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ABSTRACT ARTICLE HISTORY
The nanomaterials based on the In,0; molecule are widely used as catalysts and sensors among other Received 13 April 2017
applications. In the present study, we discuss the possibility of using nanoclusters of In,0, as molec- Accepted 27 November 2017

ular photomotors. A comparative analysis of the electronic structure of the In,0; molecule in the free
state and in the crystal is performed. For the free In,0; molecule the geometry of its lowest struc- In.0.: molecular motors:

4 — . . . ,0;; ;
tures, V-shape and linear, was optimised at the CCSD(T) level, which is the most precise computational crystal structure; dipole
method applied up to date to study In,O,. Using experimental crystallographic data, we determined moment; nature of bonding
the geometry of In, 0, in the crystal. It has a zigzag, not symmetric structure and possesses a dipole
moment with magnitude slightly smaller than that of the V-structure of the free molecule (the linear
structure due to its symmetry has no dipole moment). According to the Natural Atomic population
analysis, the chemical structure of the linear In,0; can be represented as O = In—O—In = O; the V-
shaped molecule has the similar double- and single-bond structure. The construction of nanoclusters
from ‘bricks’ of In,O, with geometry extracted from crystal (or nanoclusters extracted directly from
crystal) and their use as photo-driven molecular motors are discussed.
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Free In;03 molecule
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In;03 molecule from the crystal

1. Introduction in particular photo-driven molecular motors, or photo-
motors, see for example, Refs. [8-10]. As will be shown
in this paper, nanoclusters containing In,O3; molecules
can have permanent as well as induced essential dipole
moments, which are very important for different types
of molecular motors, see discussion in Subsection 3.3.
However, before considering nanoclusters it is important
to clarify the structure of the ‘bricks’, that is, the In,O3
molecules, from which these clusters are formed.

Since the production of single crystals of In,O3 [11]
and the refinement of their structure by means of X-ray
diffraction data [12] two years later, many experimen-
tal and theoretical studies [13-15] have been developed
in order to understand this system. Nevertheless, there

Currently, metallic oxides are considered as promising
materials, which are widely used in various fields of appli-
cation. Among these oxides, In,O3 occupies a special
place. This semiconductor has a fairly narrow forbidden
zone and very shallow electron traps. Consequently, the
conduction band is quite rich in electrons even at rel-
atively low temperatures. Indium oxide belongs to the
so-called transparent conducting oxides (TCOs) and for
nearly 50 years has been one of the dominant TCOs. This
material has had applications as catalysts [1-3] and as
sensors [4-7], among others. The nanoclusters from the
In, O3 molecules are also interesting as molecular motors,
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is very limited and somewhat ambiguous information
concerning the electronic structure or other data of the
free molecule of the sesquioxide. We also point that, to
the best of our knowledge, only one experimental study
[16] of this molecule is available. Below we present a
short account of the research performed on the free In, O;
molecule and its clusters.

In 1992, Burkholder et al. [16] conducted matrix
infrared spectroscopy studies of matrix-isolated gal-
lium and indium oxides in argon matrices. The authors
observed a broad band at 826 cm™! and assigned it
to the linear In,0s3, in analogy with Al,Os. Four years
later, Archibong and Sullivan [17] performed geome-
try optimisations of M,O3 oxides (M = Ga, In and
T1) using Moller-Plesset perturbation theory (MP2),
quadratic configuration interaction (QCISD(T)) and
density-functional theory (DFT-B3LYP) methods. Start-
ing from V-shaped geometries, their MP2 optimisations
ended with the linear structure. It had the lowest energy
and the vibrational frequency of the most intense stretch-
ing band, 888 cm™! scaled by 0.93 [17], was equal to
the experimental value, 826 cm™! [16]. The distances
reported from MP2 optimisations for the central bonds
were 1.87 and 1.793 A for the outer ones [17].

A series of quite detailed studies of In,O3 systems
were published recently. In 2010, Walsh and Woodley [18]
reported the global minima for (In,03), clusters, n =
1-10, and for some additional higher-energy isomers.
The authors employed an evolutionary algorithm tech-
nique at a first stage, followed by a refinement using the
shell model [19] and subsequent DFT calculations. For
the global minimum of the single molecule the authors
found a ‘flying gull’-type structure, in which the oxygen
atoms at both ends are slightly bent down.

