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Editorial on the Research Topic
Superhalogens & superalkalis: Exploration of structure, properties and
applications

Atomic clusters (Srivastava et al., 2021), containing a few to a hundred of atoms, are
intermediates between a molecule and bulk materials. Superatoms are a special class of
atomic clusters, mimicking the properties of atom. Superhalogens are superalkalis are two
examples of superatoms, which possess higher electron affinity than halogen and lower
ionization energy than alkali atoms, respectively. The Research Topic “Superhalogens &
Superalkalis: Exploration of Structure, Properties and Applications” provides a
compendium of the recent research and development in this field. This Research
Topic concludes two review articles and seven research articles.

Srivastava and Srivastava reviewed the application of superalkalis in the activation of
carbon dioxide. Owing to low ionization energy, superalkalis become reducers and can
easily transfer an electron to CO,, which possesses no positive electron affinity. They have
discussed the CO, reduction by various types of superalkalis such as typical superalkalis,
binuclear superalkalis, special superalkalis, non-metallic superalkalis. These superalkalis
differ in design based on different electron-counting rules. The authors also included the
successive activation of six CO, molecules using hexalithiobenzene (CeLi¢), a closed-shell
molecule with low ionization energy. Superalkalis have been substantially explored over
the past couple of decades. In the review of Pandey et al., the recent developments in the
theoretical design and characterization of a variety of superalkali-based compounds and
their potential applications have been enumerated. They unveiled the potential
applications of some novel superalkalis for capturing and storing CO,/N, and also
analyzed the first-order hyperpolarizability-based nonlinear optical (NLO) responses
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features of fullerene-like superalkali-doped B;,N;, and B;,P;,
nanoclusters with good ultraviolet (UV) transparency and
superalkali-based CaN3;Ca system, a high sensitivity alkali-
earth-based aromatic multi-state NLO molecular switch, and
so on. They have also highlighted the interactions of superalkalis
in gas and liquid phases in this review. The authors expected that
their review will provide new insights on the possibility of
expanding both the experimental synthesis and the practical
use of superalkalis and related species.

Ye et al. designed the X@3°adz complexes by embedding X
(=H, B, C, N, O, F, and Si) into the 3°adamanzane (3°adz)
complexant. It is interesting to find the low adiabatic ionization
energies (AIEs), 0.78-5.28 eV of these complexes. Although the
IEs of X atoms are high, the AIEs of X@3%dz (X =H, B, C,N, and
Si) are even lower than the IE of the Cs atom (3.89 V), which
identifies  their superalkali
Furthermore, the presence of diffuse excess electron in B@

non-metallic characteristics.
3°adz enables it not only to possess a fairly low AIE of 2.
16 eV but also significantly high first hyperpolarizability (j3,)
of 135 x 10°au. This may suggest its potential to be a
bifunctional molecule with both strong reducibility and larger
NLO response.

Cyraniak et al. adopted the electronic transmutation
concept for designing novel series of polynuclear
superhalogen anions. They investigated the stability of
(BF3(BN),Fy,41)” anions for n = 1-10, 13, 18-20 having
alternate boron and nitrogen central atoms in the form of
the (BN), “core”, 4n+1 fluorine as well as one BF; ligand
using density functional theory (DFT) and outer valence
Green function (OVGF) methods with flexible atomic
orbital basis sets. The newly proposed anions are reflecting
the structures of chain-like C,H,,,, molecules in which the
(BN),, cores are supposed to resemble the bonding features of
the C,, chain, which advocates the existence of
4n+2 substituents similar to those in typical saturated
hydrocarbons. The authors confirmed that the equilibrium
configurations of these anions are completely extended
chains with each B and N core atom having four
peripheral substituents organized in a tetrahedral pattern.
Consequently, these anions mimic the universally stable
completely extended conformational changes of higher
n-alkanes. Moreover, the calculations revealed that the
vertical electron detachment energies (VDEs) of the
(BF3(BN),Fy,,1)” anions were observed to be greater than
8 eV and to rise steadily with the increase in n. Additionally,
the authors predicted that the upper limit of VDE which
could be achieved for such polynuclear superhalogen anions
is about 10.7 eV.

Guo et al. reported a quantum chemical study on a binary
B5Os~ cluster and found a global-minimum planar C,, (‘A;)
structure having a B;O; hexagonal ring in its center. They
noticed that two boronyl (BO) groups and one O~ ligand
terminates three unsaturated B sites and therefore, formulated
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this cluster as B;O3(BO),0™ unlike its predecessors, C; BsO5~ and
T4 BsO,47, containing a tetrahedral B at the center. According to
them, the B5O,,” series undergoes a significant structural change
after oxidation, showing an interesting rivalry among tetrahedral
versus heterocyclic structures. Their investigations reveal that
the B5O4~ cluster has a weak 67 aromaticity, making it a
boronyl counterpart of the phenolate anion (CsHsO™) or
boronyl boroxine. The authors estimated that the BsO4”
cluster has a VDE of 5.26 eV at PBE0O method, which is
much higher than the electron affinities of typical halogens,
limited to 3.61 eV for Cl, and consequently, declared it as a
superhalogen anion.

Zhu et al. studied the structural evolution, bonding, stability,
charge transfer, and nonlinear optical characteristics of AuMg,,
(n =2-12) nanoclusters using the DFT method. They unraveled a
planar structure of the AuMg; and the symmetrically perfect
cage-like structure of the AuMgy. They analyzed the charge
transfer from the Mg to Au atoms and identified the covalent
Mg-Mg bonds in nanoclusters larger than that of AuMgs. Their
polarizability and hyperpolarizability estimations predict the
strong NLO behavior of the AuMgy nanocluster. Based on
their theoretical results, the authors also suggested that these
nanoclusters are identifiable by spectroscopic experiments.

Tkachenko et al. examined ionization potentials (IPs) for a
series of clusters of various cryptand such as [bpy.bpy.bpy]
cryptand (bpy = bi-pyridine), [2.2.2]cryptand, and spherical
cryptand with Na, K, NH,, and H;0 with by using the DFT
as well as ab initio methods. They noticed that the encapsulation
of Rydberg molecules (NH, and H;O) inside an organic cage
leads to a decrease in their IPs, reaching the values of ~1.5 eV and
an even lower value of 1.3 eV. They also showed that the Rydberg
molecules coated with the “organic skin” can increase their
thermodynamic stability. Therefore, they suggested that these
findings provide an opportunity to obtain such strong reducing
agents in the experiment. This work was contributed by the
research group of Prof. Alexander Boldyrev, one of the pioneers
in the field of superatoms.

He et al. investigated and studied the substituent effect in M@
Al;,N;; and M@AL N7, (M = Be, Mg, and Ca) nanocages through
the replacement of one Al or N atom of aluminum nitride nanocage
(Al;,N;,) with an alkaline-earth metal atom by DFT methods. Their
calculations reveal that these nanocages are highly stable and have
excess electron systems. They, further, suggested that these
substituted nanocages exhibit larger first hyperpolarizabilities (f3,)
than that of pure Al;,N;, nanocages due to the presence of diffuse
excess electrons. According to them, these modified cages possess
the transparency to infrared light (IR) (>1,800 nm) as well as
ultraviolet light (UV) (250 nm). The authors concluded that their
studied highly stable excess electron compounds might be suitable
candidates for novel UV and IR NLO systems.

Yang et al. proposed and systematically investigated a new
group of hetero-binuclear superhalogen anion matching the
MM'X,” (M = Li, Na; M’ = Be, Mg, Ca; X = Cl, Br) formula
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by using second-order Moller-Plesset perturbation theory (MP2)
and OVGF methods and 6-311+G (3df) basis set. The calculations
revealed that all of the studied anions possess vertical electron
detachment energies (VDEs) larger than 54 eV and thus
confirmed their superhalogen nature. Moreover, the authors
also noticed the dependence of the VDE of the MM'X," anions
on the M and M’ atomic radius, and electronegativity of the ligand
used. In particular, the inclusion of a smaller alkali metal atom M, a
bigger alkaline earth metal atom M’, and a greater electronegative
ligand atom X might result in larger VDE values for these
heteronuclear superhalogen anions. Therefore, one isomer of
LiCaCl,” was found to possess the largest VDE value (6.799
eV). In addition, the analysis of charge distribution of all
studied anions shows that the isomers exhibit considerably
greater electrical stability when the excess of electrons charge is
shared across all of the ligand atoms as well as with the three
bridging ligand atoms.

Thus, the Research Topic not only covers the articles based
on the exploration of structures, properties and applications of
superatoms but also includes a few articles on atomic clusters as
well. We are of the strong opinion that the contents of this
Research Topic offer readers an overview of the recent progress
of this constantly expanding field.
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In this study, to examine the possibility of using cage-like complexants to design
nonmetallic superalkalis, a series of X@3%adz (X = H, B, C, N, O, F, and Si) complexes
have been constructed and investigated by embedding nonmetallic atoms into the
3%adamanzane (3%adz) complexant. Although X atoms possess very high ionization
energies, these resulting X@3%adz complexes possess low adiabatic ionization
energies (AIEs) of 0.78-5.28 €V. In particular, the adiabatic ionization energies (AlEs) of
X@3%adz (X = H, B, C, N, and Si) are even lower than the ionization energy (3.89 eV) of Cs
atoms, and thus, can be classified as novel nonmetallic superalkalis. Moreover, due to the
existence of diffuse excess electrons in B@3°adz, this complex not only possesses pretty
low AIE of 2.16 eV but also exhibits a remarkably large first hyperpolarizability (8o) of 1.35 x
10° au, indicating that it can also be considered as a new kind of nonlinear optical
molecule. As a result, this study provides an effective approach to achieve new metal-free
species with an excellent reducing capability by utilizing the cage-like organic complexants
as building blocks.

Keywords: superalkali, adamanzane, superatom, nonlinear optics, reducing matters

INTRODUCTION

Reducing agents with low ionization energies (IEs) play a crucial role in chemical synthesis. As is
well-known, alkali metal atoms possess the lowest ionization energies (5.39-3.89 eV) (Lide, 2003)
among all the elements in the periodic table. However, it is reported that a class of extraordinary
compounds possesses even lower IEs than those of alkali metal atoms. Such species were termed
“superalkalis” by Gutsev and Boldyrev (1982). Initially, superalkalis were designed by decorating
an electronegative central atom with alkali-metal ligands, such as FLi,, OLi3, and NLi, following
the formula MLy, (L is an alkali-metal atom and M is an electronegative atom of valency k). In
MLy, , one more alkali metal atom will bring an extra valence electron for the electronic shell of M
according to the octet rule. Consequently, such an MLy, ; complex has a great tendency to lose the
extra valence electron and thus possess strong reducibility (Sun and Wu, 2019).

Owing to their excellent reducing ability, superalkalis can be used to synthesize unusual charge-
transfer salts (Zintl and Morawietz, 1938; Jansen, 1976) with the counterpart possessing relatively
low electron affinity and activate stable CO, and N, molecules (Park and Meloni, 2017; Zhao et al.,
2017; Park and Meloni, 2018; Sun et al., 2019; Sikorska and Gaston, 2020) to produce high-value
products (Zhang et al., 2021a; Zhang et al., 2021b). In particular, as a special subset of superatom
(Reveles et al., 2009; Luo and Castleman, 2014), superalkalis can behave as alkali metal atoms and

Frontiers in Chemistry | www.frontiersin.org

7 March 2022 | Volume 10 | Article 853160


http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2022.853160&domain=pdf&date_stamp=2022-03-14
https://www.frontiersin.org/articles/10.3389/fchem.2022.853160/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.853160/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.853160/full
http://creativecommons.org/licenses/by/4.0/
mailto:sunwm@fjmu.edu.cn
https://doi.org/10.3389/fchem.2022.853160
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2022.853160

Ye et al.

maintain their structural and electronic integrities when
assembled into extended nanostructures (Reber et al., 2007).
Hence, they offer an exciting prospect of serving as building
blocks for nanomaterials with highly tunable properties (Jena
and Sun 2018), such as supersalts (Giri et al., 2014), hydrogen
storage materials (Merino et al, 2012), noble-gas-trapping
agents (Pan et al, 2013), superbases (Srivastava and Misra,
2015), and nonlinear optical materials (Sun et al., 2014a; Sun
et al., 2014b; Sun et al.,, 2016b; Sun et al., 2016¢; Sun et al.,
2018a).

In view of the great importance of superalkalis in chemistry,
various superalkalis have been theoretically (Tong et al., 2009;
Tong et al, 2011, Tong et al., 2012a,Tong et al., 2012b; Hou
etal.,2013; Liu et al., 2014; Sun et al., 2013; Sun et al., 2016a; Giri
et al., 2016; Zhao et al., 2017; Sun et al., 2018b; Sun et al., 2019;
Park and Meloni, 2018; Sun and Wu, 2019; Tkachenko et al.,
2019; Sikorska and Gaston, 2020) and experimentally (Lievens
et al., 1999; Yokoyama et al., 2000, 2001; Hou and Wang, 2020)
characterized in the past decades. To date, conventional
mononuclear MLy, superalkalis have been expanded to
dinuclear (Tong et al, 2009; Tong et al, 2011) and
polynuclear (Tong et al., 2012a; Tong et al., 2012b; Liu et al,,
2014) superalkalis, aromatic superalkalis (Sun et al., 2013),
Zintl-ion-based superalkalis (Giri et al, 2016; Sun et al,
2018b), hyperalkalis (Sun et al, 2016a), alkali-metal
complexes (Tkachenko et al, 2019), and so on. More
importantly, some alkali-metal-free superalkalis (Hou et al,
2014; Liu et al, 2016), particularly nonmetallic superalkalis
(Hou et al., 2013; Srivastava, 2019a; Srivastava, 2019b), have
been proposed in recent years. For example, Hou et al. (2013)
designed a class of M,H,,,;* (M =F, O,N,Cforn=1,2,3,4,
respectively) superalkali cations by using hydrogen atoms as
ligands. Following a similar rule, the other two series of
nonmetallic superalkali cations, namely, F,H,,,* (n = 1-10)
and C,Hy1" (x = 1-5), have been proposed by Srivastava
(2019a, 2019b). These achievements demonstrate that the
potential of designing superalkalis of new type is limitless
and thereby motivate us to create more diverse superalkali
species by using different rules and ligands to further enrich
the superalkali family.

More recently, Tkachenko et al. (2019) reported the record low
ionization potentials (1.70-1.52 eV) of alkali metal complexes
with crown ethers and cryptands and defined them as superalkali
species. In fact, such alkali metal complexes were previously
named as electrides, a special kind of ionic solids with trapped
electrons serving as anions (Dye, 2009). Hence, this work first
built a bridge between superalkalis and electrides. However, it is
known that crown ethers and cryptands are prone to be cleaved at
the C-O bonds (Redko et al,, 2002). Fortunately, analogous
complexants, such as adamanzane (adz) (Redko et al,, 2002)
and aza-cage (aza222) (Kim et al., 1999) with only C-N linkages
and no amine hydrogens are considerably stable to synthesize the
crystalline salts, including alkalides (Kim et al., 1999; Redko et al.,
2002) and electrides (Redko et al., 2005) at room temperature.
Hence, it is highly expected that such complexants could also be
used as excellent building blocks to design and synthesize new
superalkalis.

Designing Nonmetallic Superalkalis

Encapsulating
Nonmetallic Atoms

3%adz X@3%adz

FIGURE 1 | The schematic design strategy of X@3%adz (X =H, B, C, N,
O, F, and Si) based on the cage-like 3%adz complexant.

To verify this hypothesis, the 3°adamanzane (3%°adz) has
been chosen as a representative to design a series of X@3°adz
(X=H, B, C, N, O, F, and Si) by encapsulating nonmetallic
atoms into the cavity of this cage-like complexant in this work
(see Figure 1). The 3°adz complexant is composed of tricyclic
tetra-amines with aliphatic chains (Springborg, 2003), which
has been used to synthesize a stable alkalide [H@3%dz]"Na~
(Redko et al., 2002). In this complexant, all the lone pairs of 4 N
atoms direct toward the center of the cage (see Supplementary
Figure S1). Under the repulsion of the lone pairs of N atoms,
the outmost valence electrons of X are destabilized to different
degrees, leading to the obvious rise of HOMO level of X@3°%adz
as compared with the isolated 3°adz complexant. As a result,
these proposed complexes exhibit extraordinarily low AIE
values of 0.78-5.28 eV although X atoms possess very high
ionization energies (IEs) of 8.15-17.42eV (Lide, 2003). In
particular, the B@3°dz complex also has the potential to
serve as new nonlinear optical (NLO) molecule with a
remarkably large first hyperppolarizability of 1.35 x 10° au
because the valence electron of boron atom is pushed out of
cage to form diffuse excess electrons. We hope that this work
will not only provide new nonmetallic members for the
superatom family, but will also open the door to design
strong reducing matters by embedding nonmetallic atoms
into the various cage-like complexants.

COMPUTATIONAL DETAILS

In this work, all the calculations were carried out by using the
coulomb-attenuated hybrid exchange-correlation functional
(CAM-B3LYP) (Tawada et al., 2004; Yanai et al., 2004),
which has been reported to be capable of providing not
only the molecular geometries close to the experimentally
observed structures but also the (hyper)polarizabilities close
to those of the coupled cluster calculations (Limacher et al.,
2009). Hence, this method has been widely used to calculate
the (hyper)polarizabilities of NLO molecules in the previous
works (Sun et al., 2014a; Sun et al., 2014b, Sun et al., 2016c¢).
Also, a method test has also been carried out by sampling
B@3°adz (see Supplementary Table S1) to verify the reliability
of this method in calculating the properties of such systems.
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N@3¢adz

0@3°adz

FIGURE 2 | Optimized geometric structures of X@3%dz (X = H, B, C, N, O, F,

and Si) compounds.

