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Abstract Using density functional theory, stability, chemical,
and optical properties of small platinum clusters, Pt, (n=2 to
10) have been investigated. An attempt has been made to
establish a correlation between stability and chemical reactiv-
ity parameters. The calculated geometries are in agreement
with the available experimental and theoretical results. The
atom addition energy change (AE,) and stability function
(AE,) reveal that Pt; is more stable than its neighboring
clusters. Very good agreement of the calculated electron af-
finity with the available experimental results has been ob-
served. The polarizability of the Pt, clusters depends almost
linearly on the number of atoms. A correlation between the
static polarizability and ionization potential is found, paving a
way to calculate polarizabilty of larger clusters from their
ionization potential. The calculated vibrational frequencies
are compared with available experimental and theoretical
results and good agreement between them has been
established. In general, the prominent peak of molar absorp-
tion coefficient is shifting toward the lower energy side when
cluster size grows. Our DOS calculation suggests that d orbital
is primarily responsible for HOMO position and s orbital is
responsible for LUMO position.
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Introduction

The study of small metal cluster is of major interest to both
theoreticians and experimentalist, because it provides a link
between the molecular state and the solid state. Compared to
their bulk counterparts, metal clusters are known to possess
enhanced reactivity, which make them attractive for catalysis.
Small transition metal clusters have a wide range of applica-
tions and serve as building blocks of functional nanostruc-
tured materials, electronic devices, nanocatalysts, and other
fields of nanotechnology [1, 2]. Their unique catalytic activ-
ities are attributed to the large fraction of low-coordinated
surface atoms [3].

Transition metal clusters like Pt, Rh, and Pd are used to
reduce toxic pollutants, such as CO, NO, and hydrocarbons in
automotive exhaust systems [4]. Platinum along with Ni and
Pd, are used as catalysts in many industrial processes. Since Pt
clusters have small hydrogenation energy compared with
other metal clusters, they are used in many catalytic reactions
such as hydrogenation, dehydrogenation, and cracking of
various hydrocarbons [5]. It is the preferred oxidation and
reduction catalyst for low-temperature proton exchange mem-
brane (PEM) fuel cells [6]. It is also an excellent catalyst for a
number of electrochemical reactions related to fuel cells, e.g.,
for oxidation of formic acid [7], methanol [8], and also for the
reduction of oxygen [9].

The shape and the microstructure play a major role in
controlling the catalyst’s activity. With the decrease of the
size, the catalytic activities of Pt tend to increase because of
the increased surface area of smaller particle and the structural
sensitivity of some reactions [10]. The reactivity of clusters is
sensitive to size and shape [11, 12]. The study of the mechan-
ical, chemical, and electromagnetic properties of the platinum
clusters and their relationships to size and shape will enhance
our understanding of these small clusters and also their appli-
cations in the chemical and material industry. These small
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clusters can serve as the model and help in understanding the
property evolution as they grow from small nanoscale size to
bulk. As the experimental determination of structure and
specific electronic characterizations of these nanoscale sys-
tems are quite difficult; one has to rely on the predictive power
of computational methods. Accurate theoretical prediction of
the cluster structures is therefore essential. In addition, accu-
rate prediction of vibrational frequency, IR intensity, and
Raman activity facilitates in identifying the true cluster geom-
etries, since the agreement between theoretical and experi-
mental spectra confirms that the theoretically predicted struc-
tures are true.

In the case of platinum clusters, structure prediction be-
comes quite challenging because of competition between spin
exchange stabilization and electron correlation effects [13].
These two effects tend to alter the electronic states and the
structural properties as a function of theoretical treatment.
Moreover, the open d shell of these clusters generates several
electronic states with varied spin multiplicities and geometries
which make the investigation of structural and spectroscopic
properties of these clusters difficult [14]. The cluster size [15]
and sometimes their symmetries [16] could be inferred from
experiments, but the microscopic descriptions of their struc-
ture are far from definitive.

Despite many experimental and theoretical works about
structure, chemical, and magnetic properties, the study of the
optical response of small Pt clusters has not been performed to
our knowledge. The investigation of optical response may
provide much useful information about the dynamic proper-
ties of Pt clusters. The spectra are calculated using ab initio
TDDFT on the ground state geometries of Pt clusters up to ten
atoms. The purpose of this study is to understand the structure,
stability, and reactivity of small platinum clusters (Pt,, n=2 to
10) and is to shed some light on the unique nature and
properties of these small transition metal clusters.