Mao-Jie et al. [20] studied different molecules of
indium oxide, In,,O,, (1 < m, n < 4) at the DFT(B3LYP)
level, using the 6-31G(d) basis set for oxygen atom and
the effective core potential LanL2DZ for indium atom.
For In, 03, their lowest-energy geometry is a rhombus-
like structure with C,, point symmetry, with total spin S
= 1; the three In—O bond distances are 1.94, 1.95 and 1.99
A. However, for the total spin § = 0, the most stable struc-
ture is linear, but the information concerning the bond
distances and the electronic structure of the four studied
isomers of In,O3 was not present.

In the study of Zhanpeisov et al. [21], the authors opti-
mised the geometry of clusters (In,O3), with n = 1-5
and 8. They inspected the geometry of several isomers of
the clusters at the DFT (B3LYP) level with the LanL2DZ
and SDD effective core potentials. For the monomer the
linear ground state structure has two In—O single bonds
of 1.902 A in the centre of the molecule and two dou-
ble bonds of 1.852 A at both ends. The authors also
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mentioned that the linear structure was energetically
favoured because it presented the oxidation number III
for In atoms, while other isomers of the free In,O3
molecule had oxidation number II or IV.

The most recent study involving a single molecule of
indium oxide was published by Panneerdoss et al. [22];
the reported geometry has V-shape. The molecular geom-
etry was optimised while interacting with a bec frame to
simulate a layer of In,Oj3. The study also contains proper-
ties of thin film of indium oxide, determined through dif-
ferent experimental techniques. According to their CAM-
B3LYP/3-21G(d,p) computations, the outer and the
central bond distances are equal to 1.857 and 1.941 A,
respectively, and the central angle is around 129.4°. For
the V geometry, they presented also the value of the dipole
moment, d = 2.098 Debyes (0.825 eay) [22].

In the present paper, we analyse low-lying geometries
of the In,O3 molecule and the molecule extracted from
the crystal at the CCSD(T) level, which is the most precise
computational method applied up to date to study In,Os5.
We calculated the dipole moments, electron affinity, ioni-
sation potential and studied the nature of bonding. The
crystal structure of In,O3 determined by Marezio [12]
was used as the starting point for our study of the struc-
ture of In,O3 in the crystal. Using the crystallographic
data we reproduced the coordination arrangement, in
which each metallic centre was surrounded by six O
atoms. From this arrangement the In,O3; geometry in
crystal was extracted, see Subsection 3.1.

2. Methodology

In the ground state of the In,O; molecule, the total spin
S = 0. The calculations were performed at the coupled-
cluster CCSD(T) [23-26] electron correlation level as
implemented [27,28] in the 2010 version of MOLPRO
suite of codes [29]. The scalar relativistic effects were
taken into account by means of the Douglas-Kroll-
Hess second-order scheme [30-32] with all-electron
quadruple-¢ quality basis sets, QZP-DKH [33,34]. For
the O atom the basis set is formed with (11s,7p,3d,2f,1g)
Gaussian functions contracted to [6s,4p,3d,2f,1g] func-
tions, thus comprising 58 spherical Gaussian functions
[33]. For the In atom the basis set is constructed with
(21s,17p,10d,3f,2g,1h) Gaussian functions, which are
contracted to [10s,8p,5d,3f,2g,1h] functions that com-
prise 109 spherical Gaussian functions [34]. The number
of configuration-state functions contained in the CCSD
calculations is approximately 7.6 x 10°. The respec-
tive basis sets were obtained from the Pacific Northwest
National Laboratory database [35-37].

Although no restrictions were imposed by specify-
ing a point group, we kept the centre of symmetry. For
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the optimisations we used the quadratic steepest descent
method [38] and these calculations were completed at
the CCSD(T) level of theory, keeping tight convergence
criteria: 107 for the gradient and 107® for the energy.
Therefore, all reported energies are at the CCSD(T) level.
The natural way for computing the dipole moment is to
calculate it as the expectation value of the dipole opera-
tor. However, in MOLPRO the expectation values of one-
electron operators can be computed with a precision not
higher than the CCSD level of theory. Therefore, for the
calculation of dipole moments at the CCSD(T) level we
used the finite field method.

