illustrated by the triangular symbols in Figure 4. The same HOMO-LUMO band gap.
observation was made from our studies or®Pand RHK° To further correlate the structure and electronic properties,
clusters. More interestingly, Figure 4 shows similar binding we plot the spin-resolved total density of states (DOS) for seven
energies between the planar and three-dimensional isomers uglusters in Figure 5. As we expected, the DOS increases with
to at least nine-atom clusters. It also shows that the planarcluster size as shown clearly from top to bottom in Figure 5.
structure B-4 of the six-atom Pt clusters was more stable than To assist our discussion, we divide six of the seven clusters in
its three-dimensional isomers. Figure 5 into two groups. The first group consists @f1l Tg_3,

We should point out that a similar conclusion was also drawn and T;»—», which has maximum triangular units. The second
by Yang and co-workers in ref 9. However, their conclusion group includes §-», Tg—2, and T>-;, which has maximum
was based on the comparison between the binding energies okquare units. One interesting feature is that the clusters of the
Ps—» and Ts—1, Which is opposite our results shown in Tables 2 first group have the lowest energy states compared to their
and 3. isomers in the second group. For instance, the lowest energy

The fact that small planar Pt clusters are as stable as theirstate for &-; occurs below—6 eV, while that for -, occurs
three-dimensional isomers suggests that a lot of stable isomersaabove —6 eV. This normally indicates that the first group
may be found since many different but possible ways of bonding clusters are more stable than the second group members.
Pt atoms exist. One immediate prediction is the existence of However, the significant contribution from the other widely

Figure 3. Binding energiesKg) (a) and bonding energie&ng (b)

as a function of cluster size for planar Pt clusters. The symizpls,
and® represent clusters composed of triangular, square, and triargular
square units, respectively.
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Figure 6. Distribution of 5@z electrons for T>-1 (left) and Ti>— (right)

12-1

150 ——t—— F——F— clusters. The distribution of 5delectrons for the atoms in the top,
F middle, and bottom layers are represented by green, red, and blue bars,
n 50 respectively. The four atoms in each layer in the-T cluster have
Q - identical distribution. In the -, cluster there are two types of atoms
_ 50 - 1 in the top layer labeled as a and b and in the bottom layer labeled as
150 i N c_and d. The &aa ar_1d e-c distances are Ignger th'an thetband d-d
| [ IT " distances, respectively. The four atoms in the middle layer of the T
50 - 8-1 | cluster are identical.
50 - 1 ﬂﬂ‘ “W " "‘ 'W:M T 'l ] in Table 3. The §-1 cluster can be considered as a distortion
3 1 of the Tg—, cluster by pushing the two diagonal atoms in the
150 ———— ——t— same layer toward each other. Our calculation shows that the
50 B : Tio2 distorted -1 cluster is only slightly less stable than its original
A_ANMWW&W structure, §-». However, such a distortion changes the semi-
50 - : . conductor E- into a conductor §-;. Furthermore, their DOS
150 L+ L L 1 values in Figure 5 show clearly that the DOS has changed
L et dramatically if a distortion occurs. These energetically possible

Pt isomers with different HOMOGLUMO band gaps and DOS
could be very promising candidates as fluorophores in photo-
electron transfer sensors, because substantial change in the
HOMO-LUMO band gap of a system under certain structural
distortion is one of the critical quantities for fluorophopés.
Energy (eV) Following our previous work on the Pd clust&?sye correlate
Figure 5. Spin-resolved total density of states (DOS) of seven pt Neré the binding energy, HOMELUMO band gap, and
clusters. The vertical dashed line is the Fermi level. The intensity of magnetic moments of Pt clusters with their size and structures.
the DOS is in an arbitrary unit. The structure factors, is used to quantify the Pt structures

shown in Tables 43 and is calculated by

also determines the cluster stability. As such, these two groups S = 994N, 4)
of clusters have similar binding energies. ~