Theoretical background

Based on density functional theory (DFT), the stability, aroma-
ticity, and chemical reactivity of atoms, molecules, and clusters
can be successfully explained [17-31]. Within DFT framework
the ionization potential (/P) and electron affinity (EA) can be
calculated using the finite difference approach as [17]:

IP = E(N-1)—E(N) (1)
and
EA=E(N)-E(N +1) (2)

where E(N-1), E(N), and E(N-1) are the energies of the (N-1),
N, and (N+1) electron systems.
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Chemical potential (1) [17] and chemical hardness (1) [18]
are determined in terms of /P and EA as:

1P+ EA
. G)
IP — FA
=== )

Electrophilicity index (w), which, measures the stabiliza-
tion in energy when the system acquires an additional elec-
tronic charge from the environment, is defined as [19-21]:

2
I
= 5
w=5 (5)
The static electric dipole polarizability (o) is the second-
order variation of energy (E) with respect to the applied
electric field (F) and is defined as:

( &°FE
Qg p = —

W);aab =Xz (6)

and the static dipole polarizability is computed as the trace of
the polarizability tensor as follows:

< a>:% (axx + oy + azz) (7)
These parameters can be properly understood in terms of
their related electronic structure principles like the minimum
polarizability principle (MPP) [22, 23] and the minimum
electrophilicity principle (MEP) [24-26], etc.
In order to analyze stability and energetic of the cluster, the
binding energy per atom (£,) is calculated as:

E juster
Ey = Egom™ CI:;St l (8)

where n is the number of atoms in the cluster and E,,,,, and
E e are the energies corresponding to single atom and
cluster respectively. The atom addition energy change which
corresponds to the energy change in cluster growing reaction
is described as:

AF(Pt,) = E(Pt,)—E(Pt,—)—E(Pt) 9)

A large negative change implies that the cluster P¢,, is more
stable than the preceding Pt,_; structure. To analyze the rela-
tive stability, the second finite difference of total energies (i.e.,
the stability function) is computed as:

AEy(Pt,) = E(Pty11) + E(Pt,)—2E(Pt,) (10)
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The photoabsorption cross section has been calculated
using the relation [32]:

e
a(E)

2mce,

1 1
S 7 e Fu(Re)g (B-AEx(Rs). 8) | (1)
P

where m is the mass of an electron, e is its charge, ¢ is the
velocity of light, &, is the vacuum permittivity, and E=hw is
the radiation energy for an angular frequency w. The transition
energy AE;; and oscillator strengths f;; corresponding to tran-
sitions from initial state / to final state / are computed for each
point in the {R;} ensemble. We have convoluted the intensity
with a normalized line shape function g(E-AE;(R;),0) peaked
at the transition energy.

Computational method

Initial geometries for each of the cluster size of platinum
clusters Pt, (n=2-10) are generated using a constant temper-
ature ab-initio molecular dynamics run using SIESTA 3.1 [33]
near the melting temperature of bulk platinum. Ab-initio
molecular dynamics are carried out in the NVT ensemble
and temperature is controlled using Nose thermostate.
Newton’s equations of motion are integrated using the
Verlet algorithm with a time step of 1.00 fs. The molecular
dynamics simulatons were carried out for 5000 fs at a temper-
ature of 2000 K (melting point for Pt=2046 K). During the
simulation process, the structure of the cluster goes through
various changes. Based on low energy criteria, we chose some
of these structures with reasonably different geometry. We
have also considered those ground state geometries reported
in the literature for Pt cluster. The calculations are performed
in the framework of density functional theory employing the
GAUSSIAN 09 suite of program [34]. In this study, we have
used B3LYP [35, 36] and B3PW91 [35, 37] functionals. The
relativistic Los Alamos National Laboratory effective core
potentials as well as DZ atomic basis set (LanL2DZ) [38],
which uses relativistic effective core potentials (ECP) to re-
duce the number of electrons are used in the calculation. In
order to see the effects of basis set on the calculated properties,
we also used LanL.2MB [38—40] basis set.

We have first performed optimization of the neutral clus-
ters. It was followed by single point calculations of the posi-
tively and negatively charged clusters having the same opti-
mized geometry as the neutral clusters to determine the verti-
cal ionization potentials and electron affinities. The TDDFT
calculations are performed on the ground state geometries of
DFT calculations. The calculation of photoabsorption cross
section has been carried out using the methods implemented
in NEWTON-X program [41, 42].