In order to determine the vertical ionisation poten-
tial (VIP) and the vertical electron affinity (VEA), the
energies of the charged systems were computed by means
of the restricted open-shell coupled cluster method,
(RCCSD(T)) [23,39] as implemented in Molpro [40,41].
For obtaining the Natural Atomic populations, the trans-
formation to Natural Atomic Orbitals (NAO) [42-44] was
performed. The orbitals that were used in the transforma-
tion to NAO were the molecular natural orbitals obtained
at the CCSD level, due to specifications of the suite of
codes employed in MOLPRO. The program Avogadro
[45] was our graphical interface to picture some results.

3. Results and discussion

In the following subsections, we will compare the prop-
erties of the In,O3; molecule extracted from the crystal
and the optimised structures of the free indium oxide
molecule. The results of our study of the dipole moments
and some other properties of In, O3 will be also presented.

3.1. In,0, extracted from crystal

In order to extract the structure of In,O3 from the crys-
tal, we built the coordination arrangement obtained from
a cubic C modification structure (bixbyite), according
to the data reported by Marezio [12], see Figure 1. The
arrangement corresponding to the cubic C modification
was determined by Pauling and Shappell [46] for the
mineral bixbyite, (Fe, Mn),03, following the studies of
Zachariasen [47]. We chose the structure with most sim-
ilar bond distances and nearly planar inside the coor-
dination arrangement in the crystal lattice, where the
In atoms are crystallographically non-equivalent. How-
ever, this feature was lost once the molecule has been
extracted from a crystal cell. Nevertheless, the connex-
ion with the specific environment of each type of In atom
in the crystal structure is reflected in the different In-O
bond distances that remained once the molecular struc-
ture has been extracted. Data of the bonds and angles of
the molecule extracted from the crystal are collected in

(a) (b)

Figure 1. (a) The coordination arrangement [12], from which the
molecule was extracted. (b) Atoms forming the molecular struc-
ture inside this arrangement depicted slightly bigger.

Table 1. Structural parameters of the In,03
molecule extracted from the crystal.

Bond distance (A) Angles (deg.)  Dihedral (deg.)
=216

r,=216 ®,=1233

ry=218 a, =100.2 0,=-1714
r, =213 a3 =100.8 0,=-1667

Table 1. In Table 1, the bond distances and the angles are
labelled from left to right as 71, 12, 3, 74 and &1, o, a3; the
dihedral angles are 8, and 0,. These parameters in Table 1
are organised as in the matrix of coordinates (Z-matrix).
It is important to note that the zigzag structure that was
extracted from the crystal is used as a type of reference
to compare its properties with those of the free molecule.
Certainly, this structure is optimum only in the crystal
surrounding. Beyond the crystal it should not be stable.

The molecule extracted from the crystal has a zigzag
structure and, besides being asymmetrical, it is not planar.
It should be mentioned that in the coordination arrange-
ment of the crystal the oxygen atoms are not exactly at
the corners of a cube [12]. Even if we average of the inter-
atomic distances from crystallographic data, the structure
would not be symmetric because of the different angles.
Due to the asymmetry of this zigzag-type structure, the
‘crystal’ molecule has a permanent dipole moment, see
discussion in Subsection 3.3.

The comparative study of the molecular conformation
extracted from the crystal and the free molecule confor-
mations provides us with information about the changes
in their geometries and some corresponding properties in
the crystal field. It is also important to study a nanocluster
extracted from the crystal and compare the results with
the data obtained for an optimised nanocluster built of
the free molecule. In this way, it may be possible to find
properties observed in large systems that stem from the

properties of free molecules or the molecules in the crys-
tal field.
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Table 2. The geometry and energy obtained at the CCSD(T) level for different conformations of the In,O3 molecule.

Structure Outerbonds (&)  Central bonds (&)  In-O-In angle (deg) O-In-Oangle(deg.)  Total energy (Hartree)?
V-shaped 1.842 1.933 1443 180.0 -11978.972136 66
Linear 1.843 1.918 180.0 180.0 -11978.971353 80
DFT flying qull® 1.848 1.956 139.6 1735 -11978.970 864 73
From crystal® - - - - -11978.846 767 06

@ Total energies of the optimised structures calculated at the CCSD(T)/QZP-DKH level and the energy of the molecule from crystal

calculated at the same level.

b Calculated at the CCSD(T) level the “flying-gull” DFT ground-state geometry found in Ref. [18].
¢ The structural parameters are taken from crystal and presented in Table 1.

