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In this manuscript, density functional theory was used to explore structural, vibrational and optical properties of the (Sc,03), (n = 1-5)
cluster systems using DFT/B3LYP/LanL.2DZ level of computation. Different stable isomers were obtained and numerous chemical
parameters such as HOMO-LUMO gap, ionization potential and electron affinity were calculated successfully. Stability of the clusters was

investigated in terms of the total and binding energies. In order to determine the origin of the species, transition states or stationary points,

vibrational frequencies were calculated for the most stable configurations of (Sc,0;), (n =

1-5) nanoclusters. Optical properties of

scandium oxide nanoclusters were discussed using time-dependent density functional theory methods.
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INTRODUCTION

Scandia has attracted particular attention for several
reasons; scandium oxide has a high refractive index (ng =
2.0 at A = 300 nm), high band gap (5.7 V), high ultraviolet
cut-off (215 nm) and high melting point (~2485 °C) [1]. It
is used as a stabilizer for highly conducing ZrO,-based solid
electrolytes, sintering aid for super-strong silicon nitride
ceramics and dopant in gadolinium gallium garnet (GGG)
solid-state lasers. More recently, the incorporation of Sc,04
in NO, and CO, sensors, and in cathodes for high-
resolution/high-brightness cathode ray tubes also have been
studied [2]. The prediction of the atomic structure of
materials is crucial. In recent years, considerable effort has
been made to understand clusters. Clusters are aggregates of
atoms or molecules intermediate in size between individual
atoms and bulk matter. Many interesting properties of
clusters such as the optical, magnetic and mechanical
characteristics change as their size varies [3]. Due
to their novel physical and chemical properties and their
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technological applications, metal oxide clusters have a
significant role in cluster physics. For example, transition
metal oxide clusters usually exhibit interesting reactions
with toxic gas molecules. Metal oxide clusters are useful in
molecular imaging, gas sensing, information storage,
catalysts, solar cells, and so on [4]. Their studies can lead to
the discovery of new materials with varying properties by
changing size and shape. Experimental and theoretical
investigations of atomic and molecular clusters have been
widely considered over the last 15 years [5]. It is difficult to
obtain structural information of small nanoparticles from
experiment, therefore, computational simulations have
become increasingly useful for identification of physical
and chemical properties of nanoclusters at the atomic level
or analysis of experimental observations. The density
functional theory (DFT) is a proper approach to assess the
structural and electronic properties of nanoclusters which
can be used to synthesize a new form of the engineering
applications [6]. A literature review showed that no
particular models have yet been performed to predict the
electronic and spectroscopic properties of (Sc203), (n = 1-5)

[7,8].
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During this study, different structures of Sc,04
nanocluster are designed and optimized computationally.
For more stable structures, total energies, binding energies,
dipole moment, density of states (DOS), HOMO-LUMO
gap, ionization potential and electron affinity are also
calculated using the DFT approach. The optical properties
of the selected structures aaccomplished using the TD-DFT

calculations as well.

COMPUTATIONAL DETAILS

All nanoclusters were optimized using the Gaussian 09
program [9]. Then, the electronic properties of optimized
structures were calculated using the mentioned program
package. The B3LYP method [10] in connection with the
LanL2DZ basis set were used to the structural study of
Sc,0; nanoclusters [11]. LanL2DZ presents good results,
due to the relativistic effective core potentials, ECP, in
calculation of the properties of transition metal, TM,
[12]. of
frequency modes, we used VEDA 4 program [13]. DOS
spectrum and HOMO-LUMO gap of Sc,0O; nanoclusters
were obtained with Gauss sum 2.0 package [14]. The UV-

nanoclusters For visualization and analysis

Vis absorption spectra of model systems have been
calculated at the TD-DFT level for all designed clusters
[15].