F@3‘adz Si@3‘adz

From Supplementary Table S1, it is found that CAM-B3LYP
gives approximately equal VIE and S, to those obtained by
several other functionals, which indicates that this method is
reliable for these studied systems. Hence, all the optimized
geometric structures of the studied species with real
frequencies were obtained under the CAM-B3LYP/6-
31+G(d) level. Based on the optimized structures, the
single-point energies, nature population analysis (NPA)
charges, and static electric properties were calculated at the
CAM-B3LYP/6-311++G (d, p) level.

In this work, the vertical ionization energies (VIEs) of X@
3%dz (X = H, B, C, N, O, F, and Si) were calculated as the
energy difference between the optimized neutral complex and
the cation in the geometry of the neutral complex, while their
adiabatic ionization energies (AIEs) are defined as the energy
difference between the neutral and cationic complex at their
respective optimized structures. In addition, the TD-M06-2X
calculations were performed to obtain the transition energies
and oscillator strengths of the crucial excited states as well as
the difference of the dipole moments between the ground state
and crucial excited state of X@3%adz by using the 6-311++G (d,
p) basis set. Herein, the dipole moments (yo), polarizabilities
(ap), and first hyperpolarizabilities () are defined as follows,

o= (22 +p2)” 6))
ay = %((Xxx + oy, + (xzz) 2)
Bo=(B+p+p)" 3)

where B; =3 ¥ (B + By + Bjij) b j = {x » 2

All the above calculations were performed by using the
GAUSSIAN 16 program package (Frisch et al, 2016). The
dimensional plots of the molecular structures were generated
with the GaussView program (Dennington et al., 2016).

TABLE 1 | Symmetry point group, the lowest vibrational frequencies v (in cm™),
the bond lengths of X-N1 and X-N2 bonds (dx.n1 and dy.ng, in A), £N1-X-N2
angle (in deg) of X@3%dz (X = H, B, C, N, O, F, and Si) compounds.

Species Symmetry vy dx-n1 dx-n2 «N1-X-N2
H@3%adz S, 69 2.11 2.11 1135
B@3%adz Cy 91 1.66 3.02 105.9
C@3%adz C» 102 1.52 2.97 108.4
N@3%adz C; 48 1.41 2.58 120.3
0@3%adz C, 72 1.34 2.59 125.1
F@3%adz C, 61 1.87 2.41 123.7
Si@3%adz C, 76 2.06 3.22 102.0

RESULTS AND DISCUSSION

Initially, seven X@3%dz (X = H, B, C, N, O, F, and Si)
compounds have been constructed by encapsulating one X
atom into a 3%dz cage. After optimization, the geometric
structures of X@3%adz are illustrated in Figure 2, while the
corresponding cations are plotted in Supplementary Figure S2.
Moreover, selected structural parameters of these resulting X@
3%dz compounds are summarized in Table 1.

As shown in Figure 1, 3%°adz is a cage-like complexant with S,
symmetry. From Figure 2, it is observed that the geometric
integrity of 3%adz cage is well-preserved in these X@3%adz
compounds. However, the geometric symmetries of these
compounds are lowered to C; and C,, except for H@3%adz,
which maintains the S; symmetry of 3°adz. To be specific, the
encapsulated hydrogen atom located at the central position of
3%adz in H@3%adz, yields the newly formed N-H bonds of 2.11 A
and £N1-H-N2 of 113.5". As for B@3®adz, the boron atom tends
to bind with 3 N atoms of the complexant, forming 3 N-B bonds
of 1.63 A ~ 1.66 A, while the distance between the uncombined
N and B atoms is as long as 3.02 A. The C@3%adz complex
possesses a C,-symmetric structure, where the introduced
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TABLE 2 | Adiabatic ionization energies (AIEs, in €V), vertical ionization energies
(VIEs, in eV), HOMO and LUMO energy levels (in eV), and the HOMO-LUMO
gaps of 3%adz and X@3%adz (X = H, B, C, N, O, F, and Si) compounds.

Species AIE VIE HOMO LUMO Gap(eV)
3%adz 6.56 6.80 -6.49 -0.38 6.12
H@3%adz 0.78 3.83 -3.49 0.36 3.86
B@3%adz 2.16 2.18 -1.81 -0.01 1.80
C@3%dz 2.72 3.01 -3.08 0.10 3.18
N@3°adz 3.15 5.72 -4.48 0.19 4.67
0@3°adz 5.28 5.86 -5.65 0.18 5.83
F@3°adz 4.92 6.38 -5.87 -0.13 5.73
Si@3%adz 1.79 2.73 -2.61 0.26 2.87

carbon atom prefers to bind with 2 N atoms of 3°adz by forming
two N-C bonds of 1.52 A. Differently, the more electronegative
N, O, and F atoms are linked to only 1 N atom of the cage
complexant via N-N, N-O, and N-F bonds of 1.41, 1.34, and
1.87 A, respectively, generating the very similar structures of X@
3%adz (X = N, O, and F). Similar to B@3%adz, the introduced
silicon atom tends to bind with 3 N atoms of complexant via
3 N-Si bonds of 2.06-2.35 A in Si@3°adz.

By turning to the cations of X@3°adz, it is found that only the
optimized structure of [B@3%adz]" cation almost coincides with
the geometry of the corresponding neutral one (see
Supplementary Figure S2). For instance, the critical
geometric parameters of dpynj, dpnz and £N1-B-N2 are
hardly changed after one electron is lost from B@3°adz.
However, for the rest of X@3%dz (X = H, C, N, O, F, and
Si), quite different geometries of cationic and neutral complexes
were found. For instance, the H" is attached to 1 N atom of the
complexant in the resulting [H@3%dz]"*, while the doped N
atom turns to combine with 2 N atoms of 3%adz in [N@3%adz]*
and Si atom almost moves to the center of the cage in [Si@
3%adz]". The geometry of C@3°adz is distorted from C,
symmetry to C, with the changes of 0.29 A for the C-N2
bond and 7.3° for £N1-C-N2. As for [F@3°adz]*, the N-F
bond is shortened from 1.87A to 1.38 A because the
introduced F atom further loses 0.333¢ (see Supplementary
Table S1) and thus tends to bind more tightly with the N atom
of the complexant. Also, as shown in Table 2, the difference in
the geometry can also be reflected by the difference of
0.29-3.06 eV between the vertical ionization energies (VIEs)
and adiabatic ionization energies (AIEs) of these X@3%adz (X =
H, C, N, O, F, and Si) species.

More interestingly, as shown in Table 2, extraordinarily low
AIE values of 0.78-5.28 eV were found for all the studied X@
3%dz (X =H, B, C,N, O, F, and Si) complexes, although X atoms
possess very high ionization energies (IEs) of 8.15-17.42eV
(Lide, 2003). Such low AIE values of X@3%adz are not only lower
than that of 6.56eV for the 3%°dz complexant but also
significantly lower than that of 5.39eV (Lide, 2003) for
lithium atom. In particular, the AIE values of H@3°adz
(0.78 €V), B@3°adz (2.16 V), C@3%adz (2.72€V), N@3°adz
(3.15 eV), and Si@3%dz (1.79 eV) are even lower than the IE
of 3.89 eV (Lide, 2003) for Cs atoms. Hence, these compounds
should be classified as novel nonmetallic superalkalis.

Designing Nonmetallic Superalkalis

How to understand the low IE values of such X@3%adz
complexes? We can find some clues from the frontier
molecular orbital analysis. From Figure 3, a clear inverse
correlation between the VIE values and HOMO levels of
these studied compounds can be observed, that is, the higher
the HOMO level is, the lower the VIE is. This is reasonable
considering the fact that the valence electrons on the higher
HOMO:s are easier to be ionized. To be specific, all the HOMO
energies (—1.81 ~ —5.87 eV) of X@3%adz are much higher than
that of —6.49 eV for 3°adz, because of the repulsion between the
lone pairs of N atoms and the outmost valence electrons of X,
resulting in the lower VIEs (2.18-6.38 eV) than that (6.80 eV) of
3%adz. In particular, B@3°adz exhibits the highest HOMO level
of —1.81 eV, and thus possesses the lowest VIE of 2.18 eV among
these X@3%adz complexes. This is because that the valence
electron of embedded boron atom is pushed out of the cage
by the lone pairs of N atoms of the complexant, forming a
electride-like molecule [B*@3%adz](e”) with obvious diffuse
electrons in the HOMO of B@3%adz (see Supplementary
Figure S3). Thus, the existence of diffuse excess electrons in
its high-lying HOMO level results in the high reducibility of this
B@3%adz complex.

Differently, as shown in Supplementary Figure S3, the
valence electrons are accommodated into the HOMOs mainly
composed of the 1s atomic orbital of embedded hydrogen atom
in H@3%adz, and the np orbitals of C and Si atoms in X@3%adz
(X = C and Si), which show obvious antibonding character with
respect to the central atom-complexant interaction. Such
antibonding HOMOs destabilize the neutral structures of X@
3%dz (X = H, C, and Si) and result in their low VIE values
(Gutsev and Boldyrev, 1987; Tkachenko et al., 2019). Hence,
these 3 species also have quite low VIE values of 2.73-3.83 eV.
However, it should be mentioned that the VIEs of 5.72-6.38 eV
for X@3%adz (X=N, O, and F) are larger than that of 5.39 eV for
Li atom, although their HOMOs also possess obvious

24
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FIGURE 3| The relationship between the VIE values and HOMO levels of
X@3%dz (X = H, B, C, N, O, F, and Si) compounds.
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TABLE 3 | Calculated dipole moments (Lo, in au), polarizabilities (ag, in au), first
hyperpolarizabilities (o, in au), transition energies (AE, in eV), oscillator

strength (fo), and the difference in the dipole moments (Au, in Debye) between the
ground and crucial excited states of 3%adz and X@3%adz (X = H, B, G, N, O, F, and
Si) compounds.

Species Ho ao Po AE fo Ay

3%dz 0.000 240 0 5.64 0.100 1.113
H@3%adz 0.000 253 0 5.03 0.044 0.001
B@3%adz 3.326 1,599 1.35 x 10° 0.40 0.121 6.428
C@3%dz 2.074 278 4.05 x 10° 2.25 0.064 2.854
N@3%adz 1.471 257 2.84 x 10? 467 0.033 0.495
0@3%adz 1.558 249 6.84 x 10° 5.40 0.059 1.801
F@3°adz 1.142 255 2.43 x 10? 3.52 0.093 0.544
Si@3%adz 0.773 354 1.95 x 10* 1.84 0.040 5.663

antibonding character. This is attributed to the larger
elertonegativities of N, O, and F atoms than H, C, and Si
atoms, which hinders the ionization of the valence electrons
on their np orbitals in the HOMOs of X@3%dz (X = N, O,
and F).

On the other hand, the difference between the VIE and AIE
values are also related to the different electron distribution in the
HOMOs of X@3°%adz. To be specific, the geometric structure of
B@3°adz is hardly changed after its diffuse excess electron of
HOMO is lost, resulting in its nearly equal VIE (2.18 eV) and
AIE (2.16eV) values. However, the destabilization of
antibonding HOMOs for the neutral X@3%dz (X = H, C,
and Si) complexes drives the embedded X atom to lose
nearly one valence electron (0.667 ¢ ~ 0.867 e, as shown in
Supplementary Table S1), forming relatively stable [X@
3%adz]" cations. After losing one electron, the formed X* ion
changes its interaction mode with the cage complexant, which
leads to the large structural distortion and considerable
difference between the VIE and AIE values of X@3%dz (X =
H, C, and Si). Note that the AIE of H@3%dz is as low as 0.78 eV
because the formed [H@3%dz]" is very stable and has been
identified in various synthesized ionic compounds, such as [H®@
3%adz]"X™ (X = Cl, Br, I, and Na) (Kim et al., 1994; Springborg
et al., 1996; Redko et al., 2002).

Finally, considering the diffuse excess electron in the HOMO
of B@3%adz, it is highly expected that this superalkali also
exhibits considerable nonlinear optical (NLO) response.
Thus, the static electric properties of these studied X@3°adz
compounds and 3°adz complexant were calculated and listed in
Table 3. It is observed that B@3°dz has the largest dipole
moment (3.326 au) and polarizability (1,599 au) among these
X@3%adz complexes because of the existence of diffuse electrons
in the HOMO of this superalkali. In particular, the first
hyperpolarizability (8,) of B@3%adz is as large as 1.35 x 10°
au, which is significantly larger than those of the reported
superalkalis and superalkali-based NLO materials, such as the
aromatic organometallic superalkali Aus(Py); (3.74 x 10* au)
(Parida et al., 2018), superalkali-based alkalide Li;O*(calix [4]
pyrrole)M™ (M = Li, Na, and K) (1.18 x 10%-3.33 x 10* au) (Sun
et al., 2014a), and superalkali-based electride Li;O@Al;,N;,
(8.73 x 10° au) (Sun et al, 2016b), indicating that this

Designing Nonmetallic Superalkalis

proposed superalkali species can indeed be considered as a
new kind of NLO molecule of high performance.

To understand the eminently large B, value of B@3%adz, we
focus our attention on the simple two-level model (Oudar, 1977;
Oudar and Chemla, 1977),

Au- fo
AE3

By o)
where AE, fo, and Ay are the transition energy, oscillator
strength, and the difference in the dipole moment between
the ground state and crucial excited state, respectively.
According to this two-level expression, f3 is proportional to
fo and Ay, while is inversely proportional to the cube of AE, and
therefore, the transition energy is considered to be the decisive
factor in the first hyperpolarizability (Sun et al, 2014a,b,
2016b,c). Hence, the AE, fy, and Ay values of the crucial
excited states with the largest oscillator strength of 3°adz and
X@3%adz are summarized in Table 3. It is noted that B@3°adz
possesses extremely smaller AE and much larger f, and Au
values than those of other X@3%dz (X = H, C, N, O, F, and Si)
compounds, which rationalizes its largest 3, value among these
studied X@3%adz species. In addition, the proposed C@3°adz
and Si@3%adz superalkalis also show considerable 8, values of
4.05 x 10° au and 1.95 x 10* au, respectively, because of their
relatively smaller AE values and larger Ay values.

CONCLUSION

By using 3°adamanzane (3°adz) as a complexant, a series of X@
3%dz (X = H, B, C, N, O, F, and Si) compounds were
constructed and studied based on the density functional
theory. It is interesting to find that the X@3%dz (X = H, B,
C, N, and Si) complexes possess lower AIE values than the IE of
Cs atoms though the X atoms and 3°adz possess very high IE
values. Thereby, they can be regarded as a new kind of
nonmetallic superalkalis. In particular, different from other
complexes, the low IE of B@3%adz is derived from the diffuse
excess electron formed by the repulsion between the valence
electron of the embedded boron atom and lone pairs of N
atoms of the complexant. Due to the existence of diffuse
electrons, this superalkali also possesses a remarkably large
Bo of 1.35 x 10° au, which can serve as a new kind of NLO
molecule. Hence, it is highly hoped that the theoretical design
and characterization of these nonmetallic superalkali species
could provide meaningful references to further design novel
reducing matters or NLO materials by using such cage-like
molecules as complexants.
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Computational Exploration on the
Structural and Optical Properties of
Gold-Doped Alkaline-Earth
Magnesium AuMg, (n = 2-12)
Nanoclusters: DFT Study

Ben-Chao Zhu*, Ping-Ji Deng, Jia Guo and Wen-Bin Kang*

School of Public Health, Hubei University of Medicine, Shiyan, China

Using CALYPSO crystal search software, the structural growth mechanism, relative
stability, charge transfer, chemical bonding and optical properties of AuMg,, (n = 2-12)
nanoclusters were extensively investigated based on DFT. The shape development
uncovers two interesting properties of AuMg, nanoclusters contrasted with other
doped Mg-based clusters, in particular, the planar design of AuMgs and the highly
symmetrical cage-like of AuMgg. The relative stability study shows that AuMgqg has
the robust local stability, followed by AuMgg. In all nanoclusters, the charge is transferred
from the Mg atoms to the Au atoms. Chemical bonding properties were confirmed by ELF
analysis that Mg-Mg formed covalent bonds in nanoclusters larger than AuMgs. Static
polarizability and hyperpolarizability calculations strongly suggest that AuMgg nanocluster
possesses interesting nonlinear optical properties. Boltzmann distribution weighted
average IR and Raman spectroscopy studies at room temperature verify that these
nanoclusters are identifiable by spectroscopic experiments. Finally, the average bond
distance and average nearest neighbor distance were fully investigated.

Keywords: calypso, DFT, AuMgn nanoclusters, optical properties, structural property

INTRODUCTION

Metal nanoclusters have attracted increasing interest from academics in recent years due to their
appealing micro patterns and interesting features (Jin et al., 2016; Peng et al., 2018; Tew et al., 2018).
For example, Au, clusters tend to exhibit 2-dimensional structures at small sizes, while medium sizes
(n < 15) will transition to 3-dimension (Idrobo et al., 2007; Assadollahzadeh and Schwerdtfeger,
2009; Huang and Wang, 2009). For larger size, the study of Auyy, cluster is highly worth explaining,
It was first reported in 1997 as a critical size for the transformation of Au nanoclusters into
nanocrystals and worthy of being researched, but its structure could not be determined at that time
(Alvarez et al., 1997), then in 2009 it was precisely predicted by theoretical studies to have a multishell
structure (Qian and Jin, 2009), and finally, in 2018 it was experimentally confirmed to have a three-
layer metallic core of Au;,-Auy,-Augy from the inside out (Yan et al., 2018). Researchers have been so
persistent in studying them because the physical size of these clusters is comparable to the electron
Fermi wavelength and therefore tends to show interesting electronic (Yau et al., 2013), optical
properties (Ramakrishna et al., 2008; Jin, 2015) and have important application prospects in the field
of medicine and biology (Shang et al., 2011). Because the physical and chemical characteristics of
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nanoclusters alter with size throughout the transition to
nanocrystals or nanoparticles, nanocluster research will
anticipate, at least theoretically, a slew of new materials for the
field of nanomaterials science.