3.2, FreelIn,0; molecule

As we discuss in the previous subsection, for under-
standing the influence of the crystal field on the
molecular geometry, it is instructive to study the free
In,O; molecule and compare its properties with the
molecule extracted from the crystal. The optimisation
of the free molecule structures was performed at the
CCSD(T)/QZP-DKH level. The obtained results are pre-
sented in Table 2; the studied structures are depicted in
Figure 2.

We based our optimisations on the reported structures
of previous studies; namely: the linear, V-shaped geom-
etry and the ‘flying-gull’ structure found by Walsh and
Woodley [18] at the DFT level.

For the linear structure we optimised all bond dis-
tances. For the V-structure, the bond distances and the
central angle (In-O-In) were optimised. In the DFT
‘flying gull’- structure that has W-shape we optimised
all four parameters: two bond distances, the central angle
(In-O-In) and the angle corresponding to the ‘wings’ (O-
In-O). It is important to note that the full optimisation
at the CCSD(T) level of the ‘flying gull’-type structure
resulted in a V-type geometry with the same parameters
that were found in independent optimisation of V-shaped
structure.

According to Table 2, at the CCSD(T)/QZP-DKH level
of theory the lowest energy is the V-shaped conformation.
The linear conformation has the energy only on 0.02 eV
(0.5 kcal/mol) higher. On the other hand, the energy of
the ‘flying-gull’ DFT ground state geometry [18] calcu-
lated at the CCSD(T) level is on 0.01 eV higher than the
linear one. All these energy differences are at the same

order or smaller than the precision of our calculations.
Therefore, although at the CCSD(T)/QZP-DKH level of
theory the lowest is the V-shaped geometry, all three con-
formations in Table 2 can be possible candidates for the
ground state of the In, O3 molecule.

As follows from Table 2, the bonds located at both ends
of the two optimised structures are shorter than those
in the middle. This tendency is in agreement with the
findings of other studies [20-22]. The central bonds in
the linear structure are slightly shorter than those in the
V-shaped one. In the optimised geometries of the free
molecule, all bond distances are shorter than those in the
‘crystal” molecule, cf. with Table 1; this reflects the influ-
ence of interactions with the crystal surrounding. The
energy of the molecule extracted from crystal is higher
on 3.4 eV than the energy of the V-structure for free
molecule. The reason for this is that the former structure
is located inside the crystal field.

To the best of our knowledge, the CCSD(T)/QZP-
DKH approach is the most precise calculation method
applied at present for study the In,O; molecule. We
checked our results performing single-point calculations
of optimised geometries at the CCSD(T) level with the
larger atomic natural orbital-type basis set of Roos et al.
[48]. The energetic order of molecular conformations in
Table 2 remained the same, and the energy difference
between the V-shape and linear structures increased only
on 0.01 eV. However, it can be expected that the future
application of more elaborated computational methods
can increase the obtained energy differences or even will
change the energetic order of the molecular conforma-
tions represented in Table 2.

0 o o-@-eo—@-e W
In 0 In

(a)

(b) (c)

Figure 2. Conformations of the V-shaped (a), linear (b) and molecule extracted from the crystal (c).
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Figure 3. Charges on atoms in the molecule extracted from the
crystal obtained from Natural Atomic population analysis. The
arrow indicates the direction of the dipole moment.

3.3. Dipole moment

Besides the clear geometrical differences between the free
molecule and the one extracted from the crystal, there are
other physical differences. The molecule extracted from
the crystal is not symmetric; it has a zigzag-type struc-
ture and possesses a permanent dipole moment. Its dipole
moment computed at the CCSD(T) level is d = 0.639 eay.
In Figure 3 are shown the charges on atoms obtained from
Natural Atomic population analysis (see Section 3.4) and
the direction of the dipole moment in the In,O3 molecule
extracted from the crystal .

