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Geometric, magnetic and electronic features, vibrational frequencies and global reactivity descriptors of
Pt, (n=1-12) were studied in the present work within the framework of the density functional theory.
Structures for n=7, 10, 11 and 12 have not been reported before, in other cases agreement exists with
results reported by other authors, as are the data obtained through vibrational spectroscopy calculations.

Results obtained from global reactivity descriptors such as chemical potential, chemical hardness and
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with size.

electrophilicity index, indicate that platinum clusters up to twelve atoms tend to increase their reactivity
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1. Introduction

The interest on the area of atomic clusters has rapidly grown
within the last three decades not only because of their unique
size-dependent structures and different properties from those of
the bulk, but also due to their central position, on the one hand,
among molecules, and on the other, among condensed matter
[1]. In particular, transition metal clusters have been studied for
its potential use as catalysers and in the production of electronic
nanodevices. Among these, Pt is one of the ingredients in the cata-
lyst used in car catalytic converters to reduce toxic pollutants, such
as CO, NOx, and hydrocarbons, and it is also an important material
for the hydrogenation in heterogeneous catalysis [2].

Experimental studies on small free Pt clusters are scarce. Taylor
and co-workers [3] used resonant two-photon ionization spectros-
copy of jet-cooled Pt, to find numerous platinum vibrational
bands. Jansson and Scullman [4] measured the vibrational spec-
trum of a Pt; in an Ar matrix. Gupta and co-workers [5] were suc-
cessful in detecting Pt, over the temperature range 2259-2739 K.
Airola and Morse [6] were able to measure the resolved rotational
spectrum of the Pt,. They determined very precise values for bond
energy, bond length, and ground-state vibrational frequency.
Lineberger and co-workers investigated the electronic spectra of
small platinum and palladium clusters by the negative ion
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photodetachment spectroscopic method, up to a size of three
atoms [7,8] and Eberhardt and co-workers obtained the valence
and core-level photoemission spectra of mass selected monodi-
spersed Pt, (n=1-6) clusters [9].

Regarding theoretical studies, ab initio calculations on the Pt
clusters are also scarce, especially for Pt, with n greater than 10.
Ellis et al. [10] studied the Pt, cluster using an ab initio generalized
valence bond method within the relativistic effective core potential
and a double-zeta basis set. Complete active space self consistent-
field (CASSCF) calculations followed by the first-order configuration
interaction (FOCI) computations were performed by Balasubrama-
nian [11] on the Pt, and by Dai and Balasubramanian [12] on the
Pt4 clusters to study their electronic structures. Yang and co-workers
[13] applied the non-self consistent Harris functional version [14] of
the local density approximation (LDA) within the density functional
theory (DFT) to obtain minimum energy structures of the Pt clus-
ters for n = 2-6. Fortunelli [15] has performed DFT calculations on
small Pt,, clusters (n=1-4) using Amsterdam Density Functional
(ADF) program [16]. Apra and Fortunelli [17] carried out DFT calcu-
lations on Pt;3 and Ptss cuboctahedral clusters using DFT module of
the NW-Chem computational chemistry package [18]. The struc-
tural, energetic, electronic, and magnetic properties of platinum
clusters of up to 55 atoms were studied by Xiao and Wang [19] using
DFT with a plane wave basis set implemented in the Vienna ab initio
simulation package (VASP). The spin-orbit coupling and its impact
in determining the structures of platinum nanoclusters (Pt,, n=
2-5)was studied by Huda and collaborators [20] using the projected
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augmented wave method (PAW) within the VASP. Nie and collabo-
rators [21] analyzed the structural evolution of small minimum en-
ergy platinum clusters, (Pt,, n=2-15) using DFT within the
generalized gradient approximation (GGA) with Perdew-Wang ex-
change-correlation functional (PW91) as implemented in DMol3
package. Bhattacharyya and Majumder [22] studied the growth pat-
tern and bonding trends in Pt, (n = 2-13) clusters using DFT with
PAW method and plane wave basis set as implemented in VASP
code. Kumar and Kawazoe [23] applied ultrasoft pseudopotential
and PAW methods to study the evolution of atomic and electronic
structure of Pt, clusters in a wide range of sizes starting from two
atoms to nanoparticles having a diameter of about 3 nm. Finally, Se-
betci [24] performed full-relativistic DFT calculations to study the
geometries and binding energies of different isomers of free plati-
num clusters Pt,, (n = 4-6) within the spin multiplicities from singlet
to nonet. Another work performed by Sebetci [25] shows a DFT study
of hydrogen-platinum clusters, Pt,H,, (n = 1-5, m = 0-2), in which
he analyses structures of pure platinum. All theoretical studies men-
tioned above analyzed the evolution of structural and electronic
properties of Pt, series. Close attention was paid to the tendency
to form plane or three-dimensional structures and their impact on
electronic properties.