RESULTS AND DISCUSSION

The total energy, binding energy, dipole moment,
HOMO-LUMO gap, ionization potential, electron affinity,
vibrational studies and optical properties for the most stable
structures were investigated in this study. For finding the
most stable molecules, all possible structures of Sc,O; were
optimized. In the next step, the relative energies per atom
were calculated for all the optimized structures at the
mentioned method. Then, based on the increasing the
number of atoms, the structural manner for stable cluster
was predicted. This manner was applied for designing the
structures with upper n. Vibrational and energetic analyses
were used to identify the real minimum from local
minimum. The optimized geometries of all spices involved
this research were obtained

in in first step at the
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B3LYP/LanL2DZ level of calculation.

Geometrical Structures

Geometrical parameters of the stationary points are
displayed in Fig. 1 and S1 of supplementary materials. The
Sc,0; monomer (Fig. 1a) has two Sc-O bonds that are not
equal and the lengths of the bonds are 1.68 and 1.92 A. The
values of Sc-O-Sc and O-Sc-O angles are 156.4 and 116.1°,
respectively. The structure of (Sc,03), is shown in Figure
1b. As seen in Fig. 1, the Sc-O bond lengths are in the range
of 1.88-2.95 A. Also, the values of 04-Sc5-08, 08-Sc10-
09, 02-Sc6-09 and 04-Sc10-09 bond angles are 80.6,
83.6, 104.1 118.2°, respectively. The structural

parameters of scandium oxide trimer, (Sc,03); are shown in

and

Fig. 1c. The bond distances between scandium and oxygen
atoms are in the range of 1.843-2.109 A. The bond angle
values of O-Sc-O in this cluster are in the range of 82.3-
142.0°. The stable isomer of (Sc,03)4 (Fig. 1d) shows that
the bond lengths between scandium and oxygen atoms are
in the range of 1.864-2.206 A, and the O-Sc-O bond angle
in this cluster are in the range of 97.7-148.3°. In Fig. le,
(Sc203)s, the Sc-O bond lengths are in the range of 2.00-
2.02 A and the values of the O-Sc-O bond angles are in the
range of 80.6-118°.

Bond lengths of Sc-O in the outer surface of each cluster
are shorter than those in the inner layers of cluster. It may
concern to the number of atomic bonds of scandium and
oxygen atoms. The reverse manner is observed for the bond
angles. As seen in Fig. 1, bond angles reduce in the outer
surface of cluster in comparison with the inner layers. It can
be attributed to the steric factor on the cluster.

The dipole moment, DP, gives the information about the
arrangement of atoms and charge distributions in Sc,O;
nanocluster. The DP of Sc,03, (Sc;03),, (S¢;,03)3, (S¢,03)4
and (Sc,03)s clusters are 6.4, 0.0, 7.9, 0.0 and 5.8 Debye,
respectively. From the results of Table 1, low dipole
moments of (Sc,0O3), and (Sc,03), indicate that atoms are
closed structure and charges present inside the nanoclusters
are uniformly distributed. In contrast, the high values of
dipole moment for (Sc,03), (Sc,03); and (Sc,03)s imply that
the atoms are irregularly arranged and unequal distribution
of charges have taken place in nanoclusters.
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156.4 1.718

116.1 1.913

Fig. 1. B3LYP/LanL2DZ optimized geometrical parameters for the stable structures of (Sc,03), (n = 1-5). Bond lengths
are given in A and bond angles in degrees.
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Table 1. Calculated Energy and Dipole Moment (DM) of
(Sc203), (n = 1-5) Nanoclusters

Entry Calculated energy Dipole Moment
(Hartrees) (Debye)
(Sc,04) -318.7950 64
(5¢,03), -637.9639 0.0
(Scy04); -957.0346 7.9
(5¢,03)4 -1276.1768 0.0
(Scy04)s -1595.2860 5.8
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Fig. 2. Variation in binding energy per atom with n in (Sc,03), (n = 1-5) nanoclusters.

