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Abstract

A systematic density functional investigation on the structural, electronic and optical properties of the growth of (ZnO),
cluster unit in the series of (ZnO)y, for n=1-9 is reported in this paper. Different electronic properties of (ZnO)g, nanoclusters
are analyzed in terms of HOMO-LUMO gap (HLG), ionization potential (IP), electron affinity (EA), chemical hardness (1)
and electrophilicity index (@), which all shows a zigzag behavior as the size of (ZnO)g, clusters increases. The electronic
energy gain (AE) of the clusters identified an exceptionally stable ‘magic’ nanocluster, viz. (ZnO),,. Frontier orbitals analy-
sis results indicate easy electron transfer in (ZnO),, nanocluster system. The optical absorption spectra confirm that the
magic (Zn0),, nanocluster is active in the visible range (1=406.8 A) of electromagnetic spectrum. Interestingly, like zigzag
electronic properties, similar optical switching toward the growth of (ZnO), unit is also observed. The simulation results of
electronic properties as well as the infrared spectra of magic (ZnO),, cluster will open up a vista to the experimentalists for
its possible synthesis, which in turn will help in the development of the visibly active magic (ZnO),, nanocluster with novel
applications in the fields of quantum dots or assembled materials.
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1 Introduction

Fine particles having diameters of a few angstroms to a few
nanometers often tend to change their properties with the
addition of even a single atom due to their high surface den-
sity. These fine particles are well-known as atomic clusters
[1]. Such clusters mainly consist of fewer to thousands of
atoms constituting an intermediate state of matter in atoms,
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molecules, and solids. In any cluster, its size and composi-
tion can be controlled by a single atom at a time that helps
to interpret how the properties of bulk matter evolve. There-
fore, the clusters are of significant research interest as they
possess unique properties, which are sometimes quite differ-
ent from their bulk counterpart [1-11]. For instance, small
clusters of Mn are ferromagnetic, whereas Mn is antiferro-
magnetic in its bulk form [12, 13]. In addition, they exhibit
unique physical and chemical properties and are likely to
show large applications in many fields, such as optical,
magnetism, catalytic, and nanoelectronics. These specific
properties are due to various factors, including the very high
ratio of surface-to-volume, related to the Jellium model of
electronic shell closings, geometrical high symmetry, super
atomic behavior and quantum confinement [1-11].

Due to these characteristics, the materials appear essen-
tial for heterogeneous catalysis, where the selectivity and
activity of heterogeneous catalytic reactions can probably
be modified through minor changes in the cluster size and
composition.

Metal oxides are of great technological interest due to
their applications in various fields such as heterogene-
ous catalysis in chemical processes that produce fuel and
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value-added chemicals as well as in microelectronics, where
surface stability is a valuable characteristic of material [14,
15]. In addition, metal oxides are well-known for their indus-
trial applications, such as surface catalytic properties as oxi-
dation catalysts and adsorbents for toxic chemical agents
[16].

Zinc oxide (ZnO) is considered to be an intriguing mate-
rial toward the evolution of exciton-based optoelectronic
devices such as light-emitting diode (LEDs) and photovol-
taic cells having a direct bandgap of 3.3 eV at room tem-
perature [17]. Furthermore, a large exciton binding energy of
60 meV can exceed even above room temperature based on
exciton recombination for lasing action [18, 19]. In addition,
ZnO is a potential material for space applications due to its
tendency to remain stable in high-energy radiation environ-
ment and its affability toward wet chemical etching. Further,
ZnO etches with ease compared to many other acids and
alkalis can be fabricated by a pure crystal growth method,
thereby assisting in developing low-cost and small-size ZnO-
based devices. In addition, ZnO is non-toxic, sustainable and
cost-effective. These characteristics of ZnO make it suitable
for diverse applications in various fields including photonics,
electronics, sensing and energy harvesting [20]. Recently,
one- dimensional ZnO nanowires (NWs) have gained much
interest due to their recognition in gas sensors and ultraviolet
(UV) optoelectronic devices like photodetectors [21], dye-
sensitized solar cells [22, 23] light-emitting diodes [24] and
biomedical applications [25]. Although, zinc oxide displays
momentous performance as bulk (3D), nanowires (1D) and
nanosheets (2D), but discovery of its novel and potential
quantum dots (OD) especially through the investigation on
their nanoclusters with exceptional physicochemical proper-
ties remain a challenging task.