Results and discussion

To test the reliability of our method, we first calculated the /P
for the single platinum atom. The experimental value for the
single Pt atom is reported as 8.80+£0.2 eV [43] and our
calculated /P with B3LYP functional and LanL.2DZ basis set
is 8.75 eV. Other calculation levels give /P values as 8.51 eV
(B3LYP/LanL2MB), 8.70 eV (B3PW91/LanL2DZ), and
8.44 ¢V (B3PWOI1/LanL2MB). As we can see, IP value given
by B3LYP/LanL.2DZ is closest to the experimental value, we
will discuss the properties calculated using B3LYP/LanL.2DZ
method and the other methods are reported to make compar-
isons with B3LYP/LanL.2DZ results. The most stable struc-
tures of platinum clusters up to ten atoms are shown in Fig. 1.
A number of low lying isomers with closely separated ener-
gies are observed for each given size of the platinum clusters
and are presented in Fig. S1 in the supplentary material .

We have seen that Pt, have a triplet ground state with a
bond length of2.37 A the same as obtained by Fortunelli [44]
by DFT calculation. It is found in the D, symmetry and has a
binding energy per atom, E,,=1.40 eV/atom. Experimentally,
Grushov and Ervin [45] have reported the bond length of Pt,
as 2.33 A and E,=1.57 eV/atom. Pt; has the lowest energy
structure of an equilateral triangle (Fig. 1) with bond length
2.52 A, E,=1.85 eV/atom, and triplet spin multiplicity. An
isosceles triangle (S1 ii [a]) and linear shaped (S1 ii [b]) are
0.10 and 2.10 eV higher in energy than the equilateral triangle.
Yang et al. [46] have found an equilateral triangle with bond
length 2.58 A as the ground state of Pt; having E,=2.40 eV/
atom. Kumar and Kawazoe [47] have also found an equilateral
triangle with bond length 2.49 A as the ground state of Pt;. For
Pty, the structure having minimum energy is a bent thombus
(Fig. 1) with bond length 2.51 A and singlet spin multiplicity
with E;=2.11 eV/atom. Kumar and Kawazoe [47] have also
reported a bent thombus with bond length 2.51 A as the lowest
energy structure for Pt;. A tetrahedron (S1 iii [a]) is 0.31 eV
higher in energy and a square (S1 iii [b]) lies 0.36 eV higher
than bent rhombus. The lowest energy structure of Pts is a
planar side-capped square (Fig. 1) which has triplet spin and
binding energy Ey,=2.14 eV/atom. Kumar and Kawazoe [47]
have also reported side-capped square as the most favored
geometry for Pts. A square pyramid (S1 iv [a]) lies 0.06 eV
higher in energy and a trigonal bipyramid (S1 iv [b]) is
0.11 eV higher in energy. We have found the most stable
structure of Pty as planar triangular shaped structure (Fig. 1),
the same as other DFT calculations [46, 47] and having pentet
spin multiplicity with E,=2.23 eV/atom. A double square (S1
v [a]), prism shaped (S1 v [b]), and octahedron are 0.29, 0.39,
and 0.45 eV higher in energy than the most stable structure.
The lowest energy structure of Pt; is of the shape of two fused
square pyramids (Fig. 1) and has quintet state with E,=
2.41 eV/atom. Tian et al. [48] have also obtained similar
ground state structure for Pt;. A prism capped on triangular
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Fig. 1 Most stable structures of
Pt, (n=2 to 10) clusters