Relative Stability and Binding Energies

Binding energy is one of the important parameters to
analyze the structural stability of the nanoclusters [16].
Calculated binding energy per atom (E,) is plotted as a
function of cluster size in Fig. 2. From theoretical
viewpoint, this plot can be used to study the relative
stability of clusters [17]. The binding energy per atom of the
TM, Oy, clusters is defined as follows:

Egp =(nx Epyy +mx Eg — E[TM,,0,,)/(n + m) (1)
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where Emy is the energy of the transition metal, Eq is the
energy of oxygen, Emyvo is the energy of transition metal
oxide and n+m is the number of transition metal and oxygen
atom in the cluster. The energy of individual atoms (TM and
0) is calculated separately in the same basis set, and the
resultant energy values are taken into account to calculate
Etm and Eq [18]. Variation of total energies per atom with n
in (Sc,03), nanoclusters are represented in Tables 1 and S1.
As shown in Fig. 2, the binding energy of the cluster
increases with increasing the number of cluster atoms. This
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property may concern to the presence of a number of cluster
atoms within the cluster bulk. As known, the binding energy
depends on the location of atoms. The atoms located in bulk
induce more stability in the system in comparison with the
atoms in cluster surface. The sharp increases (Fig. 2) at the
beginning of cluster formation is related to the absence of
atoms in the bulk, however, as the clusters grow, the
number of bulk atoms increases and binding energy rises
smoothly. The relative stability of this cluster may be due to
large values of bond angles in comparison with those in the
clusters with fewer monomers.

Vibrational Analysis

The normal mode vibrational analysis of the most stable
structures provides further insight into the stability of the
nanoclusters [19]. The optimized structures without any
imaginary frequencies are named stationary points.
Vibrational frequencies of the investigated nanoclusters in
this study are real. All simulated vibrational frequencies and
mode assignment of Sc,03 nanoclusters are shown in Fig. 3
and Table S2 of supplementary materials. In Fig. 3a, the
Sc,0; structure has significant vibrational frequencies at
407, 840 and 956 cm’ are assigned to Sc-O stretching.
Lower intensity peaks within the range of 27 to 255 cm’
correspond to bending and torsion vibrations of O-Sc-O,
and Sc-O-Sc bond angles and O-Sc-O-Sc dihedral angle.
For (Sc,03), structure (Fig. 3b), prominent intensities, 628,
682 and 733 cm’, are associated with Sc-O stretching. IR
of 127 and 227 km/mole are seen at the

frequencies of 384 and 443 cm™ that are assigned to O-Sc-O

intensities

bending. The Sc-O stretching vibrational frequencies of
(Sc,05); appear in 407, 493, 631, 644, 978, 660, 698, 736,
774 and 828 cm . As seen in Fig. 3¢, the Sc-O stretching
modes have high absorption intensity. Frequencies at 203,
311 and 376 cm’
Interpretation of the vibrational modes of the three-

correspond to O-Sc-O bending.

dimensional structures are very complicated. The prominent
intensities for these structures are observed at frequencies in
the range of 651-774 cm™ with the intensities in the range of
1060.0-6032.3 km/mole. They appear due to the Sc-O
stretching modes. The cluster of (Sc,Os)s has many
vibrational modes which are observed due to arrangement
of atoms in all directions (Fig. 3e). The prominent peaks are

observed at frequencies in the range of 648-824 cm™ which
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are associated with Sc-O stretching. Frequencies of 514,
312, 280, 271, 264, 252, 195, 168 and 137 cm™ are arising
from bending of Sc-O-Sc, O-Sc-O bond angles in (Sc,03)s.

Electronic Properties

Characterizing the electronic structures is of particular
importance in experimental detections and some other
such as

chemical applications

properties of transition-metal oxide clusters [8].

optical and magnetic
The
electronic properties of clusters are explored in terms of the
energy gaps between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO). The frontier molecule orbitals (MOs) are the most
reactive MOs of a cluster. Initial interactions between the
cluster and other molecules are dominated by the relative
energies and the distributions of their frontier MOs. So, the
frontier MOs have a close relationship with the chemical
reactivity and stability of a cluster [20]. HOMO-LUMO
analysis data and density of states of Sc,O3 nanoclusters are
schematically shown in Fig. 4.