It is observed in past that certain atomic clusters compris-
ing of specific number of atoms of an element or alloy, show
exceptional stability compared to their neighboring atomic
clusters in a considered series of a cluster unit. Such atomic
clusters are known as ‘magic clusters’, and the number of
atoms composing the magic cluster is called the ‘magic
number’ [26]. The “magic number” is an elemental property
of atomic clusters and therefore usually differs depending
on respective constituent elements. For example, the magic
number of neutral gold atomic clusters is 55 [27], and that
of neutral silver atomic clusters is 20 [28]. In experiments,
magic clusters in a series of atomic clusters of an element
(or a compound) are identified through mass spectroscopy.
The spectrum shows prominent and distinguished ultra-high
peaks for the magic clusters in the considered series. The
studies by Kukreja et al. [29] and Dmytruk et al. [30] on the
experimental synthesis of zinc oxide ionic clusters by laser
ablation and mass spectrometry techniques report magic
numbers of n=34, 60 and 78 for zinc oxide atomic clus-
ters series (Zn0),. A theoretical study by Chen et al. [31]
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identifies n="78, 100, 132 and 168 for (ZnO), atomic cluster
series as magic numbers. It is interesting to note from the
literature that in most of the cases, ZnO clusters in the form
of (Zn0O),, acquires magic stability when values of n are in
multiples of six [32]. This understanding has motivated us
to look for novel magic nanoclusters (quantum dot) with
promising application in the series of (ZnO)g, clusters.

The present study aims in-depth scrutiny of structure and
physicochemical properties of (ZnO), atomic clusters for
n=1-9. The minimized geometries, electronic and opti-
cal properties of the atomic clusters are evaluated under
density functional theory [33-35]. The quantum chemical
parameters, namely HOMO-LUMO gap (HLG), ionization
potential (IP), electron affinity (EA), chemical hardness (7),
electrophility index (w), total energy gain (AE) accounts for
the stability, energetic and electronic properties of the con-
sidered (ZnO), clusters. The analysis of energy gain (AE)
identifies (ZnO),, as exceptionally stable magic cluster in
the series. Further, to understand the precise cause of reac-
tivity and stability of the clusters the Frontier Molecular
Orbital’s (FMOs) are analyzed. In order to identify the opti-
cal activity of the (ZnO),, (n=1-9) clusters series in the
electromagnetic spectrum, their UV-Vis absorption spectra
are calculated and compared. The UV-Vis spectra reveal
that the magic (ZnO),, nanocluster is a visibly active quan-
tum dot with multi-fold future promises. Finally, in order
to guide experimentalists for the possible synthesis of opti-
cally active magic (ZnO),, nanocluster, we have reported
critical analysis of its infrared (IR) spectra and important
vibrational modes.

