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Abstract

In the principality of materials science, the search for novel compounds with exceptional properties has
been a driving force behind technological advancements. Among these intriguing materials, super-
alkalis have come out to be a fascinating class, not following conventional chemical expectations and
entrancing researchers with their extraordinary characteristics. Unlike their traditional alkali metal
counterparts, super-alkali materials exhibit exceptional levels of alkalinity, increasing electron affinities
and ionization energies that surpass those of lithium, sodium, and potassium. This unique trait stems
from their complex atomic structures, which are often comprised of clusters that grant upon them their
exceptional reactivity and stability. The term "super-alkali" confines not only their intensified chemical
properties but also indicates their capability for revolutionizing various fields, from catalysis to energy
storage and beyond, they have got numerous potentials. In this research, we dig into the principality of
super-alkali materials, unwinding their perplexing nature and discovering the promise they hold for
shaping the landscape of materials science and technology.

Keywords: Super-alkali, Non-linear optics, Hyperpolarizability, lonization potential, alkalinity,
electride characteristics.

1. Introduction
What are superalkali metarials?

In the advancement of novel materials, super-alkali materials are a class of compounds that has
remarkable alkalinity, which signifies they have a higher electron affinity or a lower ionization energy
than traditional alkali metals like lithium, sodium, and potassium. These materials typically consist of
clusters of atoms that exhibit unique electronic structures that leads to their superalkalinity. The term
"super-alkali" was formulated to describe the increased and remarkable chemical reactivity, and stability
of these compounds when compared to conventional alkali metals.
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What are Nonlinear optical (NLO) metarials?

In the modern optical communication system, nonlinear optical (NLO) materials have become a
revolutionary subfield via rapid replacement of electrons by photons (as an information carrier). These
materials exhibit wide range of applications in optical science including optoelectronics, photonic,
frequency doubler, laser-based technologies, etc.

A molecular formula A,,,C where A is an alkali metal atom and C is an electronegative atom with formal
valence k has been found by Gutsev and Boldyrev [1] for obtaining even smaller Ionization potentials.
Some examples of investigated super-alkalis are LiF, Li,O, Na,O, Li,S, and LiN [2-4]. Some
experimentally synthesized super-alkali species are Li,F, Li,0, Na,O, and Li,S [5,6]. Highest occupied
molecular orbitals (HOMO) of these species have non-bonding or antibonding character. Superalkalis
have interesting properties which can be used to form different novel compounds to enhance electro-
optical properties [7,8]. Super-alkali compounds having extraordinarily smaller values of IE than alkali
metal atoms [9-13] may be used as a source of excess electrons. The superalkali clusters exhibit potential
reducing capability that can be adopted for synthesis of numerous charge transfer compounds. For
example, via interaction of superalkali clusters with counter superhalogens, novel supersalts can be
formed [14,15].

The NLO materials with large first or second hyperpolarizabilities have recently attracted massive
attention as they exhibit attractive features like increased thermal stability, and improved transparency,
etc [16]. Due to small ionization potential and good reducing ability, the superalkali clusters can be used
as NLO materials [17]. Among all the important applications of superalkali clusters which are being
excess electron compounds, the most fascinating is their nonlinear optical behavior when bound to
various inorganic as well as organic fullerene system [18,19]. The loosely bound excess electrons of
superalkalis can exhibit dramatic effect on generating very high NLO properties. Super-alkali based
electride molecules (Na,0) (e@C,,F,,) and (K,0)(e@C,F,) possess much larger B, than those
obtained for Na'(e@C,F,,) and K'(e@C,F,,) [20], respectively. These molecules also have high
stabilities arising from their high vertical detachment energies (VDE) and transition energies (AE). A
novel class of inorganic salt alkalides M'(en),M',0— (M, M'=Li, Na, K) designed by incorporating M,'O
(M' = Li, Na, and K) superalkalis [21] shows that both superalkalides M'(en),M,'O" and alkalides
M'(en),M," possess significantly large B, values although M'(en);M,O complexes have higher
stabilities. It has been shown that NLO property of Li,(NH,)n (n = 1 — 4) complexes increases with
increasing coordination number. Several possible isomers of alkalides Li(NH,),Na obtained by
introducing Na atom into Li,(NH,), complexes has also been considered to study NLO responses [22]. A
series of inorganic electrides Li,O@AI,N,, obtained by doping superalkali (Li,O) on nanocages
(Al,N,,) show an interesting diffuse electron system. These electrides are energetically and
electronically very stable and show excellent deep-ultraviolet transparency due to their large binding
energies, HOMO-LUMO gaps and IE values [23].
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2. Examples of Superalkali Materials:

Superalkali materials encompass a diverse range of compounds that exhibit extraordinary alkalinity and
unique properties. Here are several examples of superalkali materials as follows:

Noble Gas Clusters: Clusters formed by combining alkali metals with noble gases, such as LiHe,
NaHe, or KHe, have been identified as superalkali materials. These clusters show remarkable
electron affinity and can be used in various applications like gas-phase chemistry and quantum
computing, etc.