The relationship between conductivity and energy band
gap (Eg) is expressed by the following equation:

)

here, o is the electric conductivity and k denotes the

Eg

kT

o exp( )

Boltzmann constant. It is evident that a small decrease in the
band gap results in significantly higher electrical
conductivity [21]. As shown in Fig. 4, the HOMO-LUMO
gap varies between 3.78-5.1 eV. This band gap variation
demonstrates that by increasing the size of cluster, the
conductivity decreases stability
increases. . The largest amount of band gap value is seen for
the (Sc,0;)4 structure (Fig. 4d), due to symmetrical
arrangement of Sc and O atoms and overlapping of unfilled

electrical and kinetic

shells in d and p orbitals of Sc and O atoms.

DOS spectrum gives detailed information about
localization of charge in LUMO and HOMO levels along
nanostructures [8]. Since the electronic configuration of
scandium atom is [Ar]4s°3d’, and oxygen is 1s°2s°2p”, the
orbital overlapping of scandium with oxygen in a particular
geometric structure gives rise to different densities of
electrons in nanostructure. Moreover, by increasing the size
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Fig. 3. Vibrational frequency and IR intensity of (Sc,03), (n = 1-5) nanoclusters. a)n=1b)n=2,¢c)n=3,
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of the nanocluster structure, overlapping of scandium with
oxygen
amplitude of DOS peak in different energy intervals of

in a particular geometric structure leads to

Sc,0O5 nanoclusters. The maximum of peak at different
energy intervals arises due to the bonding of Sc and O
atoms in Sc,Oz nanostructure. As a result, the observed
indicates that the Sc,05
nanostructure is a promising material for chemical sensor.

maximum in virtual orbital

More and sharp HOMO peaks can cause the formation
of valence band. The same manner for LUMO levels creates
conduction band. Also, electron transfer from HOMO to
LUMO gets easier with decreasing the Fermi level. On the
other hand, when distance between conduction and valence
bands (band gap) is decreased, electron transfer occurs in
lower energy states. As seen in Fig. 4a, the Sc,0;
nanocluster shows continuous lines with lower electron
transfer energy.

The electronic properties of Sc,Os can be also illustrated
with ionization potential (IP) and electron affinity (EA)
[22]. These quantum chemical parameters were measured
using Eqgs. (3, 4) [23]

IP = -Exomo (3)

EA=-Erumo “)
The ionization potential (IP) is the energy required to
remove an electron from a nanocluster. The electron affinity
(EA) refers to the energy released when an electron is added
to a neutral nanocluster [23]. Figure 5 shows the variation of
IP and EA of nanoclusters with cluster size. The IP values
of (Sc,03),, forn=1to 5 are 6.21, 6.76, 6.74,7.16 and 6.78
eV, respectively. The high value of IP infers that the
electrons are strongly attracted by nucleus in nanocluster.
Therefore, more energy is relatively required to remove the
electron from nanocluster [24] which will be more
chemically inert [20].

The EA is an important parameter for the determination
of chemically reactive substance as in the case of chemical
sensors [25]. The calculated EA is around 1.98-2.50 eV.
The high value of EA is observed for nanoclusters which
are promising materials for chemical sensors owing to their
high catalytic activity.

As shown in Fig. 4, the density of state diagram was
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merged with increasing the number of atoms in the
nanocluster. This means that the virtual orbitals converged
in energy and conduction band of nanocluster was formed.
Similarly, the valence band was made when the occupied
orbitals were forcefully joined. The difference among two
bands was related to the Fermi energy, which is reported in

Optical Properties

In this subsection, the calculated TD-DFT spectra are
presented for some of the structures that previously
considered. TD-DFT spectra of nanoclusters are shown in
Figure 6 and corresponding data including calculated
absorption wavelengths  (Anax), oscillator
strengths (f), molar absorption coefficients (emax) and orbital
transitions are tabulated in Table 3. The major contributions

maximum

with transition probabilities were greater than 10% for all
the Sc,05 nanoclusters.