The aim of the present work is the characterization of neutral
platinum clusters in terms of reactivity descriptors. These reactiv-
ity descriptors have already been successfully used in clusters [26],
in different kinds of molecular structures and in chemical reactions
[27]. DFT gave a new impact to the theory of reactivity. Parr and
Pearson [28] derived the concept of reactivity descriptors like
chemical potential (u), electronegativity (x), chemical hardness
() and softness (S = 1/). These quantities, known as global reac-
tivity indexes, served to apply the hard-soft acid-base (HSAB) prin-
ciple by Pearson [29]. Shortly after the definition of hardness, Parr
and Yang [30] rationalized the frontier orbital theory of Fukui from
DFT. They introduced local reactivity indexes such as the con-
densed Fukui function, local softness and electrophilicity, to char-
acterize specific sites within a molecule. In the present study we
focus our attention on the study of global reactivity indexes.

In order to assess the use of the DFT-concepts and principles
just mentioned for the solid state system characterization, we per-
form a study of the structural, magnetic, energetic, and electronic
properties of Pt, (n=2-12), with special attention on the perfor-
mance of the different reactivity descriptors so as to get informa-
tion on the behavior of platinum clusters. In addition, the
vibrational frequencies and infrared intensities on ground-state
structures are also reported.

2. Computational methods

DFT computations were carried out with Gaussian 03 suite of
programmes [31]. B3PW91 hybrid functional was used, which
combines Becke’s three-parameters exchange functional (B3)
[32], with Perdew-Wang correlation functional (PW91) [33,34];
with LANL2DZ pseudopotential, which describes 1s to 4f core elec-
trons and leaves 18 valence electrons explicit for computations
[35], corresponding to 5525p®5d%6s! electronic configuration.

Geometry optimizations on neutral and ionic platinum isomers
up to 12 atoms are performed without symmetry constraints.
Moreover, the total electronic energy is minimized respecting to
the electron spin multiplicity. For a given starting geometry several
optimizations are accomplished with different values of the elec-
tron spin multiplicity, which is kept fixed during the calculations.
The hessian matrix of the total electronic energy respecting to
the nuclear coordinates is diagonalized to verify whether the
optimized geometries are true minima or saddle points on the
potential energy surface of the clusters. As a consequence,
vibrational frequencies and infrared intensities are obtained. As a

stability criterion, the absolute value of the binding energy per
atom (BE/at) was used, obtained in the following way:

[nE(Pt) — E(Pt,)

BE/at = o

(n=23..) (1)
where E(Pt) stands for the total energy of platinum atom, E(Pt;,) cor-
responds to the total energy of cluster Pt, and n is the total number
of atoms. Energies correspond to the ground state of the species.

Vertical ionization potentials (IP) and electron affinities (EA) are
calculated as the total energy difference of neutral and charged
clusters according to [36], as:

IP(Pt,) = E(Pt)) — E(Pty) (2)
and

EA(Pt,) = E(Pt,) — E(Pt;) 3)

where E(Pt,), E(Pt,"), E(Pt,~) and n refer to the total energy of the
neutral cluster, total energy of the cationic cluster, total energy of
the anionic cluster and the total number of atoms, respectively.