A lot of studies on alkaline Earth metal magnesium clusters
have been reported, in addition to usual studies of metal
nanoclusters like gold, silver, and copper (Kohn et al., 2001;
Xia et al., 2016; Zhang et al., 2020; Zhao et al., 2021). This is partly
because magnesium-based nanomaterials have an exceptional
hydrogen storage capacity compared to ordinary materials
(Shao et al.,, 2012), and therefore, various kinds of Mg-based
nanocluster materials, such as CoMg, (Trivedi and
Bandyopadhyay, 2015), RhMg, (Trivedi and Bandyopadhyay,
2016), ScMg nanocluster (Chen et al., 2020; Lyon, 2021), are
worthy of systematic study. Most of these studies were carried out
theoretically and gave interesting results by predicting the
hydrogen storage properties of nanocluster materials based on
Mg. For example, it is shown that MgScH;; and MgScH;s
nanoclusters have, theoretically, ultra-high hydrogen storage
capacities of 15.9 wt% (Lyon, 2021) and 17.8 wt% (Chen et al,,
2020), respectively. On the other hand, the optical properties of
Mg and Mg-based nanoclusters are also very attractive (Belyaev
et al., 2016; Shinde, 2016; Shinde and Shukla, 2017). The IR
spectra of Mg, (n = 2-31) nanoclusters were studied using DFT,
and the results showed that their most intense peaks were
distributed in the low-frequency band of 40-270 cm™" (Belyaev
et al., 2016). The linear absorption spectroscopy studies of very
small size Mg, (n = 2-5) nanoclusters confirm that their low-
lying structures, although small, can be experimentally
distinguished, while the optical excitation spectra are
confirmed to be of plasmonic collective type (Shinde, 2016).

In short, nanocluster materials, like Au and Mg, are a field of
materials science full of unknown “surprises” where many
interesting optical and electronic excitation properties can be
“discovered”. However, surprisingly, the study of gold-doped Mg
nanoclusters has not been reported so far. This work aims to
perform a systematic theoretical computational study of the
structural and optical properties of gold-doped small-size
magnesium nanoclusters. Specifically, the geometric growth
mechanism, relative stability, charge transfer properties,
chemical bonding properties, nonlinear optical properties, and
theoretical calculations of infrared and Raman-weighted average
spectra of AuMg,, (n = 2-12) nanoclusters will be investigated.
These studies will not only enrich the research data on AuMg,
nanoclusters, but also provide the opportunity to gain insight into
potential nanomaterials with interesting optical properties.

COMPUTATIONAL METHOD DETAILS

CALYPSO software (Wang et al., 2010, 2012) was utilized to
search the initial geometries of AuMg, (n = 2-12) nanoclusters.
CALYPSO can perform predictions of the energetically low-lying
isomers structures at given chemical compositions and pressure
for nanoclusters (Lv et al., 2012; Zhao et al., 2019; Lu et al., 2020)
in gas-phase and crystals (Lu and Chen, 2020a, 2020b, 2021; Sun
et al,, 2020; Chen et al., 2021) via particle swarm optimization

AuMgn (n = 2-12) DFT Study
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FIGURE 1 | The geometry of the three lowest energy isomers of AuMgy,
(n = 2-7) nanoclusters, energy difference in eV from the lowest energy isomer
at the same size.

(PSO) algorithm. To search for as many low-lying energy isomers
of AuMg, (n = 2-12) nanoclusters as possible, the following
strategy will be employed. First, each size of AuMgn nanocluster
will be searched for 50 generations, where each generation
contains 20 structures. Further, 80% of these 1,000
heterogeneous structures are generated by the PSO algorithm
for the initial structure, and the rest are generated randomly.
These structures are then interfaced via CALYPSO to Gaussian
09 software (Frisch et al, 2016) for low-level HF energy
calculations, and finally ranked by energy level. It is necessary
to explain that many of the 1,000 isomers obtained have the same
or extremely close energies, and their geometrical structures do
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FIGURE 2 | The geometry of the three lowest energy isomers of AuMg;,
(n =8-12) nanoclusters, energy difference in eV from the lowest energy isomer
at the same size.

not differ much and therefore need to be removed. Finally,
isomers with significantly different energies and structures
were again subjected to high-level DFT for structural
optimization and frequency calculations by Gaussian 09
software. The structure optimization calculation employs the
classical B3LYP functional, where the mixed basis set is
considered due to the presence of Au atom. Concretely,
6-311g (d) is applied to Mg atoms, while the pseudopotential
basis set lanl2dz is used for Au atoms. The adoption of such
functional and basis set is based on the following two aspects,
firstly, the existing studies have shown that Mg, nanoclusters do

AuMgn (n = 2-12) DFT Study

not have any metallic properties at the size of n < 20 (K6hn et al.,
2001; Jellinek and Acioli, 2003; Xia et al., 2016), and secondly, all-
electron basis set and lanl2dz basis set have been proved to be
reliable for Mg and Au nanoclusters by numerous studies (Xia
etal, 2016; Zeng et al., 2020; Zhu et al., 2021). To ensure a more
comprehensive structural optimization, each isomer was
calculated under 2, 4, 6, and 8 spin multiplicities, respectively.
In addition, to verify that the isomer is not a transition or excited
state, imaginary frequencies must be excluded from any result.
Once the imaginary frequency appears in the calculation result,
they need to be optimized again until all frequencies are positive.

Charge transfer property of the lowest energy AuMg, (n =
2-12) nanoclusters was analyzed by natural bond orbital (NBO)
calculation (Reed et al., 1988). Chemical bonding properties were
computed through the electron localization function (ELF)
(Becke and Edgecombe, 1990). The nonlinear optical
properties of the ground state AuMg, nanoclusters were
investigated at the aug-cc-pVTZ level. Infrared and Raman
spectra are the results of vibration frequency calculations. In
particular, Multiwfn software (Lu and Chen, 2012) is a powerful
tool to draw 2D map of ELF, spherical plots of static and super-
static polarizabilities, Boltzmann distribution probabilities of
different isomers and weighted average IR and Raman
spectral data.

RESULTS

The Geometrical Growth Mechanism of

AuMg,, Nanoclusters

The growth mechanism of nanoclusters can be studied by their
geometric structures. Three low-lying energy isomers of each size
AuMg, (n = 2-12) nanoclusters are presented in Figure 1 and
Figure 2. Under each structure, the “i” in AuMg,-i is their energy
order, with “1” indicating the lowest and “2” the second-lowest
ones. The energy difference (eV) between the AuMgn-i and
AuMg,-1 at each size can also be found. In addition to the
symmetry, and the electronic structure information is also shown
in Figures 1, 2. All information about the lowest energy state of
AuMg, (n =2-12) nanoclusters is summarized in Table 1, where
the results of the frequency calculations show the lowest and
highest vibrational frequencies satisfying the requirements that
the results of the frequency calculations cannot contain any
imaginary frequency. As can be seen from Figure 1, isomers
AuMg,-1 (D..j, symmetry with 22g electronic state) and AuMg,-2
(Cy, symmetry with ng electronic state) have a similar linear
structure, the difference being that the Au atom is in the center of
the former and on the side of the latter. Isomers AuMg,-3 (C,,
symmetry with *B, electronic state) show a 2D planar isosceles
triangle structure. Relative to the lowest energy state AuMg,-1
isomer energy, AuMg,-2 and AuMg,-3 isomers have 0.24 and
0.39 eV higher energy than it, respectively. The isomer AuMg;-1
(D3, symmetry with 2A’; electronic state) has an equilateral
triangular geometry, while the isomer AuMg;-3 (C,, symmetry
with ®A, electronic state) has an isosceles triangular structure,
and interestingly the Au atoms are located at the center of their
triangular structures, respectively. The structure of the isomer
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TABLE 1 | State, symmetry, Eb, AoE, Egap for a- and p-electrons, frequency and NCP on Au atom in the ground state of AuMg, (1 = 2-12) nanoclusters.

Clusters State Symmetry Ep(eV) AoE(eV)
AuMg, Door Y 1.72 -
AuMgs Dgp A, 1.78 -0.15
AuMg, Cay A 1.84 0.29
AuMgs Cay 2A, 1.83 -0.03
AuMgg Co ’B 1.83 -0.04
AuMg; Cy 2A 1.84 -0.05
AuMgg Coy 2A 1.85 -0.32
AuMgg Cuy 2A, 1.89 0.24
AuMgjo Cay A 1.90 0.28
AuMg 4 Cs o\ 1.89 -0.12
AuMg2 Cs 2N 1.88 —

AuMgs;-2 (C,, symmetry with 2A, electronic state) is a planar
combination of Au-Mg-Mg isosceles triangle and Mg-Mg-Mg
isosceles triangle. Calculations show nanoclusters of 2 Mg atoms
doped with one Au atom, where the second and third lowest
isomers are 0.03 and 4.20 eV higher than the lowest energy
isomer, respectively. The structures of the isomers AuMg,-1
(Cs, symmetry with 2A, electronic state) and AuMg,-2 (Cy,
symmetry with 2A; electronic state) can be considered as
formed based on the tetrahedral (pyramid-like) structure of
Au-Mg-Mg-Mg adsorbing an Mg atom in different directions.
The isomer AuMgy-3 (C,, symmetry with 2B3g electronic state)
shows a rectangular structure in which the 4 Mg atoms are at the
vertices while Au atom is at the geometric center. For the isomer
AuMg,-1, AuMg,-2 and AuMg,-3 are higher in energy by 0.01
and 0.49 eV, respectively. The structure of the isomer AuMgs-1
(C,, symmetry with 2A, electronic state) is based on the
formation of AuMg,-2 by adsorbing an Mg atom on its top.
The isomers AuMg,-3 and AuMg,-1 form the isomers AuMgs-2
(C, symmetry with *A’ electronic state) and AuMgs-3 (Cs
symmetry with A electronic state) after pulling up the Au
atom into the interior of the polyhedral while adsorbing an
Mg atom on their tops. The second- and third-lowest energy
isomers of the AuMgs nanocluster are 0.08 and 0.16 eV higher
than that of the lowest-energy isomer. The isomers AuMgs-1 (C,
symmetry with *B electronic state) and AuMgs-2 (C,, symmetry
with ?A, electronic state) have extremely close energies and
structures, which exhibit rotational symmetry with Au atom.
The isomer AuMgg-3 (ZBZg electronic state), which is higher
0.04 eV in energy than AuMgs-1, possesses a high symmetry
(D,y,) octahedron in which the Au atom is located at its center.
The structures of the isomers AuMg,-1 (C; symmetry with A
electronic state), AuMg;-2 (C, symmetry with 2A" electronic
state) and AuMg;-3 (C, symmetry with ZA" electronic state)
are all grown based on the diversity of Au-Mg-Mg-Mg
tetrahedra-like geometries. In addition, the energy shift of the
isomers AuMg;-2 and AuMg;-3 relative to the lowest energy state
are 0.03 and 0.10 eV, respectively.

As Figure 2 displayed, the medium-sized AuMg, (8-12)
nanoclusters exhibit a diversity of structures. The structures of
the isomers AuMgg-1 (C,, symmetry with 2A; electronic state)
and AuMgs-3 (C; symmetry with A electronic state) are

Egapa(eV) EgapB(eV) Frequency (cm™) NCP on

Highest Lowest Au (e)
2.76 2.53 220 14 -0.74
2.28 2.22 197 25 -1.35
2.19 215 212 23 -1.68
2.28 1.29 232 13 -2.17
2.21 1.14 225 9 -2.99
1.74 1.65 207 10 -2.44
1.55 1.58 2083 20 -3.05
1.63 1.75 236 53 -1.00
1.14 1.85 224 21 -2.49
1.70 1.39 232 27 -2.39
1.15 1.88 243 13 —2.47

generated based on the deformation of AuMg;-3 after
adsorption of an Mg atom, while the structure of the isomer
AuMgg-2 (C, symmetry with *A’ electronic state) can be obtained
from the deformation of AuMg,-2 by adsorption of an Mg atom.
The second and third lowest energy isomers of AuMg;
nanoclusters are higher in energy than the ground state by
0.01 and 0.17eV. The isomers AuMgy-1 and AuMgy-2 have
the same symmetry (Cy,), electronic structure (A)), energy
and “fascinating cage-like” structures. The isomer AuMgy-3
(*A’ electronic state), which is 0.08 eV higher in energy than
AuMgy-1, has a cage-like structure with C; symmetry. The
structures of the isomers AuMg;o-1 (C,, symmetry with A,
electronic state), AuMg;-2 (C, symmetry with A electronic
state) and AuMg;o-3 (C; symmetry with %A electronic state) are
generated based on the deformation of AuMgy-1 by adsorption of
Mg atoms in different directions. The second and third lowest
energy isomers of AuMg;, nanoclusters are higher in energy than
the first lowest energy by 0.46 and 0.84 eV, respectively.
Interestingly, the isomers AuMg,;-1 (C, symmetry with *A’
electronic state) and AuMg;;-2 (C; symmetry with ZA
electronic state) are easily obtained by the deformation of
AuMg;,-2 by adsorption of an Mg atom. On the other hand,
AuMg;;-3 (C; symmetry with 2A electronic state) is formed by
the deformation of AuMgl0-1 after the adsorption of an Mg
atom. AuMg;;-2 and AuMg;;-3 have higher energies than
AuMg;;-1at 0.03 and 0.39eV. The isomer AuMg,-1 (C;
symmetry with A’ electronic state) is generated by the
adsorption of an Mg atom by AuMg;,-1. The isomer AuMg;,-
2 (C,, symmetry with 2A, electronic state), on the other hand,
exhibits a deformed tubular-like structure, while the isomer
AuMg;»-3 (C, symmetry with 2A" electronic state) has a
pyramid-like structure. Furthermore, compared to the energy
of AuMgi,-1, AuMg;,-2 and AuMg;, 3 are 0.05 and 0.40eV
higher, respectively. Because the lowest energy state isomers of
nanoclusters often require more comprehensive studies to
explore their various physical and chemical properties, the
atomic coordinates of the AuMg,-1 (n = 2-20) nanoclusters
are shown in Supplementary Table S1 in the Supplemental
Material.

In conclusion, based on the small size of AuMg,, ; or smaller,
AuMg, (n = 2-12) nanoclusters can usually be formed by
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adsorption of Mg atoms in different directions, and the
interesting point is that the direction of adsorption does not
have a fixed pattern. Such result is consistent with many existed
Mg-based nanoclusters reported (Li et al., 2017; Zeng et al., 2020,
2021; Zhu et al,, 2020). However, despite the many similarities,
the structures of gold-doped Mg nanoclusters have unique
properties compared to other Mg-based nanoclusters studies.
For example, the structure of AuMg; nanoclusters is 2D
planar, while the lowest energy heterostructures of Be (Zeng
etal,, 2020), Si (Zhu et al., 2020), C, Ge, Sn (Zeng et al., 2021), Zn-
doped (Li et al., 2017) Mg nanoclusters of corresponding sizes are
all ortho-tetrahedral in shape. Interestingly, although the ground-
state structures of AuMgy and BeMg, (Zeng et al., 2020) look
similar, the significant difference between them is that the Au
atom locates on the surface of AuMg, while the Be atom is
absorbed into the inside of BeMgy.

The Relative Stabilities

Since clusters exhibit different physical and chemical properties at
different sizes, their relative stability is well worth studying. The
relative stability of cluster can be calculated through the following
three quantities, that is the binding energy per atom (E, in eV),
the second-order energy difference (A,E in eV) and the HOMO-
LUMO energy gap (E,,p, in €V). Equations 1-3 display the above
three energies for AuMg,-1 (n = 2-20) nanoclusters in Figure 1.

E,(AuMg,) = [nE(Mg) + E(Au) - E(AuMg,)]/ (n+1) (1)
AE(AuMg,) = E(AuMg,,,) + E(AuMg, ,) — 2E (AuMg, )

E (Au) and E (Mg) denote the energies of free Au and Mg
atoms, E (AuMg,) means the energy of the corresponding
nanocluster. The lowest unoccupied molecular orbital (LUMO)
and highest occupied molecular orbital (HOMO) energies are
Erumo and Enomo-

The theoretically calculated values of these quantities for
AuMg,-1 (n = 2-20) nanoclusters are presented in Table 1
and their curves with size are showed in Figure 3. As
Figure 3A displayed, overall, the E, curve becomes larger as
the size of the nanoclusters increases, implying that the atoms
within the AuMg,, nanoclusters bind more stably as the Au atoms
are doped. Locally, the maximum value of Ej, appears at AuMg,
(1.90 eV), indicating that this nanocluster has the robust stability.
Secondly, a small local peak (1.84eV) appears at AuMg,,
indicating that it is slightly more stable than its neighbors.
Figure 3B shows the curve of the A,E, which can be detected
experimentally by mass spectrometry. Interestingly, as in the case
of the local peaks of the Ey, curve, AuMg, and AuMg;, have local
maximum A,E values of 0.29 and 0.28 eV, respectively. This
conclusion suggests that they are both the most stable and have a
high probability of being observed in mass spectrometry
experiments. The thermodynamic stability of nanoclusters can
be characterized by the value of their Eg,,. Since AuMg,
nanoclusters are open-shell systems, they have both o and -
electrons, and the Eg, of a and B-electrons are illustrated in
Figure 3C and Figure 3D. For a-electrons Eg,, curve of AuMg,
nanoclusters, the local peaks appear at n = 5, 9 and 11, while
AuMg, has the largest local p-electron E,,,, indicating that the

gap>
thermal stability of these clusters is relatively high.