face (S1 vi [a]) lies only 0.13 eV higher in energy, while a
prism capped at center of the edge is 0.18 eV higher. A planar
side capped double square (S1 vi [b]) which was observed as
the most stable structure by Kumar and Kawazoe [47] lies
0.92 eV higher in energy than the most stable structure of
Fig. 1. The lowest energy structure of Ptg is a hexagonal
bipyramid (Fig. 1) and has septet spin with E,=2.47 eV/atom.
Kumar and Kawazoe [47] have also reported hexagonal bi-
pyramid as the lowest energy structure for Ptg. A cubic struc-
ture (S1 vii [a]), a bicapped octahedron and a double square
bicapped on the long edge (S1 vii [b]) are 0.64, 0.80, and
1.23 eV higher in energy than the hexagonal bipyramid. The
most stable structure of Pty is tricapped octahedron (Fig. 1),
having nonet spin and E,=2.59 eV/atom. An isomer formed
of fused square pyramids (S1 viii [a]) lies 0.90 eV higher in
energy. A planar isomer with four squares (S1 viii [b]) which
Kumar and Kawazoe [47] observed as the minimum energy
structure for Pty lies 2.04 eV higher than the tricapped octa-
hedron. The lowest energy structure of Pt; is a tetracapped
octahedron (Fig. 1) in agreement with the geometries of
Kumar and Kawazoe [47] having nonet spin multiplicity and
Ep=2.71 eV/atom. An isomer which can be considered as a
distorted tetrahedron formed from fused square pyramid and
prism (S1 ix [a]) lies 0.63 eV higher in energy and a bicapped
cube isomer (S1 ix [b]) lies 0.74 eV higher. Hence planar
isomers are obviously not favored for Pt clusters with n>6.
The binding energy of the cluster increases with cluster size.
Atom addition energy change (AE) and stability function
(AE,) are plotted as a function of cluster size in Fig. 2a. It is
seen that Pt; have high AE; value and large negative value of
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AE; indicating it is more stable than their neighboring clus-
ters. The electron affinity (EA4) and electrophilicity (w) values
for Pt, clusters as a function of cluster size are shown in
Fig. 2b. The experimental value of EA reported for Pt atom
is 2.12 eV [49], which is in reasonable agreement with our
B3LYP/LanL2DZ calculated value of 2.21 eV. The EA for Pt,
is calculated to be 1.94 eV which is very close to the exper-
imental result of 1.898+0.008 ¢V, reported by Ho et al. [50].
EA for the Pt; is 2.09 eV, which is consistent with the exper-
imental observation 1.89 eV by Ervin et al. [51] and 1.8+
0.1 eV by Pontius [52]. Our calculated E4 value 2.22 eV, for
Pt, is in agreement with the experimentally reported value
2.5+0.1 eV [52]. EA for Pts is calculated as 2.54 eV
which agrees well with the experimental value of 2.63+
0.1 eV [52]. EA values for Pts, Pt;, Ptg, Pty, and Pt;o
are calculated as 3.53, 2.94, 2.93, 195, and 1.91 eV
respectively. Since £4 is a measure of the tendency of a
system to attract electrons, stable systems are least expected to
acquire electrons and hence have low EA values. Thus, the
abrupt decrease in £4 when going from Pt to Pt; is because of
higher stability of Pt; cluster as also seen from the values of
AE; and AE,. The ionization potential (/P) values are tabulat-
ed in Table 1, the /P values for Pt, (n=2-10) are in the range
between 9.31 and 7.36 eV. Overall, the IP values are
seen to decrease with increasing cluster size. A study
based on image-charge model also reorted that the elec-
tron removal energy decreases with increasing cluster
size [53]. It may be mentioned here that experimentally
determined /P for Pt atom is 8.80+0.2 eV [45] and
work function for bulk Pt metal is 6.10+£0.6 eV [54].
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Fig. 2 a Variation of atom addition energy change (AE,) and stability
function (AE,) with cluster size. Red color represents atom addition
energy change (AE;) and black color represents stability function
(AE,). Irrespective of color, solid triangle (A ) represents B3LYP/
LanL2DZ, solid rectangle ( m) represents B3PW91/LanL.2DZ, hollow

1 2

The electrophilicity is a measure of the stabilization in
energy when the cluster acquires an additional electronic
charge from the surroundings. It is evident from Fig. 2b that
w is closely related to £4 and shows similar variation in
changing cluster size. Stable systems, i.e., less reactive sys-
tems are expected to have low electrophilicity values because
they are less likely to acquire additional electronic charge so as
to become more stable. The w value of Pty is lower than its
neighboring clusters, which supports its relative higher stabil-
ity as seen from (AE;) and (AE»). The observed electrophi-
licity value of Pt; clusters is in agreement with the minimum
electrophilicity principle (MEP) [24-26] which states that
“electrophilicity will be a minimum (maximum) when both
chemical potential and hardness are maxima (minima)”.

Polarizability can provide information about the electronic
properties and structural geometry of the clusters as they are
very sensitive to the delocalization of valence electrons and
structural geometry. The theoretical prediction of polarizabil-
ities and comparison with the experimental values, enable one
to identify which cluster is being observed in the experiment.
The polarizabity for single Pt atom is 44 a. u. (atomic units)

Table 1  Ionization potential (IP), HOMO-LUMO gap (E,), and bind-
ing energy per atom (Ej) of Pt, (n=2 to 10) clusters calculated using
B3LYP/LanL.2DZ method

Cluster IP (eV) Eg (eV) Ej, (eV/atom)
Pt, 9.31 3.01 1.40
Pt3 8.12 1.85 1.85
Pty 7.84 1.96 2.02
Pts 8.25 2.07 2.14
Pts 8.07 1.49 223
Pt; 7.62 1.22 241
Ptg 7.36 1.37 247
Pty 7.51 2.79 2.59
Pty 7.56 292 2.71