Alkali Metal Oxides: Compounds like Li,0, Na,O, and KO, are some examples of superalkali
materials because of their high electron affinity and show unnatural stability. These materials have
used to study their applications in energy storage systems and catalysis.

Lithium Fluoride Clusters: Clusters that are composed of lithium and fluorine atoms, for example
LiF3 or Li2F, are considered superalkali materials. These clusters exhibit remarkable alkalinity and
have been examined for their capability as nonlinear optical materials and in electronic devices.

Sodium Hexafluoroantimonate (NaSbF,): This compound contains sodium and the
hexafluoroantimonate anion, exhobit superalkali properties because of its remarkable electron
affinity and unnatural stability. NaSbF, has been examined for its role in superacid chemistry and as a
potential electrolyte in batteries.

Potassium Carbide (KC,): Another example of Superalkali is Potassium Carbide, which is marked
by its by its remarkable alkalinity and electron affinity. KC, has been examined for their applications
in solid-state chemistry and as a pioneer for carbon-based materials.

Sodium Hydride (NaH): Sodium hydride is another example of superalkali material because of'its
remarkable alkalinity and reactivity. NaH has been examined for its potential use as a hydrogen
storage material and as a strong reducing agent in organic synthesis.

Structures

Super-alkali materials generally show unique atomic structures that contribute to their remarkable
properties. The accurate structure can vary depending on the specific composition of the material.
However, there are some general trends:

Clustered Arrangement: Rather than individual atoms, Super-alkali materials often consist of
clusters of atoms. These clusters can contain a combination of alkali metals and other elements, such
as oxygen or fluorine.

P
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Figure 1: Equilibrium geometry of Li3F3 ring which can be formed by interaction of LiF2 and Li2F as
well as trimerization of LiF
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Cage-like Structures: In some cases, super-alkali materials have the tendency to form cage-like
structures in which the alkali metal atoms are confined within a framework of other atoms. These
structures can provide stability to the material and allow for the blend of additional atoms or
molecules.

Encapsulating
Nonmetallic Atoms

3%adz X@3%adz

Figure 2: The schematic design strategy of X@36adz (X=H, B, C, N, O, F, and Si) based on the cage-like
36adz complexant. 36adamanzane (36adz)

Overall, the structure of super-alkali materials is complex and can vary depending on factors such as the
specific elements involved, the bonding interactions between atoms, and the overall geometry of the
cluster. Analyzing and examining these structures is important for unsealing the full potential of super-
alkali materials in various applications.

3. Properties

Super-alkali materials possess several distinctive properties that set them apart from traditional alkali
metals and other compounds. Here are some key properties of super-alkali materials:

1.

High Electron Affinity: Super-alkali materials show remarkably higher electron affinity compared
to conventional alkali metals which means they have a strong ability to attract and bind with
electrons, making them apt for various electronic applications.

Low Ionization Energy: These materials remarkably have low ionization energies which means
they readily release electrons to form ions. This property grants their high reactivity and stability in
certain chemical environments.

Large Alkalinity: Super-alkali materials exhibit remarkable alkalinity, which refers to their ability
to donate electrons or accept protons. This property is a consequence of their low ionization energy
and high electron affinity.

Diffuse Electrons: Super-alkali materials often comprise diffuse electrons, which are electrons that
are not tightly bound to any specific atom and instead spread out over a larger region within the
material. This electron delocalization contributes to their unique electronic properties.
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5. Electride Characteristics: When the clusters are represented as M, X, they can exhibit what's called
“electride” characteristics. This means that in these clusters, the M atoms form bound alkali cations
(M2") along with extra electrons. In these clusters, the highest occupied molecular orbital (HOMO)
is important. Normally, in simple MX molecules (like NaCl), the HOMO is mainly the p atomic
orbital of the X atom. But in M2X clusters, because of the repulsion from the X anion, the extra
electron cloud is pushed above the M2 part by the X atom. The difference in energy levels between
the HOMO and the lowest unoccupied molecular orbital (LUMO) tells us about the chemical
reactivity of these clusters. This difference is called the HOMO-LUMO energy gap (E,,). If this gap
is large, the cluster is less reactive, and if'it's small, it's more reactive. The E,,, value depends on the

atomic numbers of M and X. Generally, clusters with higher E,,, values are less reactive, and those

with lower values are more reactive. Specifically, as the atomic number of X increases, the E,,,

increases, but as the atomic number of M increases, the E,,, decreases.