2 .
2) In conclusion, AuMg, and AuMg;, nanoclusters show the
Egp (AuMg,) = Erumo (AuMg, ) — Exomo (AuMg, ) (3) 1oyt stability. However, it is noteworthy that the AuMg,
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nanocluster is always the second largest value in both E,, and A,E
curves, although they are not the maximum values. Therefore,
combined with the E,, maximum for a-electrons, AuMg,
nanocluster also has considerable robust stability and be
worthy studying.

Charge Transfer Property and Chemical

Bond Analysis

The natural charge population (NCP) results from the NBO
calculations can reveal the charge transfer properties in the
nanoclusters. The NCP values of Au atoms in Table 1 are in
the range of [-2.99, —0.74] e, indicating that Au atoms play the
role of electron receiver in all nanoclusters. The curve of NCP on
Au atom with the size is ploted in Figure 4. The AuMg,
nanocluster appears to be very special, which is probably
originated from its high symmetry structure. Supplementary
Table S2 in the Supplementary Material shows the NCP
values on the Mg atoms. Except for 4 Mg atoms in AuMgy
with a charge of —0.05e and 1 Mg atom in AuMg;, with an
NCP value of -0.01 e, all other Mg atoms have positive NCP
values, distributed from 0.65 to 0.01 e, suggesting that they are
losing electrons. In other words, Mg atoms are electron donors in
the AnMg, nanoclusters. The charge transfer property depends
on the electronegativity of the atom, the greater the
electronegativity, the easier it is to get electrons. The
electronegativity value of Mg atom is 1.31, while that of Au
atom is 2.54, so the charge transfer is mostly from Mg atom to
Au atom.

The ELF values of atomic bonding regions and their 2D maps
are useful tools for analyzing the chemical bonding properties of
nanoclusters. ELF is a value greater than 0 and less than 1, which
characterizes the degree of electron localization and thus can
determine the bonding properties. A region with ELF > 0.5
implies high electron localization and covalent bonding in the
bonding region, while a region with ELF < 0.5 has low electron

AuMgn (n = 2-12) DFT Study

localization and non-covalent bonding in the bonding region.
Figure 5 and Supplementary Figure S1 in the Supplementary
Material display the 2D distribution of the EFL value for the
ground state AuMg,, (n = 2-12) nanoclusters. The calculations
show that Mg-Mg in AuMg, nanoclusters is covalently bonded,
while Au-Mg bond is non-covalent. The relatively large value of
ELF around Au atom and low in bonding region indicates that the
valence layer of Au atom is solidified around it, so it does not form
covalent bonds with Mg. Furthermore, considering that the Au
atom always gains electrons and the Mg atom around it loses
electrons to be positively charged, it can be concluded that Au-Mg
is ionic bonding. Another noteworthy point is that the critical size
for Mg-Mg bonding is AuMg,. ELF distribution map shows that
Mg-Mg does not covalently bond in AuMg, and AuMg;
nanoclusters.

The Nonlinear Optical Property

Static polarizabilities o (eo) and hyperpolarizabilities () for the
ground state AuMg, (n = 2-20) nanoclusters were calculated to
analyze their nonlinear optical property. Specifically, the coupled-
perturbed Kohn-Sham (CPKS) method (Jensen, 2017) was
adopted for the AuMg, nanoclusters to compute the
polarizabilities and hyperpolarizabilities in the zero-frequency
limit (A—eo). The results of a(ee) and P(eo) calculations are
presented in Supplementary Table S3 in the Supplementary
Material and are shown in Figure 6. From Figure 6A, it can
be seen that the polarization anisotropy o, (e°) and isotropy
Q50 (o) of AuMg, nanoclusters do not change consistently with
the size. The o, (o) shows an overall upward trend, except for
AuMgy, while the oy, (o) oscillates with increasing size. In
addition, oy (20), ayy (o), a,, (o) of each nanocluster are also
shown in Figure 6A. Due to the diversity of the nanoclusters
structures, these quantities display irregular oscillations in
different directions. However, AuMgy nanocluster with high
structural symmetry exhibits synchronous local minimum
anisotropic and isotropic polarization, suggesting that it has
special nonlinear optical properties compared to other
nanoclusters. In order to study the polarization of AuMgg
more intuitively, the wunit sphere representation of its
polarization tensor is plotted in Figure 6C. One can find the
anisotropic polarization of AuMgy, more specifically, the small
polarization rate in the x-y plane and the maximum polarization
rate in the z-direction (i.e., the direction of the line connecting the
leftmost Au and the rightmost Mg in the figure).

Figure 6B exhibits the static hyperpolarizability B (eo) of the
AuMg, nanoclusters and their projection values in the dipole
moment direction Py (). Since By (o) can be measured by
the electric field-induced second harmonic generation
experiment (EFISH), it serves as a guide for experiments.
Specifically, B increases from AuMg, to a maximum value of
AuMgs, then gradually decreases to a minimum value of
AuMgy, and increases again afterward. Interestingly, the P
and B,,; of AuMg, and the nanoclusters smaller than it are
exactly equal, indicating that its B is isotropic with the dipole
moment. However, starting from AuMg; nanocluster, the
two curves are reversed, forming a mirror-symmetric trend.
Figure 6D shows the unit sphere representation of static
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hyperpolarizability tensor  of AuMgy, it is found that { is also Boltzmann Distribution Weighted Average

anisotropic, with a maximum in the z-direction, and changes
in the x-y plane as the Mg atoms surround it. In conclusion,
relative to other nanoclusters, AuMg9 exhibits distinctive

nonlinear optical properties.

Spectra of IR and Raman

For the ground state AuMg, nanoclusters, the infrared and
Raman spectra with weighted average of the Boltzmann
distribution were calculated for guidance experiments. The
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FIGURE 8 | Boltzmann distribution weighted average spectra of the three lowest energy isomers of AuMg;, (0 = 6-9) nanoclusters at room temperature (IR on the

motivation for considering the Boltzmann distribution is due to
the difficulty of observing only the ground state nanoclusters in
experiments, especially in the gas-phase nanoclusters. Figure 7
display the IR and Raman spectra of the weighted average of the
Boltzmann distribution at room temperature. The Boltzmann
distribution probabilities of each isomer at different temperatures

were also calculated by the relevant equations in the
Supplementary Material. The small 3D plots in each map are
the corresponding weighted average spectra at 100 k, 300 k and
1000 k temperatures. As shown in Figures 7-9, the strongest
absorption peaks of IR spectra are distributed in the 40-350 cm™
frequency band, while the strongest peaks of Raman spectra are
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left side, Raman on the right side), and the first strong IR and Raman peaks in AuMg,, (1 = 2-12) nanoclusters.

distributed in a narrower band of 20-220 cm™'. However, the
most intense peaks of both IR and Raman weighted average
spectra appear around 200 cm ™" as the size increases. In addition,
as can be seen from the small 3D plots in each figure and
Supplementary Figure S2 in the Supplementary Material, the
location of the most intense peak of the weighted average

spectrum does not shift as the temperature increases, but the
intensity changes.

Specifically, for the weighted average IR spectra at room
temperature, the nanoclusters of AuMg, (n = 4-12) are easily
distinguished as separate strong bands in the 200 cm ™" regions of
the spectra, except for the AuMg, and AuMg; nanoclusters. This
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result is in good agreement with the results of infrared
spectroscopy of pure Mg nanoclusters studied by Belyaev et al.
(Belyaev et al., 2016). For the Raman weighted average spectrum
at room temperature, although the strongest Raman activity
peaks of AuMg,, AuMgs and AuMgs nanoclusters appear in
the low-frequency band (20-50 cm™"), they still have many strong
peaks in the 200 cm™" regions. Therefore, for all the Raman
spectra of the AuMg, (n = 2-12) nanoclusters, the 200 cm™!
regions can be more easily distinguished as individual strong
bands. In conclusion, it was computationally shown that the
formation of AuMg, (n = 2-12) nanoclusters at room
temperature is possible to identify these nanoclusters by IR
and Raman spectroscopy.

The Average Bond Distance and Average

Nearest Neighbor Distance

In order to provide more data support for future possible
experiments, the average bond distance and average nearest
neighbor distance were calculated. As shown in Figure 10, the
average nearest neighbor distance and bond distance for Au-Mg
and Mg-Mg in the ground state of AuMg, (n = 2-12) clusters
display some interesting conclusions. Figures 10A,B show that,
overall, the nearest neighbor distance for Au-Mg becomes larger
as the cluster size increases (except for n = 8 and 12), while Mg-
Mg is overall decreasing. The average nearest neighbor distance of
Au-Mg is 2.68 A, and that of Mg-Mg is 3.44 A. Figure 10C gives
the average bond distance of Au-Mg with cluster size dependence
similar to the nearest neighbor distance of Au-Mg, i.e., increasing
overall. However, Figure 10D demonstrates that the average Mg-
Mg bond distance decreases and then increases with cluster size.

Another interesting conclusion is that the local turning points of
the average bond and nearest-neighbor distances for Mg-Mg
and the average bond distance curves for Au-Mg occur at
AuMg,, suggesting that they influence the local stability of the
clusters.

CONCLUSION

In this work, the structure of Au-doped Mg, (n 2-12)
nanoclusters was investigated by CALYPSO crystal search
software. It is shown that the geometric growth mechanism of
this nanocluster has similarities to other atom-doped Mg,
clusters but also has unique features, such as the planar
structure of AuMg; and the high symmetry cage-like structure
of AuMg,. Stability calculations show that AuMg, and AuMg,
have high local stability, while AuMgy nanoclusters are the
second most stable nanoclusters. The charge transfer study
reveals that Au atoms are electron receivers and Mg atoms are
electron donors in AuMg, nanoclusters. ELF analysis showed
that Mg-Mg formed a covalent chemical bond while Au-Mg was
an ionic bond, and the critical size for the appearance of the Mg-
Mg covalent bond was found to be AuMg;. The nonlinear optical
properties of AuMg, nanoclusters were probed by calculating the
static polarizability and hyperpolarizability, and the results
indicate that AuMg, is a special one of interest. Boltzmann
distribution weighted average IR and Raman spectroscopy
studies at room temperature confirm that these nanoclusters
can be identified by spectroscopic experiments. Finally, the
average bond distance and average nearest neighbor distance
were fully investigated.
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The activation of carbon dioxide is essential not only for global carbon balance but also for
its conversion into fuel. As COs is highly stable, it is quite challenging to activate or reduce
CO,. Recently, the ability of superalkalis to easily transfer an electron to CO, has been
proposed in several studies. The superalkalis are species possessing lower ionization
energy than alkali atoms. These are hypervalent species, having an excess of electrons.
Owing to this, they possess strong reducing power and cause the linear structure of CO,
to bend by transferring an electron to it. Herein, we present a comprehensive account of
the single-electron reduction and activation of CO, by various kinds of superalkalis. This
review also includes a novel strategy for the capture and storage of CO, by superalkali.
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INTRODUCTION

Carbon dioxide (CO,) is a colorless and odorless gas with the property of trapping greenhouse gases,
which are produced due to human activities as well as natural processes. Recently, the sharp decline
in CO, levels has been noticed at the expense of the COVID-19 pandemic, which has caused a severe
health emergency in the world and is not sustainable. The fueling of CO, in our environment is
mainly through the CO, emissions from power plants and other industrial facilities, primarily waste
products, and the developed economies are the leading contributors. As mentioned, it traps
greenhouse gases which generally cause a change in the behavior of climate since it is a major
contributor to global warming. In order to reduce its contribution to global warming, it is necessary
to convert CO, into value-added products. The best way to back-pedal climate change without using
expensive methods is extricating CO, from the air and then converting it into a useful product like
fuel. These important issues were addressed by numerous techniques, which can be employed to
reduce and capture CO, by other molecules [1-7]. As CO, is an extremely stable molecule [8, 9], it is
quite challenging to convert it into usable fuel. To convert CO, into fuel, it is needed to activate CO,
by some means or chemically reduce it by catalysts. CO, can be reduced either electrochemically
(electrical energy) or photoelectrochemically (incident light) into CO. Single-electron reduction of
CO, to CO,™ was experimentally not viable due to the large energy of reorganization between linear
CO, and bent CO," anion. Notably, the electron affinity of CO, is negative so that CO," is
metastable. CO, ™ anion is stable in the 2A; state [10] which can be treated as an activated CO, moiety
with the weaker C-O bond. The potential energy surface of the CO, anion suggests three
vibronically coupled bound states [11].

It is difficult to extract an electron from carbon dioxide because of its high ionization energy
(13 eV) [12]. However, it has been revealed that there is a possibility of oxidation of CO, using
superhalogens [13], whose electron affinity overrides the halogen atoms [14]. The counterparts of
superhalogens are superalkalis which bear lower ionization energy than alkali atoms [15]. Due to
the stronger reducibility of superalkalis over alkali atoms, they might activate stable CO,. To
investigate this, a few studies have been performed recently. In this review, we will provide an
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FIGURE 1 | lonization energy scale of various superalkalis is considered
here. The values are taken from Refs. 17-22, 25, and 35.

overview of how superalkalis play a significant role in the
activation or reduction of CO,, which is the initial step to
convert CO, into fuel. Exploration of chemical processes
used in the reduction of CO, is of tremendous importance in
various fields, like biological, environmental, and industrial
processes [16]. Before we go further, let us first have a look
at superalkalis.

What Are Superalkalis?

Alkali atoms possess the lowest ionization energy (IE), ranging
from 5.39 to 3.89 eV, among all the elements in the periodic table.
However, superalkalis are clusters whose ionization energies are
even lower than this range. These clusters were originally
introduced by Gutsev and Boldyrev in 1982 using sp-block
elements [15]. They proposed species like Li,F, Li;O, and LiyN
as superalkalis. In the form of a superatom, these clusters
impersonate the behavior of alkali atoms. There have been
several studies on the design of various kinds of superalkalis
[17-24]. For instance, the binuclear superalkalis including F,Li;
have been widely studied [17]. Hou et al. [18] described non-
metallic binuclear cations such as F,H;" and O,Hs*. Zhao et al.
[19] proposed some special superalkalis like NyMggLi, Als,
Mn(BsN;He),, BoCsHy,, Al,P, and CsNH, which were
designed by using different schemes like jellium rule, 18-
electron rule, Wade-Mingos rule, and Huckle’s rule,
respectively. Al;,P was reported to be an alkali-metal-like
superatom [20, 21]. Recently, Sikorska and Gaston [22]
reported the superalkali behavior of polynuclear Ny;MgsM for
M = Li, Na, and K. Srivastava [25] noticed that the IE of CgLi,
being lower than that of Li, makes it a closed-shell superalkali.
The IE scale of these superalkalis is depicted in Figure 1.
Superalkalis find applications in the design of supersalts
[26-28], superbases [29-31], alkaloids [32-34], and so forth.
Due to their low IE, superalkalis play an important role in
chemical industries as reducing agents. Here, we provide an
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account of how superalkalis are exploited to activate the CO,
molecule.

ACTIVATION OF CO, BY SUPERALKALIS

CO, is known to be a highly stable molecule due to its very high IE
[12], as mentioned earlier, and no positive electron affinity [36,
37]. However, the low IE of superalkalis enables them to transfer
an electron to CO,, reducing it to CO, ™ anion and thus activating
it. In Figure 2, we show the structures of CO, and its anion, along
with the charge distribution. One can see that the CO, ™ anion is
bent, in which the bond length is increased as compared to
neutral CO, due to the negative charge.

Thus, the activation of CO, requires the following conditions
to be satisfied:

1) The negative charge on CO, moiety is close to unity.
2) The structure of the CO, moiety is bent.
3) The bond length of CO, moiety is increased.

It has been reported earlier [38] that CO, would assume a
bent structure when an electron is transferred to it or due to its
interaction with the electrons of the metal atom. One would
expect that the stable geometry of the M-CO, complex depends
upon the IE of the metal atom, M. This may lead us to infer that
an atom with a smaller IE should be able to transfer an electron
to CO, more easily than one with a large IE. Later, we will
discuss the interaction of CO, with various superalkalis
described earlier.

Interaction With Typical Superalkalis (FLi5,
OLis, and NLiy)

Srivastava [35] studied the interaction of CO, with FLi,, OLi3,
and NLi, superalkalis using the second-order Moller—Plesset
perturbative (MP2) method [39] and the 6-311+G(d) basis set
in the Gaussian 09 program [40]. Such interaction leads to the
formation of complexes, as shown in Figure 3, and
corresponding parameters can be found in Table 1. It is
evident that the minimum energy of these complexes
corresponds to the structure in which the interaction
between CO,, and superalkalis is mediated by both the O
atoms of CO,. The bond length of Li-O lies between 1.865
and 1.892 A. The low-lying isomers of FLi,-CO, and OLi;-CO,
are of higher energy in which CO, interacts via a single atom,
whereas in the case of NLis-CO,, there are no competing
isomers obtained.