2 Theory and computation

The geometry optimization and various physicochemical
properties of (ZnO)g, (n=1-9) nanoclusters were carried
out under the framework of density functional theory (DFT)
[33-35]. A molecular orbital method is adapted using a lin-
ear combination of atomic orbitals (LCAO) to examine the
electronic structure. In order to predict the global minimum
structures, a large pool of isomers is considered as initial
structures which also include the reported structures by Chen
et al. [31], in which they performed global geometry opti-
mization of (ZnO), for n <168 using an evolutionary hybrid
genetic algorithm (HGA) with the energetics obtained using
semi-empirical molecular orbital theory with the MNDO/
MNDO/d. Moreover, they have confirmed the global minima
through optimizing all those HGA obtained structures by
standard DFT level of B3LYPIDZVP2. In the present study,
in order to reconfirm the global minima of these clusters,
we have added many more hand/machine modeled isomers
(cage like/unlike) in our study. For the stability prediction
of hybrid molecular structures, Becke 3-parameter exchange
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and Lee—Yang—Parr correlation (B3LYP) functional, as
introduced by A. D. Becke [36], is employed in the Hamilto-
nian. The standard Los Alamos ECP plus D.Z. (LANL2DZ)
used extensively as the basis set in this work, which includes
scalar relativistic correction [37, 38]. For optimizing the
considered clusters, the convergence tolerance (threshold)
for maximum force is considered to be 1.5 10~ Hartree/
Bohr, whereas tolerance limit for displacement is consid-
ered to be 6.0x 10 Angstrom. In order to check any effect
of basis set, we also have used another popular and reli-
able basis set LANL2MB which uses Los Alamos ECP plus
MBS [39], and compared with LANL2DZ basis set. The
actual calculations were carried out using suits of codes as
implemented in GAUSSIAN 09 program [40]. Various elec-
tronic properties, namely, energy gap (HLG) between the
highest occupied (€yome) and lowest unoccupied (€} o)
molecular orbitals, ionization potential (IP), electron affinity
(EA), chemical hardness () and electrophilicity index (@)
were calculated using conceptual density functional theory
(CDFT) [35, 41].

The electronic parameters were calculated using the
standard formulations as prescribed by the conceptual den-
sity functional theory (CDFT) [35, 41]. The energy gap
(HLG) between the highest occupied (Eyopmeo) and lowest
unoccupied (€] o) molecular orbitals energies is calcu-
lated as follows:

HLG = € ymo — €nomo @8

The ionization potential (IP) and electron affinity (EA)
were calculated using the Koopmans’ theorem as follows
[35, 41],

IP = — egomos EA ® —eLumo )

Chemical potential (u) [35, 41] is defined as the first
derivative of total electronic energy (E) in respect to the total
number of electrons (N), at a constant external potential v(r):

(2] X
K oN v(7) ( )

Using a finite difference approach, u may be presented in
terms of ionization potential (IP) and electron affinity (EA)
as follows:

IP + EA
n=——" 4)

The electronegativity (y) can be defined as the negative
of chemical potential (u) as follows [35, 41]:

JE

F="H= _[()N G) )

R. G. Pearson [42, 43] has reported that chemical hard-
ness (1) correlates in general with stability and reactivity for

a chemical structure. The # usually resists electron distribu-
tion or transferring of a charge in a molecule. The chemical
hardness is defined as follow:

_1(0°E
"=2\on ), ©

where E is the total electronic energy, N is the total num-
ber of electrons, at a constant external potential v(r). Using
finite difference methods, and # can be expressed in terms
of Eyomo and €} o as follows:

n= (ELUMO - €HOMO)/2 @)

The electrophilicity index (@) is define as follows
[44-46]:

W= p*/2n ®)

The electrophilicity index measures the propensity
or the capacity of a species to accept electrons. The w is
the measure of the stabilization in energy after a system
accepts the additional amount of electronic charge from the
environment.

The energy gain (AE) of a (ZnO), nanocluster in assem-
bling a (ZnO)g unit to its previous cluster (ZnO)g,_y, is cal-
culated as follows:

AE = E[(ZnO)y| + E[(ZnO)g(,_)] —E[(ZnO)g, ] ©)

where E [(ZnO)4], E [(ZnO)é(n_l)] and E [(ZnO)g,] are the
total energies of the (ZnO)g(,—1, and (ZnO)g, nanoclusters,
respectively.