Each system’s electronic chemical potential (u) and chemical
hardness (n) were next computed from the ionization potentials
and electron affinities based upon the finite difference
approximation [37]:

p:_%(lmEA) “4)
and

1
1 =—5(P—EA) )

In particular, u characterizes the escaping tendency of electrons
from the equilibrium system while # can be seen as a resistance to
charge transfer. These two entities, as IP and EA, are global proper-
ties of the systems researched. The global electrophilicity index
(w), which is derived from the chemical potential and hardness
and measures the stabilization in energy when a system gets an
additional electronic charge from the environment, was defined
by Parr as [37]:

2
w=1 (6)
2n

Magnetic moments were calculated, in Bohr magneton per
atom, as follows,
(my —my)

n

(7)

where m, and my are electron numbers of different spin states (up,
down).

Mp/at =

3. Results and discussion
3.1. Structural, magnetic and energetic properties

We have optimized several geometries for Pt,, n=2-12 series
starting with non-planar and planar configurations. No negative
frequencies are obtained for the clusters; therefore, all clusters
are true minima in the potential energy surface. Table 1 depicts
the lowest energy structures obtained for the platinum clusters.
It is noted that the platinum clusters tend to form three-dimen-
sional structures from the tetramer. These results agree with other
theoretical studies [19,22]. The optimized bond length of Pt; is
found to be 2.36 A in agreement with the experimental value of
2.33 A[6]. It is also noted that this cluster prefers triplet electronic
state.

According to our results Pt; ground state geometry is an equi-
lateral triangle with Pt-Pt distances of 2.50 A and characterized
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Table 1

Properties of the most stable Pt clusters found in the present work. Comparison with experimental results found by other authors is made when available. (R) is the average
interatomic distance, (CN) is the mean coordination number, m is the electron spin multiplicity and iz is the magnetic moment per atom in Bohr magneton.

Pt3 Pty

o9 ¥

/

@9 ¢

BE/at 1.35 1.86 2.17
(R) 2.36 2.50 2.61
2.33[7] 2.66 [14]
(CN) 1.0 2.0
m 3 1
Hpat 1.00 0.00
Ptg Pty

5, «E» £1e

2.32 2.46 2.59
2.79 2.61 2.74
3.20 3.00 466
5 7 3
0.80 1.00 0.29
Pti; Pt

“—
BE/at 2.72 2.78 2.85
(R) 2.58 2.60 2.75
(CN) 3.0 3.11 4.8
m 9 7 7
ppjat 1.00 0.67 0.60

2.94 2.98
2.62 2.77
3.6 3.9
7 1
0.55 0.00

by a singlet electronic state, in agreement with Bhattacharyya [22].
The Pt-Pt distance for the trimer has been experimentally mea-
sured by scanning tunnelling microscopy (STM), resulting in
2.66 A [38].

Pt, cluster is the smallest cluster which shows a three-dimen-
sional structural motif. It was found that the tetrahedral geometry
is the most stable; with a bond length of 2.61 A characterized by a
triplet electronic state, in agreement with other groups’ findings
[15,19,21,25]. It is worth saying that other groups report the
rhombus as the lowest energy structure [13,22,23].

For Pts, our results show the distorted squared pyramid geom-
etry as the lowest energy isomer with 2.79 A average value of
interatomic distance and quintet electronic state. It should be
pointed out that this structure is 0.004 eV/at more stable than
the bipyramid found by other groups [11,13,14].

The most stable structure of the Ptg cluster is a capped bipyra-
mid with an average bond distance of 2.61 A and characterized by a
septet electronic state. This structure has only been reported by
Bhattacharyya [22] as the second most stable isomer.

Pt; was found to be a side capped double square with an
average bond distance of 2.74 A and triplet spin multiplicity.

The cubic geometry for Ptg with nonet spin multiplicity and
average bond distances of 2.58 A was found to be most stable, in
agreement with Xiao and Wang [19], who obtained bond distances
of 254 A.

For Pto, our results show the one-faced grown cube as the low-
est energy isomer with 2.60 A average value of interatomic dis-
tances and septet electronic state, in good agreement with Xiao
and Wang [19]. Nie et. al. [21] found these structures for Ptg and
Pty as third and second most stable isomers, respectively.

The lowest energy isomer of Ptiq cluster is a trigonal bipyramid
grown in five faces with an average bond distance of 2.75 A and
septet electronic state. No data for this structure was found in
the literature.