The binding energy (BE) of superalkali-CO, complexes is
calculated and listed in Table 1. The BE of these complexes
monotonically decreases with the increase in the size of
superalkalis. This can be explained on the basis of a more
delocalized electron cloud that is generally associated with the
larger superalkalis. The natural population analysis (NPA)
[45] charges (Ag) on CO, have also been listed. The most
stable structure of superalkali-CO, complexes takes the values
of Aq as —0.90e for FLi,, —0.88e for OLi;, and —0.85e for NLiy.
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FIGURE 2 | Structure and NPA charge distribution in (A) neutral CO, and (B) CO, anion, Ref. 19 with the permission of the Royal Society of Chemistry.
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FIGURE 3 | Equilibrium structures of CO, complexes with typical superalkalis, with bond lengths in A from Ref. 35 with the permission of Wiley.
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In isomer (b) of FLi,-CO,, Aq has a very small magnitude
(=0.17e), which is consistent with an almost linear CO, moiety
just as in a neutral CO, molecule. On the contrary, the Ag in
isomer (b) of OLi5;-CQ, is, albeit smaller than that in its lowest
energy structure (a), large enough to bend the CO, moiety. It
should be noted that the size of the superalkalis is a more
important factor than their IE in CO, activation. As per
calculated binding energy and charge transfer, FLi, is more
effective for CO, reduction. In these complexes, the CO,
moiety is bent by 133° and the bond length C-O becomes
1.246 A which is comparable to the bond lengths of 1.237 A
and bond angle 137” in the CO,™ anion, obtained at the MP2/6-
311+G(d) level. This study suggests simple and catalyst-free
single-electron reduction of CO, by using typical superalkalis
such as FLi,, OLi3, and NLiy.

Interaction With Binuclear Superalkali
(LisF2)

Park and Meloni [41] reported the interaction of CO, and
superalkali species LizF, using the CBS-OB3 composite model
[46] through the Gaussian 09 program. They obtained three
isomers, two planar (a) and (b), as well as one non-planar (c), of
the Li;F,-CO, complex, as shown in Figure 4. There was no
appreciable change in bond lengths between Li and F on
interaction with CO,. Despite some structural changes in the
superalkalis, the structure of CO, changes from linear to bending.
Therefore, it is clear that the strongly bound CO, is activated
upon interaction with the superalkali. From Table 1, the BE of
Li;F,-CO, isomers is found to be in the range of 1.06-1.63 eV
(106-163 kJ/mol). The lowest BE was obtained for the isomer (c)
in which one oxygen interacts with both the terminal Li atoms
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TABLE 1 | Relative energy, binding energy (BE), NPA charge (Aqg), bond length (C-O), and bond angle (O-C-O) of the complexes of CO, with various superalkalis.

System Isomers Relative energy
(eV)
FLio-CO,' (@) 0
(0) 1.07
OLiz-CO,’ @ 0
(0) 0.40
NLis-CO,' — —
LigF>-CO,? @ 0
(o) 0.05
© 0.57
Al3-CO,° — —
Mn(BsNzHg)2-CO,° - -
BgCsHy0-CO,°% — —
CsNHg-CO,° — —
O,Hs-CO* @ 0
(0) 0.02
NoH,-CO,* @ 0
(0) 0.79
AljoP-CO° (a) 0
(0) 0.11
© 0.20
N4MggLi-CO,° @ 0
(0) 0.04
© 0.11

LigF>-CO,@Cg0” - _

"Calculated at MP2/6-311+G (d) level in Ref. 35.

2Calculated at CBS-OB3 composite model in Ref. 41.

SCalculated at MP2/6-311+G (d) level in Ref. 19.

“Calculated at MP2/6-311+G (d,p) level in Ref. 42.

SCalculated at M06-2X/6-311+G (d) level in Ref. 43.

SCalculated at CCSD (T)/6-311+G (3df)//MP2/6-311+G (d) level in Ref. 22.
"Calculated at B3LYP/6-31G (d) level in Ref.44.

and the other oxygen with the central Li atom. The isomer (a)
possesses greater BE and therefore stronger intermolecular
interaction than isomer (b) because the electron density is
more localized between the two terminal Li atoms and two
oxygen atoms.

The BE of Li;F,-CO, complexes is comparable to or smaller
than the BE of superalkali (FLi,, OLi;, NLi,)-CO, complexes
reported by Srivastava [35]. The charge transfer to CO, in Li;F,-
CO, isomers ranges from —0.63e to —0.88e (see Table 1). Thus,
the charge on the CO, moiety along with its structure suggests
that CO, is reduced to a CO,~ anion.

Interaction With Special Superalkalis [Als,
Mn(B3N3Hg)2, BoC3sH12, CsNHg]

Zhao et al. [19] presented the rational design of superalkalis and
studied the activation of CO, by these special superalkalis using
MP2/6-311+G(d) level in the Gaussian 09 program. They
analyzed the interaction of CO, with special superalkalis like
Al;, Mn (B3;N3Hg),, BoCsH;,, and CsNHg, which leads to the
complexes shown in Figure 5. The distance between the CO,
moiety and superalkali clusters has been calculated as 1.950 A,
1.730 A, 2.320 A, and 1.040 A for Al;, Mn (BsN;3Hg),, BoCsHis,
and CsNHg;, respectively. In the case of Al;, O-C bonds extend to

BE (eV) Aq (e) c-0 (A 0-C-0 (Deg)
2.41 -0.90 1.25 133
1.34 -0.17
1.23 -0.88 1.24 133
0.83 -0.82
117 -0.85 1.25 133
1.63 -0.78 1.24 137
1.58 -0.63 1.23 133
1.06 -0.88 1.25 131

— -1.26 1.29 126
1.51
- -0.90 1.25 133
- -0.91 1.28 131
1.29
- -0.63 1.35 129
1.30 -0.75 1.26 126
1.28 -0.72 1.25 138
-0.03 -0.77 1.23 139
-0.82 -0.38 1.27 140
- -0.71 1.24 130
— - 1.97 125
- - 1.26 132
1.57 -0.79 1.28 125
1.53 -0.79 126
1.46 -0.87 123
1.84 - 1.20 132

1.290 and 1.510 A, about 4.4-22% longer than those in the
CO, anion, whereas in BoC3H;,, the O-C bonds are extended
to 1.290 and 1.280 A, about 3.3-4.4% longer than those in CO,".
The bond extension in Mn (B;N3;Hg), and CsNHg is observed to
be 1.250 A which is slightly longer than that of 1.240 A in CO,~
and 1.35A which is about 9.3% longer than that in CO,’,
respectively. The bond angle of O-C-O in AL;CO,, Mn
(BsN3Hg),CO,, ByCsH;,CO,, and CsNH4CO, is 1267, 133°,
131°, and 129" making the bond bend by 8°, 3, 4, and 7%
more than the corresponding value in CO, . Thus, both the
stretching of the O-C bonds and the bending of the O-C-O angle
weaken the O-C bonds of CO,, making it easy to activate.

The NPA charge has been listed in Table 1 to show how much
charge is transferred to CO,. This transfer of charge results in the
bending of CO, and weakens the CO, bond, and therefore
making it easier to break. The amount of charge transferred
from A13, Mn (B3N3H6)2, B9C3H12, and CSNH6 to COZ are
—-1.26e, —0.90e, —0.91e, and —0.63e, respectively. Note that this
amount of charge transferred from Al;, Mn (B3N3Hg),, BoC3H;»
are greater than that of noble gas (0.77¢) [47] being very close to
unity, whereas in the case of C;NHg, the amount of charge
transferred is less. From this analysis, one may note that
although the IE of Al; is not the lowest among these four
superalkalis (see Figure 1), the charge transferred is the most
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FIGURE 4 | Equiliorium structures of CO, complex with binuclear superalkali with bond lengths from Ref. 41 with the permission of the Royal Society of Chemistry.
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and it is capable of bending the CO, molecule the most. This
indicates that the quantitative nature of the activation of CO,
depends on the electronic structure and size of the superalkalis, as
seen in an earlier section.

Interaction With Non-Metallic Superalkalis
(O2Hs, NoHy)

Kumar et al. [42] explored the scope of non-metallic superalkalis
in the activation of CO,. They studied the interaction of CO, with
non-metallic superalkalis such as O,Hs and N,H; employing the
MP2/6-311++G (d,p) level via the Gaussian 09 program. The
equilibrium structures of O,H;-CO, and N,H;,-CO, are shown in
Figure 6, and related parameters are listed in Table 1. It was
noticed that in O,Hs-CO, complexes, O atoms of CO, interact
with the H-atom of superalkali, unlike in N,H;-CO,, in which the
C-atom of CO, interacts with the H-atom. This may be due to the
repulsion between excess electrons of N and O atoms.

The (b) isomers of O,H5-CO, and N,H,-CO, are 0.24 and
0.78 eV, higher in energy in which CO, interacts through the
O-atom as well as the C-atom in the N,H,-CO, isomer. The
relative stability of isomers can be explained on the basis of
H-bond interactions. For instance, the bond lengths of O-H
and C-H are 2.060 A and 3.710 A, respectively. The BE of
these complexes provides relative strength through the
interaction of CO, with non-metallic superalkalis. From
Table 1, the BE suggests that O,H;-CO, isomers are

stable, whereas N,H;-CO, is slightly destabilized due to
the negative value of BE.

From Table 1, the value of NPA charges of CO, is calculated to
be —0.75¢ for O,H5-CO, and —0.77e for N,H,-CO, lowest energy
structures (a). Thus, the NPA charge values are very close to each
other. In isomer (b) of O,H5-CO, and N,H,-CO,, the CO,
moiety is bent, similar to that in its lowest energy structure.
Therefore, the activation and the consequential reduction of CO,
can also be possible by non-metallic superalkalis such as O,Hs, if
not by N,H;.

Interaction With Polynuclear Species (Al45P,
N4MgeM)

The compact (quasi) icosahedral Al;,X (X = Be, Al, C, and P)
clusters have been employed to analyze the dissociation and
absorption of small gas molecules [48-54]. Zhang et al. [43]
studied the interaction of Al;,P superalkali with CO, using
Minnesota density functional (M06-2X) [55] and 6-311+G(d)
basis set in the Gaussian 09 program. They obtained three
isomers of the Al;,P-CO, complex as shown in Figure 7. The
lowest energy corresponds to the isomer (a) in which the
interaction is mediated by both O atoms. The isomers (b) and
(c) are found to have a high energy of 0.11 eV (2.64 kcal/mol) and
0.20 eV (4.52 kcal/mol), respectively. Obviously, the chemisorbed
CO, molecule undergoes structural changes from linear to
bending in each Al;,P-CO, isomer.
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FIGURE 5 | Equilibrium structures of CO, complex with special superalkalis from Ref. 19 with the permission of the Royal Society of Chemistry.
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They confined their analyses to the global minimum structure,
that is, isomer (a). The bond distance of C-O in isomer (a) is
1.24 A, which is found to be 7.6% larger than free CO, (1.15 A),
consequently, weakening the C-O bond. Moreover, the variation
of the C-O-C angle from 180° to 130.4” in isomer (a) advocates the
change in hybridization of carbon in CO, from sp to quasi-sp’
after activation by Al;,P. Furthermore, the C-O bond is
marginally larger (1.23A) as compared to isolated CO,,
whereas bond bending is also larger, about 4.7%, than that in
isolated CO,", which clearly supports the activation of CO,
assimilated on the Al;,P cluster. The computed total NPA
charge on the CO, subunit is —0.707e, which shows the
transfer of almost one electron charge from Al;,P to CO, in
the complex. Thus, CO, is successfully reduced to CO," anion.

The low IE of Al},P superatom is the main source of CO,
reduction as it facilitates the transfer of charge to CO,, which
ultimately results in the contraction of the O-C-O angle and the
weakening of the C-O bond of the CO, moiety. The small
activation barrier of 23 kcal/mol is calculated for the
chemisorption of CO, on Al;,P to form the Al;,P-CO,
complex (a), which further suggests the application of Al;,P as
a potential catalyst for CO, conversion. It has been found that the
Al,P complex shows high adsorption intensities in the visible
region and, hence, promotes photocatalysis or photothermal
catalysis of CO, and its transformation by absorbing sunlight.
Recently, Sikorska and Gaston [22] explored new superalkali
species, NyMgesM (M = Li, Na, K) by performing the MP2/6-
311+G(d) and single-point CCSD(T)/6-311+G (3df) calculations
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FIGURE 6 | Equilibrium structures of CO, complexes with non-metallic superalkalis from Ref. 42 with the permission of the Taylor & Francis.

FIGURE 7 | Equilibrium structures of CO, complex with Al;oP from Ref. 43 with the permission of Wiley.

Ref. 56 in the Gaussian 09 program. They studied the catalytic =~ NyMggLi superalkali. CO, interacts with N4;MgsM and the
behavior of N;MggLi, NyMgeNa, and Ny;MgeK for CO, activation. resultant Ny;MgsM-CO, complexes are displayed in Figure 8
For the sake of brevity, we will discuss the interaction of CO, with for M = Li. In all isomers, the interaction between CO, and
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FIGURE 8 | Equilibrium structures of CO, complex with N4MgeLi from Ref. 22 with the permission of the American Institute of Physics.

126°

FIGURE 9 | Equilibrium structures of [LigF»-CO,]@Cg endofullerene and LisF,-CO, inside Cgo from Ref. 44.

N MgsM takes place via the C-N bond of 1.452-1.454 A, which
supports the evolution of a single bond between carbon and
nitrogen.

The isomers (b) and (c) are found to be 0.04 eV (0.97 kcal/
mol) and 0.11 eV (2.48 kcal/mol) higher in energy than the
lowest energy isomer (a) in the case of NyMgLi-CO,. The
binding energy of these isomers lies in the range of 1.46-1.57 eV
(see Table 1). The C-O bond lengths, being in the range of
1.223-1.224 A and 1.335-1.336 A are indeed 8% larger than that
of the CO, anion. Furthermore, the bending of the angle O-C-O,
123-126°, was 9% more than the angle of isolated CO,". The
NPA charge transferred from N,MgsM superalkalis to CO,
varies from —0.799e to —0.806e. Ionization energy plays a
major role in the activation process of CO,, as the amount of
transferred charge increases with the decrease in ionization
energy because it is effortless to transfer charge from species
with low ionization energy. Therefore, the extension of the bond

distance of C-O along with the bending of angle O-C-O results
in the weakening of C-O bonds of CO,. Thus, the newly
designed N4;MgsM superalkalis could be used as a catalyst for
CO, activation.

Interaction With LisF, Superalkali Inside

Buckminsterfullerene (Cgg)

The interaction of CO, with the binuclear Li;F, superalkali was
reported by Park and Meloni as discussed in an earlier section.
Recently, Meloni et al. [44] investigated the interaction of CO,
with Li;F, inside fullerene (Cg) by using B3LYP [57, 58] with
the 6-31G (d) basis set in the Gaussian 09 program. They
noticed two important features. When CO, is encapsulated
within Cgy, it gets destabilized as its binding energy is —147 kJ/
mol. The LisF, inside Cgq assumes trigonal bipyramidal (Dsy,)
geometry with a binding energy of 119 kJ/mol, unlike the free
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n=4

FIGURE 10 | Optimized structure of CgLis-nCO, complexes (front and side views) for n = 1-6 from Ref. 63 with the permission of Wiley.

Li5F, linear cluster (see Figure 1). Thus, Ce, strongly interacts
with LizF, and there is no reduction of Cgy.

The unforeseen result has been noticed on insertion of CO,
inside LizF,(D3;h)@Cg endofullerene, as displayed in Figure 9.
On the inspection of the geometry inside the Cg, it was found
that CO, has been activated by making a £OCO 132° and that
the bond length of C-O has been increased to 1.20 A. The
activation of CO, has been attained by the transfer of F atom
from Li3F, to CO,, due to the F-C interaction with the bond
distance of 1.38 A. Thus, the endo-reaction simulates a non-
planar (trigonal pyramidal) FCO, interacting with the FLi5-

like species (also shown in Figure 9). There have been several
studies [59, 60] in which the structures and interactions
between species are greatly modified by encapsulation
within Cso.

Interaction With CgLig: Capture and Storage
of COZ

Thus, the strong reducing power enables superalkalis to reduce
CO, as well as several other molecules [61, 62], So far, it has been
found that the superalkalis are restricted to activate one CO,
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TABLE 2| wB97xD/6-311+G (d) calculated NBO charge on CO, (Ag), adsorption
energy per CO, (Eaq), and consecutive adsorption energy (AE,q) for Celis-
nCO, complexes taken from Ref. 63.

System Aq (e) Eaq (eV) AE,q4 (eV)
Celig-COs -0.829 3.18 3.18
Celig-2C0O» -0.827 3.16 3.1
Celis-3C0O5 -0.826 3.31 3.63
Celig-4C0O» -0.807 3.07 2.33
CelLis-5CO5 -0.790 2.91 2.27
Celig-6CO» -0.770 2.79 2.21

molecule per unit, that is, only one CO, molecule is reduced by a
superalkali. This may limit the capture and storage of superalkalis
for practical applications. Srivastava [63] reported that a single
molecule of hexalithiobenzene (C4Lis) is not only capable of
reducing but also capturing up to six CO, molecules sequentially
using the wB97xD functional [64] and 6-311+G(d) basis set in the
Gaussian 09 program. The planar C4Lis molecule has equal ring
bond lengths of 1.418 A, whose IE is reported to be lower than
that of Li, thereby characterizing it as a superalkali molecule [25].
Note that planar star-like CgLig has been previously studied by
several groups [65-67]. The sequential interaction of CO,
molecules with CgLi¢ results in the CgLis-nCO, complexes as
displayed in Figure 10.

