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Abstract: The minimized energy geometries of (ZnO)s» (n= 8 to 11) clusters were optimized using a
systematic approach using density functional theory (DFT). In addition to our previously identified
magic nanocluster (ZnO)a4,, the present work reports a novel ultraviolet active magic nanocluster
(ZnO)eo. (ZnO)eo is identified as an exceptionally stable ‘magic’ nanocluster upon investigation on its
electronic properties in terms of the HOMO-LUMO energy gap (HLG), ionization potential (IP),
electron affinity (EA), chemical hardness (1)), electrophilicity index (®) and energy gain of formation
(AE). Interestingly, as the stoichiometry of (ZnO) in (ZnO)gn Series increases in the multiple of six, the
energy gain (AE) of ZnO clusters demonstrateS a zigzag pattern, identifying ‘magic’ (ZnO)eo
nanocluster. Furthermore, the optical absorption spectra analysis show (ZnQO)s is active in the UV-A
region. The developed magic nanocluster in the present work is expected to find useful applications as
quantum dots and cluster assembled materials in semiconductor, optoelectronics, and biomedicinal
domains.
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1. Introduction

The shrinkage of material dimensions to a few nanometres discloses their world of
unique and exceptional properties. The structure and properties of these nano-sized materials
varied extensively from their corresponding bulk materials due to the occurrence of the
quantum confinement effect and increased surface-to-volume ratio at the nanoscale [1-3]. As
the nano-world unveils fascinating material properties, the discipline of nanoscience and
nanotechnology has become an integral part of materials research in recent decades. The
remarkable progress in the theoretical and experimental techniques now aids the researchers in
extending their scrutiny for the growth and characterization of materials beyond the nanoscale
towards the sub-nanoscale and atomic scale. Hence the study of atomic clusters and their
affinity to bond with specific atomic kinds over others to combine into nanoparticles aids in
identifying the constitution and reason for their explicit properties.

Zinc oxide (ZnO) is an up-and-coming, versatile, promising material due to its direct
bandgap of 3.3 eV at room temperature and large exciton binding energy of 60 meV for
developing exciton-based optoelectronic devices such as light-emitting diode (LEDs) and
photovoltaic cells [4,5]. In general, due to the quantum confinement effect, quantum dots have
unique physical properties, which have potential in nanoscale device applications such as next-
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generation electronic and optoelectronic devices (including LEDs and solar cells) [6-12].
Furthermore, the method for ZnO nanostructure synthesis has diverse methods, including low-
cost and low-temperature techniques. ZnO has potential applications in ultraviolet lasers,
photodetectors, dye-sensitized solar cells, and biomedical applications [13-19]. Recently, our
group has developed a visibly active magic nanocluster, namely (ZnO)a. [20].

In the present study, we have performed a detailed study on the structural, electronic,
and optical properties of (ZnO)en (n=8 to 11) atomic magic clusters using the density functional
theory (DFT). The DFT investigation on relatively small (ZnO)sn (n=1 to 7) clusters have been
studied by our group in the past [20]. The electronic parameters, viz. HOMO-LUMO gap
(HLG), ionization potential (IP), electron affinity (EA), chemical hardness (1), electrophilicity
index (o), and energy gain (AE) account for the stability and reactivity of the considered
(ZnO)en clusters. Finally, we report optical absorption activities of the (ZnO)so cluster through
simulation of UV-Vis spectrums.

2. Theory and Computation

The density functional theory computations [21-23] of (ZnO)sn (n=8 to 11) nanoclusters
were conducted employing the GAUSSIAN 09 program package [24]. The geometry
optimization and various physicochemical properties of (ZnO)en (n=8 to 11) nanoclusters
considered were carried out using hybrid B3LYP functional with LANL2DZ basis set [25,26].
A molecular orbital method is adapted using a linear combination of atomic orbitals (LCAO)
to examine the electronic structure.