For Pty4, the most stable structure is a trigonal bipyramid grown
in all faces characterized by a septet electronic state and an

average value of interatomic distances of 2.62 A. This structure
has not been reported before.

For Pt;,, our results show a distorted icosahedra as the lowest
energy isomer with singlet spin multiplicity and an average value
of interatomic distances of 2.77 A.
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Fig. 1. Electron affinity, EA, and ionization potential, IP, as function of cluster size,
in eVv.

Table 2

lonization potential, IP, electronic affinity, EA, HOMO-LUMO energy gap, AE, and
global reactivity descriptors, in eV: chemical potential, u, chemical hardness, 5, and
electrophilicity index, w.

Cluster IP EA AE u n 0]

Pt 9.29 1.96 7.33 —5.63 3.66 4.32
Pts 8.17 2.05 6.12 -5.11 3.06 4.26
Pty 7.71 1.81 5.90 —4.76 295 3.84
Pts 7.20 2.36 4.84 —4.78 2.42 4.73
Pts 7.08 2.79 4.30 -4.93 2.15 5.67
Pt; 7.16 2.76 4.40 -4.75 220 4.97
Ptg 7.45 2.40 5.05 —4.93 2.53 4.81
Pty 7.47 2.59 4.88 —5.03 244 5.19
Ptio 7.45 2.46 4.99 —4.95 249 4.92
Ptyq 6.97 2.90 4.08 —4.93 2.04 5.97
Pti2 6.50 335 3.15 -4.93 1.58 7.70
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As shown in Table 1, the average bond length, (R), increases
with cluster size except for Ptg, Ptg and Pty;. This behavior is also
accompanied by a decrease in the average coordination number,
(CN). (CN) was obtained by taking the arithmetic mean of the first
neighbors’ bond lengths at each site.

The magnetic moment per atom is also included in Table 1. Our
results indicate that the magnetic moment per atom of the clusters
is generally smaller than one and changes according to cluster size
in an oscillatory manner.

Furthermore, it is found that the absolute value of the binding
energy per atom of Pt clusters increases smoothly as a function
of cluster size, indicating that clusters become increasingly stabi-
lized. It is assumed that the cohesive energy in the limit of infi-
nitely large clusters is close to the experimental value of

21

platinum at bulk level, 5.77 eV/at [39]. It is clear that clusters stud-
ied here are still too small to give a reasonable estimation of bulk
platinum cohesive energy. Moreover, it is well known that the
magnitude of BE/at gives information about the strength of chem-
ical bonds in clusters, thus determining the stability and reactivity
of the system might be helpful. In metallic clusters, the increase of
this property is due to a high electronic delocalization coming from
the atoms’ high coordination.

3.2. Electronic properties

Calculated ionization potentials (IP) and electron affinities (EA)
are shown in Fig. 1 and Table 2. Comparison with the available
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Fig. 2. Calculated infrared spectra for Pts, Pt4, Pts, Ptg and Pt5.
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experimental data [3,7-9] suggests that experimentally measured
IP and EA can be reproduced reasonably well.

Ho and co-authors [7], found that the EA for platinum dimer is
1.898 £ 0.008 eV, in agreement with our calculations. Taylor [3] re-
ported, for the same aggregate, an IP of 8.86 + 0.02 eV. For the tri-
mer, Ervin and collaborators informed values for the EA of
1.87 £0.02 eV [18].

Computations indicate that the IP of small Pt clusters generally
decreases with cluster size, while the EA increases with a relatively
small variation for larger clusters.

Apart from this, a sensitive quantity to explore chemical reac-
tivity of small Pt clusters is the energy gap; that is, the difference
between the highest occupied and the lowest unoccupied molecu-
lar orbital energies (HOMO-LUMO). Also, in Table 2, HOMO-LUMO
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gap is shown, calculated as the difference between IP and EA and
according to Koopman'’s theorem [40]. The HOMO-LUMO energy
gap shows a decreasing trend with cluster size, being the
exceptions Pt;, Ptg and Pt;.