The interaction between CO, and CgLis is mediated by one
C-C and two Li-O bonds in these complexes. The C4Lig ring
moiety in C¢Lis-nCO,is deviated from planarity due to the out-
of-plane displacement of Li atoms because of the Coulomb-
repulsion between neighboring Li-atoms for n = 1, 2, 4, and 5.
However, both CgLis-3CO, and C4Lis-6CO, possess the perfect
planar ring moiety, having equal bond lengths of 1.42 A and
1.40 A, respectively. The CO, moiety in Cg4Lis-CO, has a bond
length and an angle of 1.26 A and 122.5°, respectively. With an
increase in the number of CO,, the average bond length and the
average bond angle of CO, decrease and increase continuously up
to 1.25 A and 125.2°, respectively, for C4Lig-6CO,.

The activation of CO, leads to an increase in the bond length
and a decrease in the bond angle by bending. Table 2 lists the
NBO charge (Ag) located at CO, moieties, adsorption (binding)
energy (E,q) per CO, molecule, and consecutive adsorption
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Boron oxide clusters have structural richness and exotic chemical bonding. We report a
quantum chemical study on the binary BsOg™~ cluster, which is relatively oxygen-rich. A
global structural search reveals planar Co, ('A;) geometry as the global minimum structure,
featuring a heteroatomic hexagonal B3O3 ring as its core. The three unsaturated B sites are
terminated by two boronyl (BO) groups and an O~ ligand. The BsOg~ cluster can be
faithfully formulated as B3O3(BO)>,O". This structure is in stark contrast to that of its
predecessors, Cs BsOs™ and T, BsO4~, both of which have a tetrahedral B center. Thus,
there exists a major structural transformation in BsO,,~ series upon oxidation, indicating
intriguing competition between tetrahedral and heterocyclic structures. The chemical
bonding analyses show weak 6n aromaticity in the BsOg~ cluster, rendering it a
boronyl analog of phenolate anion (CgHsO™) or boronyl boroxine. The calculated
vertical detachment energy of BsOg~ cluster is 5.26eV at PBEO, which greatly
surpasses the electron affinities of halogens (Cl: 3.61 eV), suggesting that the cluster
belongs to superhalogen anions.

Keywords: boron oxide clusters, boronyl, heteroatomic hexagonal B3zO3 ring, chemical bonding, superhalogen
anions

INTRODUCTION

Boron is an electron-deficient element with the capacity to build strong covalent bonds with
other elements. Owing to boron’s high affinity to oxygen, boron oxide clusters readily form,
exhibiting usual structures and exotic chemical bonding (Doyle, 1988; Peiris et al., 1997; Zhai
et al., 2007a; Zhai et al., 2007b; Drummond et al., 2007; Li et al., 2008; Shao et al., 2009; Tai and
Nguyen, 2009; Yao et al., 2009; Braunschweig et al., 2010; Tai et al., 2010; Zhai et al., 2011; Guo
etal, 2013; Lietal., 2013; Miao et al., 2013; Zhai et al., 2014a; Chen et al., 2014; Tian et al., 2015a;
Tian et al., 2015b; Zhao et al., 2016; Li et al., 2018; Feng et al., 2019; Li et al., 2019). Elemental
boron clusters are intrinsically electron-deficient themselves (Zhai et al., 2003; Alexandrova
et al., 2006), and therefore boron oxide clusters are anticipated to be even more electron-
deficient. In boron-rich oxide clusters, the boronyl (BO) group has recently emerged as an
interesting inorganic ligand (Zhai et al., 2014a), which features a robust B=O triple bond. In fact,
the diatomic BO and BO™ species are isoelectronic to CN and CN™/CO, respectively. In addition,
boronyl is a monovalent o radical, thus leading to isolobal analogy between the BO and H ligands.
As the oxidation proceeds, direct B-B bonding gradually diminishes. Consequently, heteroatomic
B-O rings start to appear, which serve as the structural core of boron oxide clusters. Such a
heteroatomic ring can be rhombic, pentagonal, hexagonal, or polycyclic, giving rise to a diversity

Frontiers in Chemistry | www.frontiersin.org

39 April 2022 | Volume 10 | Article 868782


http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2022.868782&domain=pdf&date_stamp=2022-04-08
https://www.frontiersin.org/articles/10.3389/fchem.2022.868782/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.868782/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.868782/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.868782/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.868782/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.868782/full
http://creativecommons.org/licenses/by/4.0/
mailto:guojc@sxu.edu.cn
mailto:hj.zhai@sxu.edu.cn
https://doi.org/10.3389/fchem.2022.868782
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2022.868782

Gao et al.

of boron oxide cluster structures that mimic aromatic
hydrocarbons (including polycyclic aromatic hydrocarbons,
PAHs). Among these is the heterocyclic hexagonal B;O;
ring, whose relevant clusters are classified as inorganic
benzenes. Typical examples are boroxine (B;O;H;) and,
more recently, the boronyl boroxine B3;O3(BO); cluster (Li
et al., 2013).

It is interesting and invaluable to follow the oxidation
process of a specific bare boron cluster, step by step. The
effort should help precisely identify a variety of cluster
structures and structural transformations. Along this line,
the BsO,,~ clusters are an intriguing and informative system,
which have been extensively studied in the past years (Yao
et al., 2009; Zhai et al., 2011; Tian et al., 2015b), (Chen et al,,
2012; Chen etal., 2013), (Zhai et al., 2002), including a number
of gas-phase spectroscopic works. The Bs~ cluster assumes
double-chain ribbon geometry with a “W” shape (Zhai et al.,
2002), while the Bs" cluster is pentagonal (Alexandrova et al.,
2006). The BsO,,” (n = 1-3) clusters are entirely dictated by
boronyl groups, whose number increases steadily from 1 to 3,
reducing the size of boron core from rhombic B, to triangular
B; and then to dimer B, (Zhai et al., 2011; Chen et al., 2012;
Chen et al,, 2013). The first one or two boronyl ligands are
terminally attached to the boron core, whereas the third one
occupies a bridging position. The coordination pattern is
similar to a hydrogen ligand in boranes, demonstrating the
BO/H isolobal analogy. It is noted that all B;O,” (n = 0-3)
clusters are perfectly planar. In the BsO4~ cluster (Yao et al.,
2009), a tetrahedral geometry occurs, which is still governed by
boronyl ligands, except that their number increases to four. It
can be formulated as B(BO), ", being isovalent to BH, or CH,.
The BsOs~ cluster inherits the tetrahedral geometry of BsO4~
upon substitution of one boronyl terminal by a linear OBO
unit (Tian et al, 2015b). What is next in the sequential
oxidation process of bare Bs cluster? Would the tetrahedral
geometry persist? What new type of structure would appear?
These remain to be open questions in the field.

In the present work, we are motivated to address the
abovementioned issues. We report on the structural,
electronic, and chemical bonding properties of boron oxide
BsOg  cluster via computer global searches and quantum
chemical calculations. It turns out that the global minimum
(GM) structure of BsO4~ cluster features a heterocyclic B;O;
core, whose three unsaturated B sites are decorated by two BO
ligands and one O™ unit. Herein, the abbreviation “GM” refers to
a structure that is lowest in energy on the potential energy surface
of a specific molecular system, which is routinely used in physical
chemistry or cluster literature. The hexagonal B;O; core is
stabilized by a moderately delocalized 6m system, thus
rendering the BsOs cluster a boronyl-based analog of
benzene, akin to boroxine or boronyl boroxine (Li et al,
2013). In terms of the overall chemical bonding pattern, it is
proposed that the BsOs~ cluster closely mimics phenolate anion
(CeHs507). The relatively localized extra charge (O7) in BsO4~
cluster gives rise to high vertical detachment energy (VDE)
beyond 5eV, indicating that the cluster is a superhalogen

Boron Oxide BsOg~ Cluster

4Bs05™ (Cs, 'A)

AE = 33.31 kcal mol~!

3Bs05 (Cs, 'A) 2B405™ (Cs, 'A")

AE = 22.10 kcal mol~"

1B50g™ (Cav, 'A1)

FIGURE 1 | Global minimum (GM) structure of BsOg™ (1, Cay, 'A+) cluster

and a representative 2 (Cs, 'A’) isomer. They feature a heterocyclic hexagonal
B3Og ring and a tetrahedral B center, respectively. Relevant structures 3/4 of
BsOs~ cluster (left panels) show a distinctly reversed energy order. The
relative energies are shown in kcal mol~" at the PBEQ/6-311+G(d) level.

anion (Gutsev and Boldyrev, 1984; Srivastava, 2022; Kandalam
et al., 2015; A Technical Note).

METHODS

The GM structural searches for BsOg~ cluster were carried out at
the PBE0/3-21G level using the coalescence kick (CK) algorithm
(Saunders, 2004; Sergeeva et al., 2011). A total of 8000 stationary
points were probed on its potential energy surface (4000 for
singlet and triplet states each). The identified low-lying isomers
were then fully reoptimized at the PBE0/6-311+G(d) level and
their relative energies evaluated, including zero-point energy
(ZPE) corrections. The vibrational frequencies were calculated
at the same level to ensure that the reported structures are true
minima on the potential energy surface.

Our further effort to assess the energetics for top candidate
structures is as follows. First, the PBE0-D3/6-311+G(d)
calculations were carried out to take into account dispersion
correction. Second, comparative B3LYP-D3/6-311+G(d)
calculations were carried out to check for consistency of
density functionals; the PBEO and B3LYP functionals have
been widely considered to be complementary with each other.
Third, single-point CCSD(T)/6-311+G(d) calculations (Purvis
and Bartlett, 1982) were carried out on the basis of optimized
PBE0-D3/6-311+G(d) geometries, which shall serve as a
benchmark of the energetics data. All four sets of energetics
data are highly consistent.
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FIGURE 2 | Alternative optimized low-lying isomeric structures of BsOg~ cluster at the PBE0/6-311+G(d) level along with their relative energies (in kcal mol™),
including zero-point energy (ZPE) corrections. The energetics data are also presented at the PBE0-D3/6-311+G(d) (in brackets, with ZPE corrections) and B3LYP-D3/6-
311+G(d) (in square brackets, with ZPE corrections) levels, as well as at single-point CCSD(T)/6-311+G(d) level based on their PBEO-D3/6-311+G(d) geometries (in curly
brackets).

The NBO 6.0 program (Glendening et al., 2013) was used for ~ the isochemical shielded surface (ICSS) analysis (Guo et al,
the natural bond orbital (NBO) (Reed et al., 1988) analysis, which 2020). The latter was performed using the Multiwfn program
offers Wiberg bond indices (WBIs) and natural atomic charges. (Lu and Chen, 2012). The VDEs were calculated using the time-
Chemical bonding was elucidated via canonical molecular orbital dependent PBEO (TD-PBEO) (Bauernschmitt and Ahlrichs, 1996;
(CMO) analysis, adaptive natural density partitioning (AdNDP) Casida et al., 1998) and outer valence Green’s function (OVGF)
(Zubarev and Boldyrev, 2008), and electron local functions (von Niessen et al., 1984; Zakrzewski and von Niessen, 1993;
(ELFs) (Silvi and Savin, 1994). To assess m aromaticity, Zakrzewski and Ortiz, 1995) methods and at the single-point
nucleus-independent  chemical shifts (NICSs) were also CCSD(T) level. All the electronic structure calculations were
calculated (Schleyer et al., 1996), which were supplemented by  carried out using the Gaussian 09 package (Frisch, 2009).
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1B5O0s (Cau, ')

2Bs0s (Cs, 'A)

FIGURE 3 | Optimized bond distances (in A; black color) of GM structure

1 and isomer 2 of the BsOg ™~ cluster at the PBE0/6-311+G(d) level. Also shown
are their Wiberg bond indices (WBIs; blue color) from the natural bond orbital
(NBO) analysis. The B atoms are illustrated in blue and O in red.

RESULTS

Global Minimum Structure and Alternative

Low-Lying Isomers
Our computational structural searches lead to the GM structure 1
(Cy, 'A)) for anion BsOg~ cluster; see Figure 1. Alternative low-
lying isomeric structures are presented in Figure 2 along with
their relative energies at four levels of theory: PBE0/6-311+G(d),
PBE0-D3/6-311+G(d), and B3LYP-D3/6-311+G(d) levels, as well
as the single-point CCSD(T)/6-311+G(d) level on the basis of
PBE0-D3/6-311+G(d) geometries. The four sets of independent
energetics data are highly consistent (Figure 2), firmly
establishing cluster 1 as the GM structure. It is relatively
well-defined on the potential energy surface, being at least
12 kcal mol™" more stable than any alternative geometry. It is
noted that the PBEO functional has been widely tested for boron
clusters (Zhai et al., 2014b; Fagiani et al., 2017; Guo et al., 2017),
which is a popular and reliable choice for boron-based systems.
Cluster 1 is closed-shell. The lowest-energy triplet structure is
54.85 kcal mol ™" higher in energy at the single-point CCSD(T)
level (Figure 2). Among the low-lying isomers is a tetrahedral 2
(C,, 'A’) structure, which is 22.10 kcal mol™* above GM cluster 1
at PBEO [20.85 kcal mol " at single-point CCSD(T)]. Its geometry
can be traced back to the GM structure 3 (C, *A’) of anion BsOs~
cluster (Figure 1) (Tian et al., 2015b), upon substitution of one
terminal boronyl by an OBO unit. For the latter cluster, hexagonal
isomer 4 (C,, 'A’) is substantially higher in energy than GM cluster
3, by as much as 33.31 kcal mol ™" at PBEO. Structures 1-4 have an
intriguing energetics relationship; see Figure 1. A clear structural
transition occurs from BsO5~ to BsO4 . The optimized Cartesian
coordinates of structures 1 and 2 are presented in Supplementary
Table S1 (ESI¥).

Bond Distances, Wiberg Bond Indices, and
Natural Atomic Charges

As shown in Figure 3, the perfectly planar GM BsO4™ (1, C,,, 'A)
cluster contains a heteroatomic hexagonal B;O; ring, two-
terminal BO ligands, and one terminal O unit. The BO or O

Boron Oxide BsOg~ Cluster

units are attached to three B sites on the periphery. The structure
is relatively straightforward to elucidate based on interatomic
distances. Typical triple B=0O, double B=0, single B—O, and single
B-B bonds are around 1.21, 1.28, 1.37, and 1.66 A, respectively
(Yao etal., 2009; Zhai et al., 2014a; Tian et al., 2015b; Pyykko6 and
Atsumi, 2009). The bond distances for BO links in hexagonal ring
of cluster 1 are slightly uneven (1.33-1.48 A; Figure 3, left panel)
due to asymmetric coordination of B sites. Their average value is
in line with single B-O bonds. The terminal BO groups (1.21 A)
are assigned as boronyls with triple B=O bonds. In contrast, the
upper BO unit (1.26 A) is close to a double B=O bond.

The calculated WBIs generally confirm the abovementioned
assignments (Figure 3, left panel). The inner BO links have WBI
values of 0.64-1.10, in line with (uneven) single bonds. The
boronyl groups have WBIs of 1.87 owing to their polar nature
(Zhaietal,, 2014a). The upper BO unit has a smaller WBI value of
1.56, in line with a double bond. The calculated natural atomic
charges for cluster 1 are shown in Figure 4. There are moderate
intramolecular B—O charge transfers within the B;O; core, within
boronyl groups, and in between the core and terminals. The
charge transfers are relatively local processes, suggesting polar
and yet covalent BO chemical bonding.

Likewise, the isomeric tetrahedral BsOs~ (2, C,, *A’) structure
can be easily understood (Figures 3, 4). It consists of a central B
site, two BO groups, and two OBO groups. The components are
held together in a tetrahedral fashion. Approximately, in anion
cluster, the B center forms four B-B or B-O single bonds with
terminal ligands, whose B-B (1.72 A) and B-O (1.49-1.50 A)
links are somewhat elongated with respect to the abovementioned
reference values for single bonds. However, their WBIs are 0.97 and
0.67, respectively, and even the latter seems reasonable (for a polar
bond). Such a bonding situation around the B center is less than
ideal, which is partly the reason why this structure is a higher-
energy isomer (vide infra). For the terminal ligands, two BO groups
(1.21 A) are boronyls with WBIs of 1.84. The two OBO units are
asymmetric in terms of B—O distances: 1.22 versus 1.29 A. Their
average is close to a double B=O bond. The calculated natural
atomic charges of cluster 2 are presented in Figure 4. The central B
site is practically neutral (+0.12 |e|) despite the fact that other B
atoms each carry a larger positive charge (+0.85 and +1.21 |e|). This
situation again hints that the central B site struggles severely in
order to maintain four-fold bonding.

To aid the understanding of GM C,, BsO¢™ (1) and isomeric C,
BsOg™ (2) clusters, three prior species (Yao et al., 2009; Tian et al.,
2015b) are also analyzed: tetrahedral GM C,B5Os (3), hexagonal
isomeric C; BsO5  (4), and tetrahedral GM T,; B;O, (5). Their
calculated bond distances and WBIs (Supplementary Figure S1,
ESIt) and natural atomic charges (Figure 4) are well behaved,
providing support to our assessment with regard to clusters 1 and
2 (as described above).