— ,\d'

First excited state

"HOMO

Figure 3: Electronic transition for determining excited state of M2X clusters (M =Li, Na; X =F, CI)

6. Potential for Energy Storage: Some super-alkali materials have been examined for their capability
as energy storage devices, for instance batteries and capacitors, because of their remarkable
alkalinity and electron mobility.

Altogether, the differentiable combination of remarkable electron affinity, low ionization energy, and
charecteristic electronic structure makes superalkali materials compelling subjects for research across
various scientific disciplines.

4. Major Area of Applications

Super-alkali materials provide a wide range of potential applications across various fields due to their
unique properties. Some of the key applications include:

e Nonlinear Optics: Super-alkali materials have promising applications in nonlinear optics because
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of their large nonlinear optical coefficients. They can be utilized in devices such as frequency
doublets, modulators, and optical switches for telecommunications and laser technology.

To examine the nonlinear optical (NLO) behavior of M2X clusters, TD-DFT calculations were
employed by the researchers. They focused on the distinction between the ground state and a vital
excited state to determine the NLO property called f3,.

B,1s ameasure of NLO behavior and it depends on:
B,=An.f0/AE’

The distinction in dipole moments between the ground state and the key excited state.
The strength of the transition is called the oscillator strength (fo).
The third power of the transition energy (AE).

In M, X clusters, the crucial excited state is the first one, that involve the transition from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). This
transition is similar to moving an electron cloud.

For example, in Li,F clusters, the transition involves moving the electron cloud from where there are
extra electrons (HOMO) to the LUMO, which mainly require lithium (Li) atoms. The energy difference
(AE) and transition strength (f)) in M,X clusters are compared with those in other materials, like
electrides and Li-doped fluorocarbon chains, to examine their NLO behavior.

There is an energy difference (AE) and transition strength (f)) in M, X clusters, even though it might be
smaller compared to other materials, their Bo values are remarkably increased. This means that, although
some parameters are smaller, the vital energy difference (AE) plays an impactful role in increasing their
NLO responses.

So, researchers used calculations to estimate how M2X clusters behave in nonlinear optics. They found
that even though some parameters might be smaller compared to other materials, the vital energy
difference impactfully increases and remarks their NLO responses.

e Quantum Computing: The remarkable electron affinity and unnatural stability of super-alkali
materials make them attractive for their utilization in quantum computing. They could capably serve
as quits, the fundamental units of quantum information processing, because of their potential to
maintain quantum states over longer periods.

o Energy Storage: Some super-alkali materials have been surveyed for use in energy storage devices
such as batteries and super-capacitors. Their remarkably high alkalinity and electron mobility make
them efficient for surpassing the energy density and efficiency of these devices.

e (Catalysis: Super-alkali materials show remarkable chemical reactivity, making them potentially
important catalysts for various chemical reactions. They could be used in processes such as
hydrogenation, oxidation, and carbon-carbon bond formation in organic synthesis and industrial
applications.

e Photonics: The nonlinear optical properties of superalkali materials make them befitting for use in
photonics applications, including optical amplifiers, laser systems, and photonic integrated circuits.
They could grant the development of faster and more efficient optical communication systems.
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Overall, the diverse range of applications of super-alkali materials peaks their capability to advance
various technological fields and contribute to the development of next-generation devices and
technologies.

5. Conclusion

In conclusion, the research on super-alkali materials shows a wealthy arras of properties and applications
that hold assurance for facilitating science and technology. By their unique electronic structure, marked
by their remarkable high electron affinity and low ionization energy, super-alkali materials provide a
wide range of options across multiple disciplines.

The analysis done in this paper marks the importance of super-alkali materials in various fields for
example nonlinear optics, quantum computing, energy storage, catalysis, sensor technology, photonics,
and materials science, etc. These materials exhibit outstanding properties, which include large nonlinear
optical coefficients, stability against fragmentation, and sensitivity to electronic and chemical
environments, making them consummate for a wide range of applications.

As researchers kept exploring and tried to understand the complexities of superalkali materials, further
findings are apprehended that will push the boundaries of scientific understanding and technological
innovation. By utilizing the unique properties of superalkali materials, we can develop advanced
materials, devices, and technologies that point uncertain challenges and development towards a more
reliable and proximate future.
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