3.3. Vibrational spectroscopy

Infrared spectra were computed at the same level of theory as
optimizations. Illustrations were made with GaussSum program
[41] and are shown in Figs. 2 and 3.

Platinum dimer has been studied in an experimental manner for
several groups through diverse spectroscopic techniques [3,7,42].
Our results show that platinum dimer is not active in the IR region.
The trimer presents two vibrational modes, 154.53 cm~' and
154.36 cm™! that are assigned to be of symmetric stretches. Due
to the closeness of the modes, only one band is seen in the depicted
spectrum. Experiments performed by Ervin and co-workers [8]
found two frequencies in 105+30cm~' and 225+30cm™! for
Pts, considering the lineal structure and assigning this modes to
a single band in two different electronic states. In contrast, Lom-
bardi and Davis [42] considered that the two vibrational modes
found by Ervin and co-workers [8] are unlikely to be both symmet-
ric stretches and confirm that the stable structure for this system is
the triangle found in this work. It can be seen that, despite the min-
imum numerical differences, our results provide a clear under-
standing about the vibrational movements of platinum trimer
and a good correspondence with experimental data.

Unfortunately, there are no experimental data for the infrared
spectra of Pt clusters constituted by a number greater than three
atoms, and thus we are not able to compare our theoretical results
with other experimental findings. However, we report our results
for the whole series, as they can be very useful for future
experimental studies.

3.4. DFT chemical reactivity descriptors

In this section we focus our attention on the characterization
and rationalization of platinum clusters through the use of DFT
chemical reactivity descriptors. In Table 2 we display the
computed values of the global reactivity descriptors: chemical
potential (u), chemical hardness (#) and electrophilicity index ().

Reactivity is an intrinsic electronic property of the system
which indicates its availability for a possible chemical change; glo-
bal indicators constitute good indexes to the description of the sys-
tem. The chemical potential measures the electrons’ tendency to
escape from the system’s equilibrium, then, as u becomes more
negative, it is more difficult to lose an electron but easier to gain
one. 1, On the other hand, can be seen as the resistance of a system
to transfer its charge, characterizing thus the stability of the sys-
tem under study. The electrophilicity index, e, is a measure of
the stabilization energy of the system when it is saturated with
electrons which come from the external environment.

Our results indicate that u presents oscillating values along the
series due to the change on the multiplicity of the ground state of
the clusters (see Table 2). It is expected that open shell systems
present a superior value of u, because of the easiness of electron
transfer. The energetic analysis has only determined two close
shell structures as more stable, the equilateral triangle trimer,
and Pt;,. Pt3 shows the second lowest value of the chemical poten-
tial in the sequence studied, being Pty the one with the greatest
value.

n, Should follow a similar tendency as u. In fact, it is observed in
Table 2 that Pt; is the second hardest, with a value of 3.06 eV. It
might be observed that hardness, in general, decreases as the num-
ber of atoms grow. The exception is found in Pt;, Ptg, Pty and Pt;q

clusters. The discrepancy in these results is also observed for IP
values, obtaining a peak in Fig. 1 for these clusters.

w value determines that platinum dodecamer is the most sus-
ceptible of the 12 clusters of receiving electrons from the external
environment. The electrophilicity index increases with cluster size
and we believe that it is an essential parameter for the subsequent
election of a catalyser.

4. Conclusions

Geometric, magnetic and electronic features, vibrational fre-
quencies and reactivity descriptors of Pt, (n=1-12) were studied
in the present work within the framework of the density functional
theory. The binding energy per atom was used as a criterion of
stability.

The most stable forms found for Pt,, Pts, Pt4, Pts, Ptg, Ptg and Ptg
agree with results reported by other authors. Moreover, the
distorted squared pyramid geometry corresponding to Pts shows
almost the same binding energy as the bipyramid obtained by
other authors.

Pt;, Ptqo, Ptq1, and Pty structures have not been reported in the
literature before. Data obtained through the vibrational analyses
are in line with the results by other authors and contribute to
future experimental studies.

Present results indicate that platinum clusters up to twelve
atoms tend to increase their reactivity with size. Global reactivity
descriptors, chemical potential, chemical hardness and electrophi-
licity index show that smaller clusters are less reactive.
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