The V-shaped structure, due to the bending angle, also
has a dipole moment and its magnitude, at the CCSD(T)
level, is d = 0.773 eay. Thus, its value is slightly greater
than the dipole moment of the molecule in the crys-
tal (the linear structure, being symmetric, has no dipole
moment). It is evident that a nanocluster extracted from
the crystal can also possess permanent dipole moment.
At the same time there is a mechanism to achieve essen-
tial value for the induced dipole moment. The dipole
moment can arise on laser light absorption by a nanoclus-
ter. The principles of photoinduced diffusion transport
of such nanoclusters in a polar environment, with laser
pulse duration and duty cycle included as controllable
variables, were analysed in Ref. [10]. A driving force of the
photomotor considered is an external non-equilibrium
periodic process of photoexcitation, which is generated
by alternately switching on and off the laser radiation.

As an example, let us consider a cylindrical nanoclus-
ter with the height # = 16 A and the radius r = 7.5
A. In the absence of photoexcitation, there are no elec-
trons located at a higher level than the valence band (if
the solid state band model is at all applicable to such a
small cluster). It is also likely that there are no donor
impurities due to a small cluster size. This nanoclus-
ter can be ionised by excimer laser radiation. An elec-
tron thrown out from its bulk is then removed to the
surface where it can be captured during diffusion by a
trap on the surface, e.g., an oxygen vacancy. As far as
nanocluster bulk ionisation followed by photoelectron

Table 3. The energies of the neutral and the charged In,0;
linear molecule computed at the CCSD(T) level and used for
calculation of VIP and VEA.

Method Energy (Hartree)

Neutral system -11978.971353 80
Anion -11979.029 274 46°
Cation -11978.622 119 81°
Vertical ionisation potential 9.5eV
Vertical electron affinity 1.6eV

2@ The restricted open-shell approach, RCCSD(T).

surface trapping is concerned, the relevant energetic
parameters should be taken into account. For (In,03),
clusters, n = 2-10, ionisation potentials range from 7.1
to 8.1 eV (being close to the photon energies of conven-
tional excimer lasers) and electron affinities range from
0.7 to 2.10 eV [18].

For the free molecule VIP and VEA, as well as the total
energies are represented in Table 3.

VIPCSSP(D = 9.5 ¢V and VEASSPM = 16 eV. The
VEA is in the range mentioned above for clusters; how-
ever, the VIP is larger than the value of 7.1 eV, reported
by Klein et al. [49] from photoelectron spectroscopy mea-
surement on thin films of In,O3. But it can be expected,
since the value of IP on surface or in solid state is always
decreased in comparison with the free molecule. In a sim-
ilar way, it can be expected that the VIP of the cylin-
drical nanocluster may lie between the limits mentioned
above.

The electron trapped on the surface and the hole in the
bulk of the nanocluster form a dipole. The value of this
photoinduced dipole moment is determined by the mag-
nitude of the effective negative and positive charges and
the distance between them. It can be roughly estimated as
d = 8 eay, a product of the electron charge and the cluster
half-height, and appears to be rather large. On switching
off the field, the induced dipole moment vanishes.

It is easy to see, the photoinduced dipole moment in
a nanocluster arises differently from that induced by an
electric field in a nonpolar molecule. Due to a tiny clus-
ter size, the excitation of the second electron to the sur-
face and, accordingly, the occurrence of another (possibly
opposite) dipole are very improbable.

Since the interaction of a nanocluster with the polar
periodic environment depends on its dipole moment, we
can give rise to its directed motion by alternately switch-
ing on and off the laser or, in other words, by ‘pushing’
the nanocluster at the right time [8,9]. To this end, it is
important that the laser pulse duration, duty cycle and
laser-intensity dependent characteristic times of sponta-
neous and induced electronic transitions in the cluster
correlate appropriately with the characteristic diffusion
time over the potential period. These conditions were



Table 4. Natural Atomic populations of the valence
shells in the In,05 linear conformation.

Atom  Population of valence orbitals ~ Total ~ Charge
mo 2™ 2p5¥ 3d00 7.50 -150
(In 55040 507 5d%0 057 4243
()0 252 p°88 3006 7.86 -1.86
(4)In 55040 50T 5d%0 057 4243
(5y0  25M6  2p¥ 3d%% 7.50 -150

Table 5. Natural Atomic populations of the valence
shells in the In,03 V-shaped conformation.