To obtain optical absorption spectra (UV-Vis), we have
carried out excited state calculations for all the considered
compounds under time-dependent density functional theory
(TDDFT) formalism, which may be understood as an exact
reformulation of time-dependent quantum mechanics where
particle states are replaced by density of states [47, 48].
Through such approach, a set of modified Kohn—Sham equa-
tions describe the evolution of electron density using non-
interacting electrons in an effective exchange—correlation
time-dependent functional. Excitation energies are obtained
by analyzing the response of the considered system to small
time-dependent perturbations. The actual calculations are
performed utilizing GAUSSIAN 09 [40] code where thirty
lowest singlet—singlet vertical electronic excitations were
requested keeping the same functional and basis set. On the
other hand, it is known that for a vibrating molecule, infrared
bands arise due to the interaction between light and oscil-
lating dipole moment [49]. For computation of IR spectra,
harmonic vibrational frequencies and infrared intensities
were calculated using the analytical second derivatives for
ab initio methods and numerical differentiation of analyti-
cal gradients in the considered DFT method. To obtain the
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normal modes in a molecule-fixed coordinate system, the
non-redundant set of internal coordinates was considered
as proposed by Fogarasi and Pulay [49]. The calculated
potential energy distribution (PED) matrices [50] enable to
obtain detailed information of the vibrational bands. The
transmittance (%T) is calculated from the simulated molar
absorptivity (¢) using Beer—Lambert law [51, 52].

3 Results and discussion
Figure 1 represents below shows the optimized structures for

the zinc oxide nanoclusters, namely, (ZnO)g, (n=1-9). The
representative geometrical parameters of (ZnO)g, clusters

Fig. 1 Optimized geometries
of the zinc oxide nanoclusters:
(Zn0O)g, (n=1-9)

(ZnO)42

are also provided. It is intriguing to perceive that all the con-
sidered clusters exhibit good symmetries except for (ZnO)s,
(C)) as reported in Table 1. It may be noted that geometries
of all the optimized nine (ZnO), nanoclusters in the present
work at B3ALYPILANL2DZ level of theory looks similar to
those reported by Chen et al. [27] in past at a lower level
of semi-empirical MNDO/MNDOY/d calculations through
genetic algorithm approach.

Successful convergence of forces and atomic displace-
ments gives minimized energy bond length between zinc
and oxygen atoms as 1.95 A as observed in (ZnO)g. The
(ZnO)4 shows two hexagonal rings on top to bottom with
alternative arrangement of Zn and O atoms with D5, sym-
metry. The following (ZnO)g, nanoclusters with n=2, 3 and

(ZnO)4s

(ZnO)s4

Table 1 Point group symmetry

HLG
(PG), HOMO-LUMO gap

1P EA n 0]

(HLG), ionization potential (IP), B1 B2

Bl B2 Bl B2 Bl B2 Bl B2

electron affinity (EA), chemical

hardness () and electrophilicity 1 b3q 3.47 1.81

index (@) of the (ZnO)g, 2 Se 404 230

(n= 1.—9) nar}oclusters at BALYP 3 S, 3.87 217

functional with LANL2DZ (B1)

and LANL2MB (B2) basis sets 4 Sg 399 232

level of calculations 5 Cs 374 216
6 T, 3.82 2.22
7 Se 349 178
8 S 3.89 2.31
9 c, 38 223