The energy gap between the ground state and the first excited state resembles the
HOMO-LUMO gap (HLG) and is represented by

HLG = €Lumo — €Homo a)

According to Koopmans’ theorem [21], ionization potential (I.P.) and electron affinity
(E.A.) are defined as:

IP~—€Homo ; EA=-€Lumo b)

R.G. Peasrson [27, 28] proposed chemical hardness (n) as a parameter of chemical
stability for an chemical molecule as:

1( 9% 5
LEFIE

The electrophilicity index (w) [29] is proposed to assess the global reactivity of a
molecule and is defined as:

w = p*/2n d)

The energy gain (AE) in assembling ZnO clusters to (ZnO)sn-1) (n =8, 9, 10, 11) cluster
in forming (ZnO)en cluster is calculated as:

AE = [E{(Zn0)6(n_1)} + 6 X E{(Zno)l} - E{(Zn0)6n}] e)

3. Results and Discussion

Figure 1, represented below, shows the optimized structures for the developed zinc
oxide nanocluster in the present work, viz., (ZnO)so. It may be noted that (ZnO)eo nanocluster
shows unique closed triangular fullerene-like structures composed of hexagons in the body and
distinguished tetragons at the three vertices.
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Figure 1. Optimized structure of (ZnO)eo Nanocluster.

Table 1. Electronic parameters, viz. HOMO-LUMO gap (HLG), lonization potential (IP), Electron Affinity
(EA), Chemical Hardness (1), Electrophilicity Index (w), and Energy Gain (AE) of the zinc oxide (ZnO),
nanoclusters.

No. | (znO). | HLG IP EA n P AE
1 | (znO)s | 3.89 6.64 2.75 1.95 5.67 1.18
2 | (znO)ss | 3.86 6.61 2.76 1.93 5.69 1.19
3 | @nO)o | 378 6.75 2.98 1.89 6.27 1.50
4 | (zZnO)es | 3.88 6.60 2.72 1.94 5.60 0.93

Itis very interesting to note a zigzag behavior in all the considered electronic parameters
(HLG, IP, EA, 1, and w) along with the growth of (ZnO)e unit in the (ZnO)en Series from Table
1, and better visualization is presented in Figure 2.
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Figure 2. Electronic properties of the zinc oxide nanoclusters, viz. (ZnO)sn (n = 8 to 11).

Although (ZnO)sg exhibits the highest HLG and chemical hardness values, the ability
of (ZnO)eo to attract electrons is high compared to all other considered zinc oxide atomic
clusters as it shows maximum electron affinity value in the series. The maximum
electrophilicity index of (ZnO)eo indicates its good reactivity and ability to bind with similar
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atomic clusters or molecules. The energy gain (AE) of (ZnO)eo is found to be 1.50 eV, as highest
among all considered zinc oxide atomic clusters, identifying it as an unusually stable ‘magic
cluster’ in the series. The conceptual DFT-based electronic properties are also very reliable on
many occasions in the past [30-32].
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Figure 3. Optical absorption spectra of (ZnO)s nanocluster.

The simulated optical absorption spectra (UV-Vis) of (ZnO)eso nanocluster are provided
in Figure 3. Interestingly, the magic (ZnO)eo nanocluster reveals to be a UV-A active (A=367
nm) compound in the series, which might find possible future applications in optoelectronics
in air/water purification systems as intense disinfectants, etc. The magic stability and active
optical nature also may find the useful antibacterial activity of (ZnQO)so nanocluster against
various bacterial strains and also as a possible drug carrier.

4. Conclusions

In summary, the present work reports a novel ‘magic’ (ZnQO)eo nanocluster with
exceptional stability and affinity and its UV active nature, under density functional
investigation. The electronic properties of the series of (ZnO)en (=8 to 11) nanoclusters are
assessed with various quantum chemical parameters of DFT. The developed ‘magic’ (ZnO)eo
nanocluster may certainly find novel semiconductor and optoelectronic and biomedicinal
applications in the future in its quantum dots and assembled materials.
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