Atom  Population of valence orbitals ~ Total ~ Charge
Mo 25196 2p># 3d00 7.50 -150
@In 55042 507 5d%0 0.59 +2.41
B30 253 2p>84 3d%% 7.82 -1.82
(4)In 55042 501 5400 0.59 1+2.41
(550 25196 2p># 3d%0 7503  -150

Table 6. Natural Atomic populations of the valence
shells in In,05 extracted from the crystal.

Atom  Population of valence orbitals ~ Total ~ Charge
mo 25" 2p°® 3d%03 71 -1m
() In 55084 55031 5400 115 +1.85
()0 25" 2p548 3d004 7.49 -1.49
(4)In 55089 5p035 5400 124 +176
(5y0 2587 2po 0 34003 7.01 -1.01

discussed in Ref. [10], where it was demonstrated
that the In,Os; nanocluster with the above-mentioned
parameters holds promise as a potential molecular
photomotor.

3.4. The atomic population in the free and extracted
from crystal In,0; molecule and nature of bonding

To analyse the nature of bonding in the In,O; molecule,
we applied the Natural Atomic population analysis. The
results for the free molecule are represented in Tables 4
and 5, for In,O3 extracted from the crystal are repre-
sented in Table 6. The electron population in the linear
and V-structures is almost the same. Thus, the change in
the central angle, at least in the range 180-140 degrees,
practically has no effect on the population and does not
change the bonds.

The central oxygen has negative charge of around —1.8
and the population of around 5.8e on the 2p orbitals,
while the indium atoms are positively charged and have
the population 0.17¢ on the 5p orbitals. Thus, the In atom
has transferred most of the electron population of its 5p
shell to the incomplete populated 2p orbitals of the cen-
tral oxygen atom which leads to the formation of two sin-
gle bonds with predominantly ionic character. Approx-
imately 1.6e have been transferred from the 5 s orbitals
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to the oxygen atoms in the ends of the molecule, form-
ing two double bonds. This leaves the In atoms with a
positive charge +2.4, which is consistent with an oxida-
tion number III.

From this analysis it follows that the chemical struc-
ture of the linear In,O; can be represented as O =
In—O—In = O, which agrees with the conclusion made
by Zhanpeisov et al. [21]. The V-shaped molecule has the
similar double- and single-bond structure. This means
that the oxidation state of In atoms in these structures is
in agreement with the reported oxidation state III of the
metallic centres inside the crystal [50].

In Table 6, the results of Natural Atomic popula-
tion analysis for In,O3 extracted from the crystal are
represented. As follows from this table, the In atoms
have the oxidation state II; this arises from the fact that
the molecule extracted from the crystal is not in its
original environment. The obtained charges on atoms
allow us to find the direction of the dipole moment;
these charges and the dipole moment are presented in
Figure 3.

4. Conclusions

As follows from our results, see Table 2, the global min-
imum of optimised at the CCSD(T)/QZP-DKH level
In,O; corresponds to the V-shaped conformation. How-
ever, the energy difference among three presented geome-
tries lies in the range of precision of our computational
method. Hence, all three conformations can be consid-
ered as possible candidates for the ground state of the
free In,O3 molecule at the CCSD(T)/QZP-DKH level. It
should be mentioned that the method CCSD(T)/QZP-
DKH applied in our study, to the best of our knowledge,
is the most precise computational method used up to date
to study the In,O3 molecule.

The geometry of the In,O3 molecule in crystal, which
is obtained by extracting In,O; from experimental crys-
tal structure, was found essentially different from equilib-
rium geometries of the free In,O3; molecule. The geom-
etry of In,O; in crystal has a zigzag, completely asym-
metric structure and possesses a dipole moment slightly
smaller than the dipole moment of the V-structure of the
free molecule. This reflects the influence of the crystal
field on the molecular structure.

The molecules extracted from In,Os crystal can be
used as a ‘bricks’ for construction of different size nan-
oclusters. The action of electromagnetic radiation on
these nanoclusters induces a comparatively large dipole
moment that vanishes when the field is switched off.
Therefore, as discussed in Subsection 3.3, this type of
nanoclusters located in a polar environment can be used
as a photomotor.
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