We also investigated the charge distribution of these two whereN; is the coordination number per atom of the cluster
groups of clusters. All the atoms in the six-atom and eight- andgs andgq are the factors to account for symmetry and the
atom clusters in Figure 5 are neutral. In contrast, atoms in the dimensionality of the structure, respectively. For the linear,
middle layers of the 12-atom clusters are slightly negatively planar, and three-dimensional structures, wegget 0.8, 0.9,
charged while the atoms in the other two layers are positively and 1, respectively. The introduction gf is to distinguish
charged. Furthermore, the difference in the charge distribution isomers of the same averaged coordination number but with
among atoms occurs only in the p characterized charges.different dimensionality. In cases that one cannot distinguish
Therefore, we focus our discussion on the distribution of these two isomers after taking the averaged coordination number and
p characterized charges. There are two types of atomgin, T dimensionality into account, the introduction of another sym-
namely the atoms in the middle layer and the others, and threemetry factorgs, is needed. In most of the structures encountered
types of atoms in T,—,, namely the atoms in the middle layer here, we segs = 1 except for B-1, Ps—1, T7—5, To-1, T10-2,
and the other two types in the top and bottom layers as shownTio-6, and T;1-4, Where we sefs = 1.05, and -, where we
in Figure 6. Figure 6 also shows the distribution of the p charges setgs = 1.1.
on these atoms. For both clusters, the charge distribution in the In Figure 7, the binding energy, HOM&@.UMO band gap,
middle layer atoms is substantially higher than those of the otherand magnetic moments of Pt clusters of less than 13 atoms are
layer atoms. The same charge distribution of the s and d plotted as a function of cluster size and structure factor. The
characters but different distribution of the p character for all top contour is the binding energy as a function of cluster size
the atoms in the -1 and T, clusters indicates that the s  and structure factor. This plot shows clearly that many isomers
and d orbitals are hybridized while the p orbitals remain in their are energetically possible, which leads us to conclude a fluxional
atomic form in these clusters. characteristic in the structures of Pt clusters. The middle contour

We discuss now the possible changes in DOS if a cluster is shows how the HOMGLUMO band gap changes with cluster
distorted by a comparison between the Tand Tg—» clusters size and structure. It illustrates that most of the Pt clusters

150 1 | | | g | 1

distributed states to the cluster stability as shown in Figure 5
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the intensity for Pd clusters. Second, the Pt clusters of higher
dimensionality tend to have higher magnetic moments. In
contrast, the linear Pd clusters tend to have high magnetic
moments. Therefore, Figure 7 could be used as fingerprint to
identify clusters formed from different elements.

4. Conclusions

Structural, energetic, electronic, and magnetic properties of
70 platinum clusters were calculated using DFT with a plane
wave basis set. The effect of spinrbit coupling on the binding
energy of the cluster was investigated. The results show that
the relative stability of Pt clusters is not affected with the
inclusion of spir-orbit coupling, but the binding energy of the
cluster increases when spinrbit coupling is considered in the
calculations.

The binding energies of planar and three-dimensional isomers
are very close to each other at least within nine-atom Pt clusters.
This is different from the Pd clusters, where the planar Pd
clusters are less stable than the three-dimensional ones. Due to
the similar stability between planar and three-dimensional Pt
clusters, many isomers are energetically possible. Some layered
structures are at least as stable as the spherical isomers.
Moreover, the six-atom Pt cluster has very surprising properties.
Its linear structure represents a characteristic change in the bond
distances. This means that the bond lengths of the edge atoms
are the shortest after the linear cluster size becomes larger than
six. Furthermore, the six-atom planar structure is more stable
than its three-dimensional isomers. We also found that the 10-
atom tetrahedral Pt cluster is substantially more stable than its
other isomers investigated in this work. Our calculations showed
that there exist more stable structures than the icosahedron and
cubooctahedron for 13-atom Pt clusters.

Both the HOMG-LUMO band gap and magnetic moment
change in an oscillatory manner with cluster size. Strong
correlation is also observed: Highly magnetic clusters tend to
have large HOMG-LUMO band gaps. The DOS and detailed
analysis of the charge distribution show that the middle layer
atoms are slightly negative charged in the:F and Tio—»
clusters.

Using the structure factor to quantify each Pt cluster structure
studied in this work, we are able to correlate the binding energy,
HOMO—-LUMO band gap, and magnetic moment of the Pt
clusters with their size as well as structure. Comparison between
the contour plots of Pt and Pd clusters indicates that this contour
plot (Figure 7) could be used as a fingerprint for identifying
clusters formed by different elements.

Structure factor (S;)
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