Superhalogen Anion

The electronic properties of GM BsOs (1) cluster are
predicted here to aid its future experimental
characterization in the gas phase. The calculated ground-
state VDE of B5sO4~ (1) cluster and those of a few relevant
species are presented in Supplementary Table S2 (ESIt) at
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3 Bs0s™ (Cs, 'A)

FIGURE 4 | Calculated natural atomic charges (in |e) for structures 1 and 2 of the BsOg ™ cluster from the NBO analysis at PBE0/6-311+G(d), as compared to those
of BsOs™ (3, Cs, 'A'), BsOs™ (4, Cs, 'A’), and BsO,4~ (5, Ty, 'Aq) clusters. The B atoms are shown in blue and O in red.

4 BsOs™ (Cs, 'A)

-0.88

5 B504_ (Td, 1A1)

three levels of theory: PBEO, single-point CCSD(T), and
OVGF. Using the experimentally known B,O;  cluster
(Zhai et al.,, 2007a) as a calibration, it is shown that the
PBEO and single-point CCSD(T) data are superior to those
of OVGF; see a note in Supplementary Table S2 (ESIT). The
VDE of GM B;04™ (1) cluster amounts to 5.26 eV at PBEQ and
5.14 eV at CCSD(T), which is quite high, markedly surpassing
the electron affinities of halogens (Cl: 3.61 eV). The ground-
state VDEs of the whole B;0,” (n = 1-6) series at PBE0/6-

Vertical Detachment Energy (eV)

1 2 3 4 5 6
BsO,~ (n = 1-6)

FIGURE 5 | Evolution of ground-state vertical detachment energies
(VDEs) of BsO,,™ (n = 1-6) series calculated at the PBE0/6-311+G(d) level.

311+G(d) are plotted in Figure 5, which show an abrupt
increase between n = 3 and 4. All the B;0,” (n = 4-6)
species have high VDEs. Based on this observation, the GM
BsOg™ (1) cluster clearly belongs to the class of species called
superhalogen anions. (Gutsev and Boldyrev, 1984; Srivastava,
2022; Kandalam et al., 2015; A Technical Note)

The simulated photoelectron spectrum of GM B;O4 (1)
cluster is presented in Figure 6, according to the TD-PBEO
calculation, which has three well-separated bands in the
5-7eV binding energy regime. For comparison, the
simulation is also carried out for isomeric structure 2 with a
higher ground-state band (Figure 6B). A nature implication is
that for their corresponding neutral species, the hexagonal
structure has an even greater advantage in terms of energetics
(over tetrahedral structure). Indeed, our PBEO calculations
show that the hexagonal neutral B;O¢ cluster is
54.59 kcal mol™* below its tetrahedral counterpart, as
compared to a relative energy of 22.10 kcal mol™' between
anionic 1/2 structures at the same level (Figure 1). The two
neutral structures are analyzed in Supplementary Figures S2,
S3 (ESIY). For the hexagonal anion/neutral system, the extra
charge goes primarily to the upper O terminal (by as much as
0.66 |e|), which further justifies the assessment of an O~
terminal for GM BsOg (1) cluster, as well as its exact
analogy to phenolate anion (vide infra). In contrast, the
extra charge in the tetrahedral system smears over the
entire cluster (with the central B site gaining 0.34 |e| only),
thus leading to an even higher ground-state VDE.
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BsOgs™ (2) clusters at the time-dependent PBE0/6-311+G(d) (TD-PBEO) level.

DISCUSSION

Heterocyclic Hexagonal Global-Minimum
C,, B50g~ Cluster: A Boronyl-Based

Inorganic Analog of Phenolate Anion

The GM GC,, BsOs (1) cluster marks the exact onset of a
heteroatomic hexagonal B;O; ring along the whole BsO,,” (n =
0-6) series (Zhai et al., 2002; Yao et al., 2009; Zhai et al., 2011;
Chen et al., 2012; Chen et al., 2013; Tian et al., 2015b). A simple
valence electron counting suggests that the available number of
electrons for direct B-B bonding diminishes gradually from 16
electrons in Bs~ down to 4 in BsOg , two electrons for each
additional O atom. Indeed, both GM B;O¢ cluster 1 and isomeric
structure 2 have four electrons for direct B-B bonding, that is,
two B-B single bonds (see Figure 1).

To fully understand GM BsO4~ (1) cluster, it is essential to
conduct an in-depth analysis of chemical bonding. We choose to
focus on the CMO analysis, which is fundamental for a molecular
system. Cluster 1 is a closed-shell structure with 52 valence
electrons. The 26 occupied CMOs are presented in Figure 7,
which are sorted into five subsets according to their components
of atomic orbitals (AOs). The seven CMOs in subset (a) are
classified as O lone-pairs. Among them, HOMO-21/HOMO-24/
HOMO-25 are typical bonding/nonbonding/antibonding
combination of O 2s AOs from three O sites in the hexagonal

Boron Oxide BsOg~ Cluster

ring owing to pseudo-three-fold symmetry of the cluster.
According to the CMO building principles, they are readily
recombined as three O 2s lone pairs. HOMO-20 is an O 2s
lone-pair on the upper O site, whereas HOMO-22/HOMO-23
recombine as two O 2s lone-pairs on terminal boronyls. The
HOMO approximately represents an O 2p lone-pair on the upper
O site with 88% contribution from tangential O 2p AO. Thus, the
upper O site has two lone pairs, and the remaining O sites each
have one lone pair.

In subset (b), nine B-O o single bonds are presented.
Specifically, HOMO-3 is a ¢ bond for terminal B—O unit at
the top. HOMO-13/HOMO-14 recombine as two ¢ bonds on
the bottom boronyl groups. These are primarily contributed by
radial O 2p AOs from three terminal O sites. The next six CMOs
are responsible for skeleton B-O o bonds along the hexagonal
ring, which are evenly contributed by the B/O sites: radial O 2p
AOs versus tangential B 2p AOs.

The CMOs in subset (c) are two B-B o bonds, which link
hexagonal rings and two boronyl ligands. The subset (d) shows
the terminal B—O n bonds, including two in-plane m bonds on
boronyls. Overall, the three-terminal B-O links each have one ¢
bond (Figure 7B) and one out-of-plane m bond (Figure 7D).
Furthermore, the boronyl groups each have one in-plane m bond.
The boronyls show triple bonds, whereas the upper B—O terminal
has a double bond.

All the abovementioned CMOs are Lewis-type bonding
elements: seven O 2s/2p lone-pairs, six B-O o single bonds
along the hexagon, two B-B o bonds, one B=O double bond
for the upper terminal, and two B=O triple bonds for boronyls.
These Lewis elements collectively consume 23 pairs of electrons,
leaving the remaining six electrons for a m framework over the
hexagonal ring (Figure 7E). Of the three 1 CMOs, HOMO-4
recombines partially with HOMO-10 to get “purified,” which has
a B versus O ratio of roughly 1/11 in the hexagon. HOMO—6 has a
ratio of 1/11 for B/O contributions. For HOMO-15, the ratio of
B/O contributions in the ring boosts greatly to about 1/1. Overall,
the B components in the  framework cannot be ignored, and the
7t sextet should be viewed as six-centered (at least formally). This
n pattern is closely similar to that in boroxine and boronyl
boroxine (Li et al, 2013), thus rendering GM BsO4 (1)
cluster a new member of the “inorganic benzene” family. The
6m electron-counting conforms to the (4n + 2) Hiickel rule for
aromaticity. The bonding picture is elegantly borne out from the
AdNDP analysis (Zubarev and Boldyrev, 2008), as shown in
Figure 8. All the occupation numbers (ONs) are close to ideal.

Based on the bonding picture, we should propose that GM
BsOs (1) cluster is an exact boronyl-based analog of phenolate
anion. They share the same characteristic structural and bonding
features. First, they both have a hexagonal core: heteroatomic
B;0; ring versus Cg ring. The two kinds of rings are actually
isoelectronic in terms of hexagonal bonding, once lone-pairs or
terminal Lewis-type bonds are accounted for. Indeed, each ring
consumes 18 electrons for chemical bonding within the ring.
Second, both species possess a 1 sextet. Third, both species have
an O~ terminal, which is attached to the hexagon via a double
bond (B=O" versus C=0"). It is appropriate to state that the
current finding of chemical analogy between GM BsO4 (1)
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cluster and phenolate anion parallels that between boronyl
boroxine (Li et al., 2013) and benzene.

We shall only briefly mention the tetrahedral isomeric cluster
BsOs™ (2). Its structural characters suggest a relatively classical
cluster between a formal B~ center and four ligands (two boronyls
versus two OBO units), via single bonds in a tetrahedral fashion.
The chemical bonding within an OBO unit is presented in
Supplementary Figure S4 (ESIt). Here, HOMO-16 and
HOMO form a three-center, four-electron (3c-4e) m bond in
the vicinity of an OBO unit, that is, “m hyperbond,” which is in a
bonding/nonbonding combination due to its three-center nature.
The upper CMO has relatively minor bonding or antibonding
effect. Thus, a 3¢c-4e wbond is, in effect, equivalent to a 3c-2e bond
or two B-O half bonds. There is a second 3c-4e m bond
(HOMO-17 and HOMO-1) on the same OBO unit, which
offers two B—O half bonds in the perpendicular direction. In
short, the four CMOs in Supplementary Figure S4A (ESIt) can
be collectively viewed as two B—O single bonds, similar to the
prior tetrahedral C; BsOs™ (3) cluster (Tian et al., 2015b) (see
Supplementary Figure S4B, ESIT). An OBO unit in cluster 2 also
has two B—O ¢ bonds (not shown). The same ideal works for the
other OBO ligand. Overall, the OBO ligands can be formulated as
O=B=0, featuring double bonds.

Weak 6m Aromaticity in C,, BsOg™ Cluster:
Comparison With a Series of Relevant
Species

The 7 sextet in GM BsO¢ (1) cluster stems primarily from three
O 2p, lone-pairs in the hexagonal ring, taking advantage of the
empty B 2p, AOs from three neighboring B sites for six-centered
7 delocalization. Consequently, n aromaticity in cluster 1 is
expected to be moderate only, despite its ideal 6m electron-
counting. To quantitatively probe m aromaticity in cluster 1,
we have calculated the color-filled maps of ICSS in the
z-direction, that is, ICSS,, (in ppm) (Guo et al, 2020), as
shown in Figure 9A at 1.0 A above the molecular plane. It

noted that a positive ICSS,, value indicates aromaticity. It
turns out that the shielding effect at 1.0 A above the ring
center of cluster 1 is weak and only at a larger distance (such
as 1.5 or 2.0 A) does the shielding become apparent. Specifically,
the calculated NICS,, values for cluster 1 are +2.08 (likely due to
disturbance from O lone-pairs), —3.24, and —4.02 ppm at 1.0, 1.5,
and 2.0 A, respectively, a trend in line with weak m aromaticity.
For comparison, the corresponding NICS,, values for boronyl
boroxine are -1.97, —6.07, and -573 ppm, respectively,
indicating slightly stronger m aromaticity.

Alternatively, we can also compare the extent of m aromaticity
of GM B5O¢ (1) cluster and relevant species using the ELF data.
(Silvi and Savin, 1994), (Wang et al., 2017) The n bifurcation
value, ELF,, of GM B5;O4™ (1) cluster is compared with those of
boroxine D;;, B;0;H3, boronyl boroxine D;j, BsOg, and benzene
Dgj, C¢Hg in Supplementary Figure S5 (ESIT). Not surprisingly,
benzene has a m bifurcation value that is close to 1.0. Boroxine and
boronyl boroxine (Li et al, 2013) have smaller and yet
comparable n bifurcation values (0.64 versus 0.67). The GM
B5O0g~ (1) cluster has an even smaller nt bifurcation value of
0.53, which is marginally  aromatic. The primary reason is that
cluster 1 is asymmetrically coordinated so that its hexagonal ring
has uneven B—O bond distances (Figure 3).

A Plausible Mechanism for Structural
Transition in the B5Og~ Cluster: From
Tetrahedral Isomer to Hexagonal Global
Minimum

A possible mechanism for tetrahedral-to-hexagonal structure
transition from 3/2 to 1 is illustrated in Figure 10. This is an
oxygen diradical nucleophilic substitution mechanism. Our
starting point is tetrahedral GM BsOs~ (3) cluster, which is
substantially more stable than its hexagonal isomer 4
(Figure 1) and inherits the geometry from GM T; BsO, (5)
cluster. Upon insertion of an O atom (assumed as oxygen
diradical) between the B~ center and one boronyl terminal, the
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negative charge on central B~ site would migrate to its
surrounding, thus leading to structure 2 (step 1), which is
illustrated approximately only. Next, the negatively charged
BO migrates to bind a neighboring positively charged B center
in the OBO ligand and the charge further migrates so that the
former OBO units are ready to fuse (step 2). In other words, the
electron-rich boronyl group acts as a nucleophilic reagent to
attack a weaker B-O link. A key structure 6 is present here.
Interestingly, structure 6 has been identified as well in our
structural searches, which is the 9th isomer in Figure 2.

Once structure 6 is reached, the next are downhill processes.
The negative terminal O center binds with the positive B center in
the second OBO ligand and a heterocyclic hexagon is formed
(structure 1’; step 3). The formation of nt sextet from 1’ results in
the final structure of cluster 1 (step 4). The abovementioned
mechanism is primarily based on regioselectivity and
stereoselectivity (Ren et al., 2017).

The proposed mechanism is reasonable also for a different
reason, as outlined in Section Bond Distances, Wiberg Bond
Indices, and Natural Atomic Charges. Basically, isomer BsO4~
(2) is not an ideal system, despite its tetrahedral configuration
similar to those of BsO,™ (5) and BsOs5™ (3) (see Figure 4). Ideally,
the central site of a tetrahedral molecular system should be
valence four so that four Lewis-type single ¢ bonds can form,
such as in CH, and BH, . The central B site in B;O,~ (5) and
BsO5™ (3) are in the B™'** and B~ charge states, respectively
(Figure 4). In stark contrast, the central B site in BsOg™ (2) is
practically neutral (+0.12 |e|) and inconsistent with a formal B~
center. As a consequence, the tetrahedral coordination is not
favorable for the BsOg  cluster, which is susceptible to structural
transformation.

CONCLUSION

The structural and bonding properties of a boron oxide BsOg "
cluster has been studied using computer global structure searches
and quantum chemical calculations, revealing a perfectly planar
C,, (1A) global minimum geometry. It has a heterocyclic B;O3
hexagon as the core, which is terminally bonded to two boronyls
and one O~ ligand, marking the exact onset of a hexagonal ring in
the B;O,,” (n = 1-6) cluster series. The electronic structure shows
a rather high vertical electron affinity of greater than 5eV,
suggesting that the species belongs to superhalogen anions.
Chemically, the BsOs~ G, (*A,) cluster is a close boronyl-
based analog to phenolate anion, in which a boronyl ligand is
isovalent to hydrogen and a heteroatomic B;O; ring substitutes a
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A series of complexes of Na, K, NH,4, and HzO with [bpy.bpy.bpy]cryptand, [2.2.2]
cryptand, and spherical cryptand were investigated via DFT and ab initio methods. We
found that by coating Rydberg molecules with the “organic skin” one could further
decrease their ionization potential energy, reaching the values of ~1.5eV and a new
low record of 1.3eV. The neutral cryptand complexes in this sense possess a weakly
bounded electron and may be considered as very strong reducing agents. Moreover, the
presence of an organic cage increases the thermodynamic stability of Rydberg molecules
making them stable toward the proton detachment.

Keywords: cryptands, cryptatium, superalkalis, Rydberg molecules, ionization potential (IP)

INTRODUCTION

The [2.2.2]cryptand and spherical cryptand (Scheme 1A, B) invented by Lehn (Lehn, 1977), have
been a subject of both theoretical (Elroby et al., 2006; Elroby, 2009; Puchta et al., 2019; Isaeva et al.,
2021; Coci¢ et al.,, 2021; Ariyarathna, 2022) and experimental (Lehn, 1977; Lehn, 1978; Lehn, 1979;
Lehn, 1980; Echegoyen et al., 1991; Arnaud-Neu et al., 2002; Cram et al., 2002; Izatt et al., 2002;
Miyamoto et al., 2002; Badji¢ et al., 2011; Chung et al., 2020) studies for decades. The discovery of
those fascinating compounds opened a huge field of supramolecular chemistry. Their unique guest
particle selectivity and extremely low ionization potentials of neutral alkali-metal complexes (Cram
and Lein, 1985; Huang et al., 1988; Kim et al., 1999) found an application in synthetic organic and
inorganic chemistry. In particular, a huge number of multiply-charged Zintl anions with unusual
structures have been synthesized using the popular [Kc[2.2.2]cryptand] complex (Sun et al., 2018;
Tkachenko et al., 2020; Wang et al., 2020).

Firstly, introduced by Gutsev and Boldyrev (Gutsev and Boldyrev, 1982), the family of
superalkalis has been growing significantly. Despite the initially proposed My, ;L family, where
M is an alkali atom and L is an electronegative atom of valence k, other superalkalis have been
proposed and synthesized. Along with other inorganic binuclear superalkali (Tong et al., 2009), the
definition of superalkalis was extended to polynuclear species such as polynuclear aromatic
superalkalis (Sun et al., 2013; Parida et al., 2018), superalkali cations (Tong et al., 2011; Tong
etal.,, 2012a; Tong et al., 2012b; Hou et al., 2013), organo-Zintl clusters (Giri et al., 2016; Reddy and
Giri, 2016). Another family of compounds with low ionization potential is Rydberg molecules. Vivid
examples of Rydberg molecules are NH, and H;0 neutral species, whose unpa'ired electron occupies
a diffuse orbital around the molecule. It has been shown that such Rydberg molecules are not long-
living particles. Although the T, structure of NH, radical is a local minimum, it is only a metastable
molecule and undergoes a dissociation into NH; and H* radical species (Herzberg, 1981; Signorell
et al., 1997). Similar behavior is found for H;O neutral species (Luo and Jungen, 1999; Melin et al.,
2005). It has been shown before that cryptand compounds can bind both NH," and H;O™ cations
with a great selectivity (Cram et al., 1985; Behr et al., 2002; Junk, 2008). Thus, it will be interesting to
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SCHEME 1 | The structures of organic cages considered in this work. [2.2.2]cryptand (A), spherical cryptand (B), and [bpy.bpy.bpylcryptand (C) are shown.