8
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S
d ~ 3
i 4 ,_ i °
24 p"//\\""L
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2 C?usir)er gizg (ng

(b)
triangle (4 ) represent B3LYP/LanL2MB a,nd hollow rectangle (o )
represent B3PW91/LanL.2MB. b Variation of electron affinity (£4) and
electrophilicity (w) with cluster size. Red and black color represent
electron affinity (£4) and electrophilicity (w) respectively. See the cap-
tion of Fig. 2a for details

[55], which is very close to our calculated result of 41.51 a.u.
The calculated static polarizabilities per atom of the platinum
clusters are presented in Fig. 3a. The polarizability of the Pt,
clusters depends almost linearly with regression coefficient of
0.996 (B3LYP/LanL2DZ), 0.997 (B3LYP/LanL2MB), 0.996
(B3PW91/LanL2DZ), and 0.997 (B3PW91/LanL2MB) on
the cluster size. Mohajeri et al. [56] have shown that ZnS
clusters which have lower polarizability per atom with respect
to the neighboring clusters are relatively more stable than the
neighboring clusters. The observation of minimum at n=7 is
consistent with previous results of stability function and elec-
trophilicity and also in accordance with the minimum polar-
izability principle [22, 23]. To check the correlation between
the static polarizability and ionization potential, we have
plotted cube root of the polarizability as a function of the
inverse of ionization potential in Fig. 3b. It is evident form
Fig. 3b that the cube root of the polarizability increases
linearly with increasing inverse of the ionization potential with
a linear correlation coefficient of 0.989 (B3LYP/LanL2DZ),
0.998 (B3LYP/LanL2MB), 0.989 (B3PW91/LanL.2DZ), and
0.997 (B3PWO91/LanL2MB), thereby indicating the reliability
of the correlation. It is an interesting finding, paving a way to
calculate polarizabilty of larger clusters from their ionization
potential.

The vibrational frequency of Pt, in our calculation has been
found as w,=225.59 cm ™" and it corresponds to the stretching
mode between the two platinum atoms. Jansson and Scullman
[57] measured vibrational spectrum in Ar matrix, and ob-
served single vibronic transition at w,=217.20 cm . Using
ab initio calculation, Yang et al. [46] have computed the
vibrational frequency of Pt, as w.=218.00 cm '. We found
the vibrational modes of the ground state of Pt; at 140.76 and
187.36 cm ™. The first mode appearing at 140.76 cm™ " is due
to the stretching mode of two Pt-Pt bonds, while the third bond
remains fixed. Another vibrational mode at 187.36 cm™' cor-
responds to the stretching mode of the three bonds in the
ground state of Pt3 cluster. Photoelectron spectroscopic study
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Fig. 3 a Static Ipolanzablhty per B3LYP/LanL2DZ
atom as a function of cluster size. 424 —{— B3LYP/LanL2MB
b Correlation between cube root —a—B3PW91/LanL2DZ 1.6+
B . — 1/

of polarizabity and inverse of 404 e —
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of Pty by Ervin et al. [51] confirmed peaks at frequen-
cies 105+30 and 225+30 cm 'while ab initio study by
Yang et al. [46] obtained the vibrational modes at 145.00,
215.00, and 290.00 cm . For Pt the peaks of vibrational
frequency are observed at 27.66, 46.21, 172.71, 172.73, and
190.88 cm™'. The lowest vibrational frequencies for Pts, Pt
Pt;, Ptg, Pto, and Pt;, are observed at 18.76, 18.78, 11.43,
17.63, 26.08, and 33.48 cm™' respectively, and the highest
vibrational frequencies are found at 188.26, 226.92, 176.35,
179.25, 199.94, and 202.68 cm ' respectively.

Since Raman spectroscopy is very sensitive to the struc-
ture, we have used it in this study and is presented in Fig. 4.
There is only one peak in Pt, which is observed at
234.00 cm ' (Fig. 4a). This Raman peak corresponds to the
stretching mode between the two platinum atoms of Pt,. The
Raman spectra for the Pt; (Fig. 4b) have two distinct peaks at
147.00 and 228.00 cm'. The first peak appearing at
147.00 cm ' is due to the stretching mode of two Pt-Pt bonds,
while the third bond remains fixed. The highest peak at
228.00 cm™' corresponds to the stretching mode of the three
bonds in the ground state of Pty cluster. The Pt; has four
dominant peaks emerging in between 28.00 and
198.00 cm™ ' (Fig. 4c). The highest peak is observed at
198.00 cm ' and is assigned to the symmetric stretching mode