6.52 5.54 3.06 3.73 1.73 0.90 6.63 11.87
6.83 5.88 2.80 3.57 2.02 1.15 5.74 9.68
6.71 5.78 2.84 3.61 1.94 1.09 5.88 10.14
6.72 5.77 2.73 3.45 1.99 1.16 5.59 9.16
6.62 5.79 2.88 3.63 1.87 1.08 6.03 10.26
6.67 5.79 2.84 3.57 1.91 1.11 591 9.87
6.57 5.63 3.08 3.85 1.74 0.89 6.68 12.62
6.64 5.82 2.75 3.50 1.95 1.16 5.67 9.40
6.61 5.74 2.76 3.51 1.93 1.11 5.69 9.59
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4 shows fullerene-like structures with S¢, S¢ and Sg symme-
tries. The minimized structure of (ZnO);, cluster appears to
be a closed triangular fullerene-like structure with C; sym-
metry, whereas (ZnO);, is found with T, symmetry. The
lowest energy configurations of (ZnO),, and (ZnO),g were
found with Sg symmetry with combination of hexagonal and
tetragonally architected rings. The (ZnO)s, cluster is found
to be the least symmetric (C,) in the series. The range of
optimized bond lengths in the considered (ZnO)g, (n=1-9)
is found to be from 1.90 to 2.01 A.

In order to understand structural and electronic proper-
ties, and reactivity of the considered series of (ZnO)g, nano-
clusters, various descriptors in light of conceptual density
functional theory [31, 37] has been calculated. The point
group symmetry (PG), HOMO-LUMO energy gap (HLG),
ionization potential (IP), electron Affinity (EA), chemical
hardness (77) and electrophilicity index (w) are provided in
Table 1.

It may be noted from Table 1 that larger IP (> 6 eV) and
n (~2 eV) for all the (ZnO)¢, nanoclusters indicate their
stability in general, whereas large EA (~3 eV) indicates
their higher affinity for assembling with the similar cluster
units. It is very interesting to note that a zigzag behavior
is observed in all the electronic descriptors (HLG, IP, EA,
n and ) along the growth of (ZnO), unit in the (ZnO)g,
series, as reported in Table 1. A better visualization of this
observation is presented in Fig. 2. In order to recheck such
zigzag behavior and the electronic properties, we have also
studied the effect of another popular basis set LANL2MB as
provided in Table 1. It may be noted that the additional basis
set shows the similar zigzag behavior in the electronic prop-
erties of (ZnO)g, series along the growth of (ZnO)4 unit. The
tunability of electronic properties in every sixth zinc oxide
cluster unit may possibly be a useful information to control
physicochemical properties of ZnO nanoclusters/quantum
dots during their growth. It may be noted from Fig. 2 that
the ‘even n (=2, 4, 6, 8)’ in (ZnO)g, series correspond to the

205, 7.0
2.00
/ﬁ
1.95]
S6.54 -
2 s
19043 o
% el :
~ 1.85] =
= S
o ™ CA
= 6.0
1.80 9
= =4
1.75 ‘ e
Rt
1701 55 T T T T T

n [(ZnO)S“]

Fig.2 Electronic properties of the zinc oxide nanoclusters, viz.
(ZnO)g4, (n=1-9)

higher values of the stability related electronic properties,
viz. homo—lumo gap (HLG), ionization potential (IP) and
chemical hardness (1), compared to their ‘oddn (=1, 3, 5, 7,
9)’ neighbors. On the other hand, ‘odd n’ values correspond
to the higher values of reactivity related properties like elec-
tron affinity (EA) and electrophilicity (o), compared to their
‘even n’ neighbors, as expected. Such correspondence of
‘even/odd n’ zigzag pattern to the stability/reactivity related
electronic properties may be understood as higher stability
of the (ZnO)y, clusters for ‘even n’ in general; however, it
needs a careful scrutiny.

Figure 3 represents the energy gain (AE) of (ZnO)g,;
n=2-9 nanoclusters for adding one (ZnO)y unit to their
previous size. It is interesting to note that (ZnO),, revealed
to be an exceptionally stable ‘magic’ nanocluster with
highest energy gain (1.26 eV) in the series. It also inter-
estingly be noted from Fig. 2 that whereas the lower HLG
(3.49 eV), ionization potential (6.57 eV) and chemical hard-
ness (1.74 eV) of (ZnO),, in the series indicates easy elec-
tron transmission in the system, its highest electron affinity
(3.08 eV) and electrophilicity (6.68 eV) implies its excellent
tendency to assemble with similar cluster units toward form-
ing novel cluster assembled material for diverse applications.
Opverall, magic stability and highest affinity of (ZnO),, nano-
cluster reveal this cluster as a novel unit for quantum dot and
cluster assembled materials with useful applications.