The obtained results show that the maximum optical
absorption of all the samples lies in the UV region. As a
result, Sc,O; nanoclusters show intense ligand-to-metal
charge transfer (LMCT) absorption bands (see Table 3).
Several orbitals play role in the transitions.

According to the published paper by Pari G et al. [26]
about density-functional description of the electronic
structure of metal oxides, we know that the valence band
(HOMO) is comprised of 2p (1t 4tiy, 1tay, 2cg 3a1g 3tiy,
1t55) orbit of O, which is in low energy, the conductive band
(LUMO) is comprised of 3d (3¢, 2ty) orbit of Sc, which is
near the Fermi level. The energy gap between the two bands
mentioned above is also called the forbidden band or
charge-transfer energy A.. It is found that the maximum
absorption wavelengths (A,.x) varies in zigzag path. So, the
results of this section are well matched with the results of
electron characteristics.

CONCLUSIONS

The (Scy03), nanoclusters for n 1-5 are fully
optimized at DFT-B3LYP in connection with LanL.2DZ
basis set. All electronic calculations are performed by the
Gaussian 09 package program. The stability of the clusters
was investigated in terms of the calculated total and binding

energies. The stability of the clusters increases with
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Table 2. TD-DFT Computed Maximum Absorption Wavelengths (An.y), Oscillator Strengths (f), Molar Absorption
Coefficients (emax) and Orbital transitions of (Sc;03), (n = 1-5) Nanoclusters

)Vmax amax
Entry f Major contributions (>10%)
(nm) M em™)
HOMO (Sc 4s 21.30%, 4p 22.59%, 3d 56.12%) (91.96)
(Sc,04) 0.0107  377.6 1779.4
— LUMO (Sc 4s 4.35%, 4p 33.37%, 3d 62.29%)
HOMO (O 25 0.01%, 2p 99.99%) — LUMO (O  (93.30)
(S¢203), 0.0201 303.2 1599.7
250.01%, 2p 99.99%)
HOMO (Sc 4p 45.34%, 3d 54.66%) — LUMO (91.06)
(Scy04)3 0.0024  308.8 447.7
(Sc 45 6.92%, 4p 76.22%, 3d 16.86%)
HOMO (Sc 4s 0.01%, 4p 68.25%, 3d 31.74%) —  (94.11)
(S¢203)4 0.0001 286.4 3224
LUMO (Sc 45 0.28%, 4p 72.35%, 3d 27.37%)
HOMO -2 (0 25 7.16%, 2p 92.84%) — LUMO (91.40)
(Scy04)s 0.0002 2904 181.9
(0 25 5.70%, 2p 94.30%)
increasing the size of cluster. Frequency analysis of o o exp(_ Eg ) Eq. (A2)
nanoclusters confirms that all structures are located at kT
stationary points. The low values of dipole moments for n = IP = -Exono Eq. (A.3)
2 and 4 indicate that the atoms are in closed structure. So,
distribution of the relevant nanocluster charges are EA =-Erumo Eq. (A4)
uniformly. In contrast, the high values of dipole moments of
n =1, 3 and 5 imply that the arrangement of the atoms are =~ Abbreviations

irregular. Hence, the charge distribution in the mentioned
nanoclusters is unique. In electronic transitions, as the
the forbidden band becomes
narrower that facilitates the electron transfer from valence
band (HOMO) to conductive band (LUMO), so, the
semiconducting properties is higher. The results could be

delocalization increases,

useful for modeling and understanding the growth of
nanoclusters and providing some information about design

of nanomaterials with potential optoelectronic applications.
Appendices

Eq. (A.1)

EBE:(nx Epy +mx Eg ’ETMHO,” )/(ner)
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HOMO: Highest Occupied Molecular Orbital; LUMO:
Lowest Unoccupied Molecular Orbital; IP: Ionization
Potential; EA: Electron Affinity; DOS: Density of states;
DFT: density functional theory; TD-DFT: Time Dependent
- density functional theory; DP: Dipole Moment; TM:

transition metal
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