of the Pt atoms. The other distinct peak appearing at
177.00 cm™ " is assigned to the antisymmetric stretching mode.
For Pts, the observed Raman spectra shows a number of peaks
in between 90.00 and 240.00 cm ', with highest peak at
236.00 cm ' (see Fig. S2 of the supplementary material). In
the case of Pt,, the maximum peak at 158.00 cm' is assigned
to the symmetric stretching of all the bonds (shown in Fig. S2
of the supplementary material). The Raman spectra for Pt;,
Ptg, Pto, and Pt;q show maximum peaks at 177.00, 184.83,
166.00, and 159.96 cm ™' respectively (see Fig. S2 of the
supplementary material).

Optical spectroscopy is one the most powerful instrument to
investigate the electronic and thermodynamic properties.
Theoretical investigations of optical properties are usually done
by employing TDDFT methods, in which all or at least the
valence electrons are treated accurately. We have calculated the
spectra for cluster geometries having lowest energy. Each cluster
is observed to show their characteristic optical absorption bands
as the geometry of the clusters are drastically different from one
another. In Fig. 5, the oscillator strengths (f) and molar absorp-
tion coefficient () of the cluster ground state of Pt, and Pt; are
presented. The absorption spectrum of Pt, (Fig. 5a) shows
maxima at A=512.82 nm which lies in the visible region and
for Pt3, the maximum peak is observed at A=528.63 nm of the

Fig. 4 Raman spectra of
platinum clusters =16 Pt
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Fig. 5 Oscillator strengths 3000
(atomic unit) and molar
absorption coefficient

(mol 'dm*cm ") of the most
stable platinum clusters
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visible region (Fig. 5b) followed by another significant peak at
794.92 nm. The absorption spectra for Pty shows two significant
peaks: one at 6.33.25 nm and another at 998.86 nm. The former
one having the highest peak with oscillator strength 0.0159 and
the latter one with diminished peak with oscillator strength
0.0091. For larger clusters with n>4, the peaks are observed in
the infra red region (shown in Fig. S3 of the supplementary
material). The overall evolutionary trend of the most prominent
peak occurs at higher wavelength (or low energy) side once we
move toward larger cluster size and also the onset of absorption
shifted toward the low energy side with increasing the size of the
cluster.

The photoabsorption spectra of clusters are mainly deter-
mined by the collective plasmon excitation of delocalized
electrons and the resonant transition of electrons bounded to
the atom. In this study, we report transition up to the first five
excited states which includes both single photon and multi-
photon transitions. In Pt,, the single photon transitions are
observed for the excited states, one and two, with same
transition energy 0.156 eV and oscillator strength 0.0003 eV.
Single photon transition is also observed for excited state 4
with energy 0.1907 eV and oscillator strength 0.0003 eV.
Multi photon transitions are observed for excited states 3
and 5 with transition energies 0.1907 and 0.5855 eV
respectively.

Pt; shows two single-photon excitations with energy
0.4569 eV (oscillator strength 0.0003 eV) at excited states 2
and 3. Excited states 1 (energy 0.345 eV), 4 (energy
0.483 eV), and 5 (energy 0.483 ¢V) are multi-photon excita-
tions. In the cases of Pt; Pts, and Pts only one single-photon
transition has been observed at excited state 4 with oscillator
strength 0.0018, 0.0003, 0.0003 ¢V and energy 0.6683, 0.448,
0.5468 eV respectively. Others are multi-photon transitions.
The transitions for excited states 1, 2, 3, and 5 of Pts are with
energies 0.312, 0.353, 0.379, and 0.465 eV respectively, and
that of Ptg are 0.263, 0.444, 0.469, and 0.560 eV respectively.

Wavelength (nm)

)