In order to gain more insight into the orbital electronic
distribution and absorption domain of (ZnO),, magic cluster
in the electromagnetic spectra, we have carried out its fron-
tier molecular orbital (FMO) analysis and optical absorption
spectra (OAS).

Frontier molecular orbitals (FMO) play a vital role in
chemical selectivity and reactivity. Figure 4 represents few
important molecular orbitals of (ZnO),,, viz. from HOMO-2

1.30
—O— AE

< o)

O 1.25-

W

<

c O

=

o

> 1.20

4 o

& o/
115 T T T T T T T

1 2 3 4 5 é
n [(ZnO)Gn]

Fig.3 Energy gain of the zinc oxide nanoclusters, viz. (ZnO)g,
(n=2-9)
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FMOs (ZnO)42
-
o’
LUMO+2 Q" 0, *. 3“
(-0.0877 au) a »4 ‘G'

LUMO+1 é e a
(-0.0878 au) i ;.Q

LUMO
(-0.1133 au)

HOMO
(-0.2415 au)

HOMO-1
(-0.2416 au)

HOMO-2
(-0.2417 au) ¢

Fig.4 Frontier molecular orbitals (FMOs) of (ZnO),, magic nano-
cluster. The energies of the various FMOs are also mentioned in
atomic unit (au)

until LUMO + 2, whereas the respective orbitals are pre-
sented by fixing the position of the cluster. It is very inter-
esting to note that there is no coincidence of the electronic
lobes for HOMO and LUMO, implying a strong affinity at
the LUMO to attract electron from HOMO which facilitates
easy electron transfer. Further, the possible distribution of
electron density in the higher virtual orbitals than LUMO,
e.g., LUMO+ 1 and LUMO + 2 also show additional (or
alternate) domains that also support the probable easy
electron transfer from HOMO to those virtual orbitals in
(Zn0),,, as expected from its highest electron affinity in the
series (Table 1). In order to understand atomic charge dis-
tribution at various atomic centers in (ZnO),, magi nano-
cluster, we have carried out Mulliken population analysis
[53]. The charge distribution on various atoms in the magic
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Fig.5 Optical absorption spectra of zinc oxide nanoclusters, viz.
(ZnO)g, (n=1-9)

(Zn0O),, cluster in Table S1 in the Supplementary Informa-
tion. It is observed that atomic charges are symmetrically
distributed in the Zn and O centers, whereas Zn atoms shows
electron deficient centers (with positive fractional charges)
and O atoms shows electron rich centers (with negative
fractional charges). The absolute dipole moment values for
(Zn0O)g, clusters are also reported in Table S2 in Supplemen-
tary Information. A zigzag pattern is noticed with increase in
‘n’ similar to electronic properties, except for n=35.

Optical absorption spectra (UV—-Vis) of (ZnO), (n=1-9)
nanoclusters are presented in Fig. 5. It is again interesting to
note a zigzag pattern in the wavelengths associated to inten-
sity maxima (peak) is observed along the growth direction
in the series, as noticed on the electronic properties (Fig. 2).
Such optical switching behavior may be a useful informa-
tion for possible applications of these clusters. It is also very
intriguing to observe that although all the zinc oxide clus-
ters are found to be ultraviolet active (wavelength ranging
from 309 nm to 385.6 nm), the magic (ZnO),, nanocluster
reveal to be a visibly active (1=406.8 nm) nanocluster in
the series. Therefore, in addition to the exceptional stability
and affinity of (ZnO),, cluster, visibly active nature of this
magic nanocluster will certainly find novel semiconductor
and optoelectronic future applications in its relevant quan-
tum dots and assembled materials.