Single-photon excitations are observed for excited states 1,
4, and 5 with energies 0.341, 0.648, and 0.679 respectively
and multi-photon transitions are observed for excited states 2
and 3 with energies 0.452 and 0.508 eV respectively for Pt;
cluster. Ptg has one single-photon transition at excited state 4
with energy 0.465 eV. The multi-photon transitions for Ptg
have been observed at energies 0.311, 0.418, 0.422, and
0.466 eV for excited states 1, 2, 3, and 5 respectively. In the
case of Pto, all the excitations up to excited state 5 are multi-
photon excitations with energies 0.524, 0.543, 0.568, 0.590,
and 0.635 eV respectively. First single-photon excitation is
seen at excited state 7 with energy 0.719 eV. Pt;, has single-
photon transitions at excited state 7 with energy 0.878 eV, all
the excitations up to excited state 5 are multi-photon excita-
tions with energies 0.467, 0.489, 0.517, 0.535, and 0.572 eV
respectively. The sum of the oscillator strengths characterizes
the valence electron delocalization rate. The sum of the oscil-
lator strength which characterizes the valence electron delo-
calization rate, for the clusters are obtained as 0.157 (Pt,),
0.221 (Pt3), 0.189 (Pty), 0.009 (Pts), 0.009 (Pts), 0.012 (Pty),
0.004 (Ptg), 0.007 (Pto), 0.002 (Pt;0) eV. It may be noted here
that the valence electron delocalization rate for the smaller
clusters (Pt,, Pt;, and Pt;) are higher than those of larger
clusters.

The photoabsorption cross sections are presented in Fig. 6
and Fig. S4 of the supplementary material. The peaks of the
photoabsorption curves are observed in the region 0.15 to
0.80 eVand may be due to the resonant excitation of the plasma
oscillations of the cluster electrons [58]. From Fig. 6a, b, and ¢,
we can see that the photoabsorption spectra of Pt, show strong
resonances near 0.15 eV, Pt; near 0.47 eV and Pt, near 0.82 eV.
Apart from the main photoabsorption peak, Pt; shows addi-
tional secondary peaks in the energy range 1.05 to 1.40 eV, and
Pt, shows additional secondary peak near 0.67 eV. For Pts and
Ptg, the absorption curve shows strong resonances in the vicin-
ity of 0.47 eV (Fig. S4 of the supplementary material). The
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absorption curves of Ptg, Pt;, and Pty show strong resonances
around 0.70 eV. In the case of Pt;(, the photoabsorption curve
shows a strong peak at 0.66 eV, another very prominent peak is
also observed at 0.44 eV.

The transition metal clusters are especially useful in catal-
ysis because of their incomplete d shell electronic structure.
Their reactivity depends on the arrangement of electrons and
there exists a size induced metal—insulator transition in metal
clusters. When the size of the metal cluster reduces, the energy
level spacing becomes prominent resulting in a large HOMO-
LUMO gap. The density of states gives the detailed electronic
structure of the clusters and therefore, can shed light on the
reactivity of the clusters. Only the energy states close to the
HOMO and LUMO have an appreciable influence on the
chemical reactivity of the cluster. Here we discuss DOS for
the ground states of Pt, (n=2, 3, and 4) to get a general
overview (DOS for Pt,; n>4 are presented in Fig. S5 of the
supplementary material).

The discreteness of the DOS for Pt, cluster is observed
here. Figure 7a shows the density of states of Pt, cluster,
where high intense peaks are distributed around —8.00 to
—7.00 eV. For Pt,, the HOMO energy is at -6.90 eV and
LUMO energy is at —3.89 eV. The main contribution of
HOMO is coming from s and d orbitals; d orbital’s contribu-
tion is highest and s orbital is also reasonably contributed. In
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=== Total DOS
%. |
- o
Q0 2
S5 |5 s
a -l
0.0 A — N J
4 7 6_5 4 3 2 4
Energy (eV)

@

@ Springer

the case of LUMO, opposite trend has been found; here s
orbital’s contribution is higher than d orbital’s contribution. In
Fig. 7b, the total and projected density of states for Pt; is
shown. The high intensity peaks in the energy range —7.60 to
—5.70 eV are mainly contributed by d orbital with a small
contribution from s and p. The HOMO energy is at -5.88 eV
and LUMO energy is at -4.03 eV. In the HOMO region, the
contribution from d orbital is highest, with very small contri-
butions from s and p orbitals. However, in the LUMO region,
the dominant orbital which contributes most is the p orbital
and contribution from s and d orbitals are almost negligible.
For Pt4, the calculated DOS is presented in Fig. 7c where
HOMO and LUMO energies are at —5.88 and —3.92 eV
respectively. A similar trend (as in Pt3) is seen for the
HOMO region of Pty with d orbital’s contribution being
highest in this region where as s and p orbital’s contribution
comparatively very less. In the LUMO region, contribution
comes from all the s, p, and d orbitals and the contribution is in
the order d > s > p.

In order to understand the nature of bonding in the cluster,
the crystal orbital overlap population (COOP) [59] analysis
has been carried out. COOP can be used to quantify the
bonding between two orbitals where positive and negative
value signifies bonding and antibonding interactions. The
COOQOP for Pt, given in Fig. 8a shows that in the energy range
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=7.70 to —7.20 eV, there is strong bonding interaction with
large overlap between p and d orbitals. Interaction of s with p
orbital and p with d orbital results to antibonding states in the
energy range from —7.15 to —6.80 eV including the HOMO
(-6.90 V) level. As we move a little more above the HOMO,
the energy states from —6.75 to —6.25 ¢V have bonding
interaction due to s and p orbital overlapping. Antibonding
interactions are originated from the overlap of s with d orbital
and p with d orbital in this energy range (i.e., —6.75 to
—6.25 eV). Bonding interactions are observed between s with
d orbital and p with d orbital at the lower energy side of
LUMO (in the energy range —4.00 to —4.55 eV). At the
LUMO (-3.89 eV) level, very weak bonding interaction is
seen between p and d orbitals. On the other hand, if we move
toward higher energy side from LUMO (in the energy region
—3.80 to —3.20 eV), antibonding interaction is observed be-
tween s and p orbitals.

In Fig. 8b, the COOP diagram for Pt; cluster is presented.
Here, it is seen that weak bonding interactions, because of
overlapping of s with p and p with d, are formed in the energy
region —6.90 to —6.50 eV, i.e., on the lower energy side of
HOMO. In the same region, antibonding states are also seen
due to s and d orbital interaction. At the HOMO (—5.88 ¢V)
region, weak bonding interactions are formed due to overlap-
ping of s with p orbital, s with d orbital, and p with d orbital. In
contrary, no bonding or antibonding interaction is observed at
the LUMO (—4.03 eV) position. However, if we look above
LUMO (at about —3.65 to —3.05 eV), strong bonding interac-
tion of s with p orbital and moderate antibonding interaction
of s with d orbital are observed.

The COOP of Pt, presented in Fig. 8c shows that bonding
interactions of s with p, s with d, and p with d orbitals are
observed from —6.30 to —5.80 eV, which includes the HOMO
(—5.88 eV) level. At the LUMO position (=3.92 eV), we
found strong bonding interactions due to overlap of s and p
orbitals. Antibonding interactions are also observed at LUMO
position whose primary contribution is coming from the

Energy (eV) Energy (eV)
®) ©

overlap of s with d orbital and a small contribution from the
overlap of p with d orbital. Above the LUMO region, strong
bonding interactions have been seen due to overlapping of s
orbital with p orbital in the energy range —2.60 to —2.00 eV.
Antibonding states, though feeble compared to its bonding
counterpart, are formed in the same region due to overlapping
of s with d orbital and p with d orbital in the energy range
—4.10 to —3.55 eV. The COOP diagrams for n=5-10 are
included in the supplementary information (Fig. S6 of supple-
mentary data). For clusters n>4, the most significant contri-
bution of antibonding state is originated due to the p and d
orbital overlapping followed by s and d orbital overlapping.
However in the case of bonding state, s and p orbital overlap-
ping plays the fundamental role. It should be noted here that
neither bonding nor antibonding states are formed in the
LUMO position of Pts Pt;, and Pty

Conclusions

In summary, we have studied the structure, stability, reactivity,
and optical properties of small platinum clusters, Pt, (n=2 to
10). With cluster size, the binding energy per atom of the
cluster increases. Our calculated electron affinity values and
vibrational frequencies are in agreement with the available
experimental results. Electron affinity and electrophilicity
show similar variation with cluster size. Our calculated elec-
trophilicity values suggest that Pt; cluster is more stable, i.e.,
less reactive than its neighboring clusters. The highest peak of
the Raman spectra is shifted toward the low frequency region
with increasing size of the cluster. By paying attention to the
molar absorption coefficient, we see that the overall evolu-
tionary trend of the most prominent peak occurs at high
wavelength (or low energy) side once we move toward larger
cluster size. The total DOS up to HOMO position is primarily
contributed by d orbital with a small contribution from s
orbital, however in the above LUMO region the main
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contribution is coming from s orbital along with p orbital
which was missing in the former case. Our COOP analysis
suggest that below LUMO level the bonding states are formed
due to the overlapping of s orbital with p orbital and some-
times augmented by the overlapping of p with d, however,
above the LUMO level it is due to the overlapping of s orbital
with p orbital. Except for small clusters, major contribution for
the antibonding states is coming from the overlapping of p and
d orbitals, and minor contribution is from either the overlap-
ping of s and d orbitals (below LUMO level) or from the
overlapping of both s with p and s with d (above LUMO level)
orbitals.
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