In order to understand detailed structural information on
(Zn0),, nanocluster, which would help experimentalists for
the development of possible synthesis schemes for quantum
dot or assembled materials, we have simulated its vibrational
analysis in terms of infrared spectra (IR) as presented in
Fig. 6. The major harmonic frequencies (@) and infrared
intensities (/) and their respective vibrational assignments
are provided in Table 2. The vibrational assignments are
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Fig.6 Infrared spectroscopy (IR) spectra of the magic (ZnO),, quan-
tum dot

Table 2 Major harr{l}onic No o I Assignment”

frequencies (w, cm™") and

infrared intensities (/, km/mol), 1 152 76 v (0-Zn)

anq their respective vibrational 5 269 183 1% (0-Zn)

assignments for (ZnO),, s

nanocluster 3350 142 /*(0-Znm)
4 431 214  *(O—Zn)
5 552 389 7 (Zn-0)
6 624 229  *(0-Zn)
7 666 893 1°(0-Zn)
8 706 1496 1* (O—Zn)
9 745 873  ° (O—Zn)
10 760 1219 +*(0O-Zn)

% symmetric stretching, 1%
asymmetric stretching, 7: tor-

sion

Z \

w=350 ; /=142

w=552 ; =389

obtained in terms of symmetric stretching (¢*), asymmetric
stretching (¢*%) and torsion (z) modes. In the lower IR, nota-
ble modes are found at 152 cm™', 269 cm™! and 350 cm™! for
the asymmetric stretching (¢**) of O—Zn bonds in the cluster.
The mid IR vibrations are noticed at 431 cm™" (2%), 624 cm™!
() and 666 cm™" (%) on O—Zn bonds, and 552 cm™! (7) on
Zn—0 moieties. The characteristic modes in the higher rang
IR spectrum are noticed at 706 cm™! (1), 745 cm™! (%) and
760 cm™' (1*) on O—Zn bonds.

The visualization of some most important representative
vibrational modes is presented in Fig. 7. The above results
on the critically analyzed vibrational spectra of (ZnO),,
nanocluster will certainly help experimentalists for possible
synthesis of this novel visibly active magic nanocluster for
its possible optoelectronic applications as quantum dots or
assembled materials.

4 Conclusions

In summary, systematic and detailed investigation on vari-
ous electronic properties, viz. HLG, IP, EA, n and w reveal a
zigzag behavioral pattern for the growth of every sixth ZnO
units in the series of (ZnO)g,; for n=1-9 nanoclusters. The
energy gain (AE) calculations on (ZnO), clusters identi-
fied (ZnO),, as an exceptionally stable ‘magic’ nanocluster
in the series. The lower HLG, IP and # values of (ZnO),,,
facilitates easy electron transfer in the system. The highest
EA and w values of (ZnO),, implies its excellent tendency
toward novel assembly with similar cluster units. The fron-
tier molecular orbital analysis also supports easy electron
transferal nature in the system. It is intriguing to note that
the magic (Zn0O),, nanocluster is active in the visible range
(A=406.8 A) of the electromagnetic spectrum. Also, inter-
estingly, similar to the electronic properties, a zigzag optical
switching is also observed toward the growth for every sixth
ZnO units in the (ZnO)g, cluster series. In order to gain more
insight on the possible synthetic routes of optically active
and magic (ZnO),, nanocluster, detailed simulated infrared

.

w=706 ; I=1496

w=745; |=873

Fig.7 Some representative major infrared vibrational modes of (ZnO),, nanocluster
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spectra and various modes and characteristic frequencies
of the cluster have been predicted, which would help the
experimentalists. The results in the present work revealed
the (ZnO),, as a novel visibly active magic nanocluster,
which would find future novel applications in the form of
quantum dots or assembled materials in the semiconductor
and optoelectronic industries.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00214-023-02958-1.
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