[bpy.bpy.bpy]cryptand

investigate the electronic properties of neutral [RCcryptand] (R =
NH,, H;0) complexes, since the organic coating could stabilize
the Rydberg molecules and decrease their ionization potential as
it was observed for alkali metal complexes (Cram and Lein, 1985;
Huang et al., 1988; Kim et al., 1999). In this work, we investigate
the electronic properties of coated Rydberg molecules via DFT
and ab initio methods and compare their properties with alkali-
metal cryptand complexes.

COMPUTATIONAL METHODS

All structures were optimized using Perdew-Burke-Ernzerhof
(PBE0) (Perdew et al, 1996) and Tao-Perdew-Staroverov-
Scuseria (TPSSh) (Staroverov et al., 2003) hybrid functionals
using def2-SVP basis set (Weigend and Ahlrichs, 2005). The
frequency calculations were performed at the same level of theory.
No imaginary frequencies were present, showing that the
optimized structures are at local minima on the given PES.
Tonization potentials were calculated at three different levels of
theory. In particular, the single-point calculations at optimized
geometry using DFT functionals (PBE0 and TPSSh) and a
moderately large basis set def2-TZVPPD (Weigend and
Ahlrichs, 2005) were carried out. In addition, single-point
calculations using MP2 level of theory with cc-pvdz (C, N,
O atoms) and aug-cc-pvdz (H, K, Na atoms) basis sets
(Dunning, 1989; Kendall et al., 1992; Hill and Peterson,
2017) were performed. For convenience, we will denote this
combination of basis functions as Basis-1. Due to the large
values of spin contamination, the [bpy.bpy.bpylcryptand
complexes were calculated using ROHF-MBPT2 formalism
(Lauderdale et al., 1991; Lauderdale et al., 1992). The vertical
ionization potential (VIP) was calculated as the energy
difference between the optimized neutral complex and the
cation in the geometry of the neutral complex. The adiabatic
ionization potential (AIP) was calculated as the energy
differences between an optimized neutral cluster and an
optimized cation. The natural charge distribution was
calculated via NBO method as implemented in NBO7

software (Glendening et al., 2019). The topology analysis
of electron localization function (ELF) (Silvi and Savin,
1994) was performed with the Multiwfn program (Lu and
Chen, 2012). All calculations were performed with Gaussian
16 program (Frisch et al., 2016). The visualization of SOMO
orbitals and geometries of the investigated species were
performed using IboView software (Knizia, 2013; Knizia
and Klein, 2015).

RESULTS AND DISCUSSION

The neutral [Nac[bpy.bpy.bpylcryptand] was firstly
synthesized in 1991 by Lehn and coworkers (Echegoyen
et al, 1991) through the electrochemical reduction of
[Na"c[bpy.bpy.bpylcryptand]  cation.  This  approach
potentially can be used for the synthesis of superalkali
cryptand complexes with Rydberg molecules. To investigate
the electronic properties of such species, we chose three
different organic cages ([2.2.2]cryptand, [bpy.bpy.bpy]
cryptand, and spherical cryptand) that are very promising
candidates for the capturing of NH, and H;O species. The
structures of those cages are given in Scheme 1. For the
comparison of ionization potentials, two alkali metal
complexes were also considered. In particular [Nac
[bpy.bpy.bpylcryptand] was chosen as the first synthesized
cryptand-superalkali species, and [Kc[2.2.2]cryptand] was
chosen as one of the most popular examples of alkali metal
macrocyclic complex.

The geometries of neutral and cationic complexes were
optimized with two different DFT hybrid functionals. It was
shown before that PBEO and TPSSh functionals can provide
accurate geometries for macrocyclic and cryptand complexes
(Tkachenko et al., 2019). The optimized geometries are
consistent within two methods, showing the functional
independence of the results. The geometries of neutral
species are only slightly distorted from the geometries of
cationic species, showing that the additional electron of
neutral complexes does not participate in a significant
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FIGURE 1 | Structures of optimized neutral complexes of NH, and HzO. (A) [HzOc[2.2.2]cryptand]; (B) [HgOcspherical cryptand]; (C) [HsOc[bpy.bpy.bpy]
cryptand]; (D) [NH4c[2.2.2]cryptand]; (E) [NH4cspherical cryptand]; (F) [NH4c[bpy.bpy.bpylcryptand].

TABLE 1 | Free energies [kcal/mol] for the dissociation reaction of hydrogen radical from the central unit of investigated species calculated at TPSSh/def2-TZVPPD//TPSSh/

def2-SVP level.

Species AG,
NH, -12.98
[NH4cspherical cryptand)] 24.61
[NH4c[2.2.2]cryptand)] 17.10
[NH4c[bpy.bpy.bpylcryptand] 52.98

bonding formation process. The optimized structures of
selected neutral species are given in Figure 1. Cartesian
coordinates of all optimized structures are provided in the
Supporting Information file (Supplementary Table S1). The
natural charge distribution of neutral species showed that the
negative charge is mainly distributed over the oxygen and
nitrogen atoms of the organic ligand, while the central unit
(either H;0O or NH, species) formally possesses a +1 positive
charge. In particular 0.757-0.806 and 0.794-0.876 positive
natural charges on H;O and NH, molecules, respectively,
were found in investigated complexes. This might be one of
the key reasons for the stabilization of those Rydberg
molecules, which are thermodynamically unstable toward
dissociation of a proton in their naked form.

To illustrate the enhanced stability of encapsulated neutral
molecules we performed calculations of dissociation energies
for both naked and coated species. The reaction that was
considered is a dissociation of a proton from the central
unit with a formal reaction: AH® — A+ H". Energies were
calculated using the following expression:
AG, = AG(A) + AG(H®) — AG(AH®). The results are shown
in Table 1. As we can observe, the dissociation of naked

Species AG,
HzO -21.94
[HsOcspherical cryptand] -6.43
[HzOc[2.2.2]cryptand] —-26.00
[HsOc[bpy.bpy.bpylcryptand] 32.55

H;O and NH, occurs with a significant release of energy
(21.9 and 13.0 kcal/mol, respectively). While the dissociation
of the same species coated by cryptand complexes is
energetically not favorable for most of the compexes
(Table 1). Such a difference in AG, values can lead us to the
conclusion that [Rccryptand] complexes are
thermodynamically more stable species, which may open the
possibility of their fabrication.

Interestingly, for both NH, and H;O, a significant decrease in
ionization potentials was found after encapsulating the
corresponding Rydberg molecules into organic cages.
Particularly, the naked NH, and H;O molecules possess 4.57
and 5.55eV VIP, respectively. Whereas the NH, and H;O
encapsulated in [2.2.2]cryptand and spherical cryptand possess
ionization potentials about 3-4 eV lower than the naked species
(Table 2). Interestingly [bpy.bpy.bpylcryptand systems show
larger IPs by ~1.1eV. A similar but not so pronounced
pattern was found for alkali metals encapsulated in the
[bpy.bpy.bpylcryptand. The nature of such an increase in
IPs is discussed below and related to the presence of a
diffuse SOMO orbital in the system. We note, that the
obtained IPs for NH, and H;O species are even lower than
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TABLE 2 | Values of VIP and AIP [gV] obtained at MP2/Basis-1 level of theory.

Species AIP VIP
Na N/A 4.961
K N/A 4.072
NH,4 4.429 4.566
HsO 5.310 5.552
[Nac[bpy.bpy.bpylcryptand] 2.440 2.729
[Kc[2.2.2]cryptand] 1.387 1.612

TABLE 3| Values of VIP and AIP [eV] obtained using PBEO and TPSSh functionals
with def2-TZVPPD basis set.

Species PBEO TPSSh
AIP VIP AIP VIP

K N/A 4.370 N/A 4.233
Na N/A 5.280 N/A 5.152
NH, 4.417 4.584 4.313 4.462
HzO 5.384 5.964 5.343 5.606
[NH,cspherical cryptand)] 1.440 1.519 1.400 1.479
[NH4c[2.2.2]cryptand] 1.445 1.537 1.403 1.504
[NH4c[bpy.bpy.bpy]cryptand] 3.060 3.220 3.214 3.359
[HsOc spherical cryptand] 1.457 1.780 1.388 1.704
[H3Oc[2.2.2]cryptand] 1.387 1.821 1.492 1.638
[H3Oc[bpy.bpy.bpy]cryptand] 3.162 3.323 3.307 3.452
[Nac[bpy.bpy.bpylcryptand] 3.157 3.335 3.298 3.407
[Kc[2.2.2]cryptand] 1.811 1.830 1.784 1.803

IPs of [Kc[2.2.2]cryptand] which was shown before to be a
superalkali with record low ionization potential (Tkachenko et
al,, 2019).

Superalkali Coated Rydberg Molecules

Species AIP VIP
[NH,cspherical cryptand)] 1.358 1.389
[NH4c[2.2.2]cryptand)] 1.308 1.381
[NH4c[bpy.bpy.bpylcryptand] 2.385 2.582
[HzOcspherical cryptand] 1.379 1.696
[HzOc[2.2.2]cryptand] 1.362 1.676
[HzOc[bpy.bpy.bpylcryptand] 2.501 2.729

Similar results were obtained using PBEO and TPSSh
functionals with def2-TZVPPD basis set. Although the
values of IPs are slightly higher than it was obtained for
the MP2 method, the main trends preserve the same
(Table 3).

To illustrate the diffuse nature of SOMO of investigated
species, we plotted the isosurface graphs of corresponding
orbitals shown in Figure 2 (the orbitals were obtained from
quasi-restricted orbitals formalism). We can see that for [2.2.2]
cryptand and spherical cryptand complexes (Figures
2A,B,D,E), SOMO orbitals have a diffuse nature and
surround the whole molecule entirely. In contrast, the
unpaired electron of [bpy.bpy.bpylcryptand complexes sit
on the antibonding orbital of a m-conjugated system
(Figures 2C,F). Isosurface plots of SOMO visualized with a
different contour value can be found in the supporting
information file (Supplementary Figure S1). Such an
interesting difference in SOMO can be explained by the fact
that different organic cages form different types of complexes
with Rydberg molecules. Thus [2.2.2]cryptand and spherical

FIGURE 2 | Isosurface plots of singly occupied molecular orbitals of NH, and HzO complexes. (A) [HsOc[2.2.2]cryptand]; (B) [HsOcspherical cryptand]; (C) [HzOc
[bpy.bpy.bpylcryptand]; (D) [NH,c[2.2.2]cryptand]; (E) [NH4cspherical cryptand]; (F) [NH4c[bpy.bpy.bpy]cryptand]. A threshold of 100% was used for A, B, D, E to
illustrate the diffuse nature of those orbitals. For C and F a lower 80% threshold was used for visualization.
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cryptand complexes behave as electrides, possessing an
electron density outside of the molecule, whereas
[bpy.bpy.bpylcryptand complexes form an ionic molecular
compound bearing a negative charge entirely on the organic
ligand. Such behavior can also be explained by the possibility
of bipyridine molecules to form stable anionic species, that
were experimentally isolated before (Bock et al., 1999; Gore-
Randall et al., 2009). To further show the differences between
the two types of complexes we performed an ELF basins
analysis. The basins laying outside of the molecule were
found for [2.2.2]cryptand and spherical cryptand complexes
(Supplementary Figure S2). The integration of the electron
density within the volume of the found ELF basins resulted in
0.3-0.6 |e| basins occupancy. In turn, no outside lying ELF
basins were found for [bpy.bpy.bpy]cryptand complexes. Thus
[2.2.2]cryptand  and  spherical cryptand  complexes
demonstrate an electride nature which is the reason for
their lower IP values in comparison to [bpy.bpy.bpy]
cryptand complexes.

CONCLUSION

In this work we investigated the electronic properties of Rydberg
molecules coated with cryptand organic cages. We showed that it
is possible to significantly decrease the values of the ionization
potentials by covering Rydberg molecules with an “organic skin.”
In particular, we found that the IP could be decreased, reaching
the values of ~1.5 eV and a new low record of 1.3 eV (at MP2/
Basis-1 level). In addition, the coating ligand can increase the
thermodynamic stability of a Rydberg molecule, opening an
opportunity to obtain such strong reducing agents in the
experiment.
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Using DFT/(B3LYP/wB97XD/B2PLYPD) and OVGF electronic structure methods with
flexible atomic orbital basis sets, we examined the series of polynuclear superhalogen
anions matching the (BFs(BN),F4,.1) formula (for n = 1-10,13,18-20) containing
alternately aligned boron and nitrogen central atoms decorated with fluorine ligands. It
was found that the equilibrium structures of these anions correspond to fully extended
chains (with each B and N central atom surrounded by four substituents arranged in a
tetrahedral manner) and thus mimic the globally stable fully extended (all-trans)
conformations of higher n-alkanes. The vertical electron detachment energies of the
(BF3(BN),F444)" anions were found to exceed 8¢V in all cases and gradually increase
with the increasing number of n. The approximate limiting value of vertical electron binding
energy that could be achieved for such polynuclear superhalogen anions was estimated as
equal to ca. 10.7 eV.
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INTRODUCTION

Superhalogens are commonly defined as the systems exhibiting the electron affinity (EA) larger than
that of a chlorine atom (3.62 eV) (Hotop and Lineberger, 1985). The existence of such molecules and
their corresponding anions (so-called superhalogen anions) was proposed in 1981 by Gutsev and
Boldyrev who characterized (on the basis of theoretical calculations) several negatively charged
compounds matching the (MFy,;)” formula and a few (MO, 1),2)” anions (where M is main-group
central atom of maximal valence k) and confirmed their large excess electron binding energies
(Gutsev and Boldyrev, 1981a). In the course of later studies, Gutsev and Boldyrev modified their
formula describing superhalogens to cover various halogen atoms X that may serve as ligands in such
systems (i.e., MX, for the neutral molecules and (MX,) for the corresponding anions) (Gutsev
and Boldyrev, 1981a; 1981b, 1984, 1985). On the other hand, many experimental attempts to
measure the electronic stability of such anions were made, however, all determinations performed
before 1999 were related to condensed phases only whereas the gas phase electron detachment
energies had not been measured (Heni and Illenberger, 1985; Metz et al., 1988; Weaver et al., 1988;
Compton, 1995; Huey et al., 1996; Wu et al., 1996; Taylor et al., 1998). The existence of superhalogen
anions in gas phase was experimentally confirmed in 1999 by Wang and co-workers who measured
gas-phase electron detachment energies of (MX,)” (M = Li, Na; X = Cl, Br, I) systems (Wang et al.,
1999). The measurements performed by the Wang group were supported by the advanced ab initio
calculations executed by Boldyrev and Simons and it turned out that the vertical electron detachment
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energies (VDE) elucidated from the photoelectron spectra
(i.e, 592 + 0.04 (LiCly)", 542 + 0.03 (LiBr,)", 4.88 + 0.03
(Lil,)", 5.86 + 0.06 (NaCl,)", 5.36 + 0.06 (NaBr,)", and 4.84 +
0.06 eV (Nal,)") were in excellent agreement with the values
predicted by theoretical calculations (Wang et al., 1999). This
joined experimental and theoretical study of selected
superhalogen anions was in fact a milestone achievement
which both confirmed the existence and stability of such
species in gas phase and demonstrated the usefulness of
certain ab initio methods to predict their structures and excess
electron binding energies. Since then, many research groups
turned their attention to superhalogens which resulted in
proposing numerous new compounds of that type in the
following years. These studies included various alternative
superhalogen anions utilizing non-metal or metalloid central
atoms (e.g., (SiFs)” (VDE = 9.32eV), (GeFs)” (VDE =
9.74eV), (PFs)” (VDE = 9.43eV)) (Sobczyk et al., 2003;
Marchaj et al, 2012), as well as numerous non-halogen
ligands (such as halogenoids (Smuczynska and Skurski, 2009;
Liand Yin, 2021), electrophilic groups(Anusiewicz, 2009a), acidic
functional groups (Anusiewicz, 2009b), and other halogen-free
fragments (Sun et al., 2016c). In addition, it was found that even
superhalogens themselves may act as effective ligands in
superhalogen systems (Wang et al, 2009; Gotz et al., 2010;
Koirala et al., 2010, 2013; Willis et al., 2010; Feng et al., 2011;
Paduani and Jena, 2012, 2013; Hou et al., 2013; Li et al., 2013; Tian
et al., 2014; Yang et al.,, 2014; Sun W.-M. et al,, 2016; Paduani,
20165 Liu et al., 2017). These and other superhalogen anions have
recently been described in a comprehensive review article
(Skurski, 2021).

Compounds exhibiting large excess electron binding energy or
small ionization potential are of special interest because a wide
range of new materials (such as organic superconductors, organic
metals, ionic liquids, etc.) could be designed and synthesized on
their base (Awasthi et al, 2021; Pandey, 2021). Since
superhalogens represent the species having larger EAs than
other commonly known systems, the search for strong
electron acceptors is focused primarily on these compounds.
Taking into account that the electronic stability of a
monoanion strongly depends on the ability of excess charge
delocalization over the molecular framework, one may
anticipate that superhalogens containing large number of
electronegative ligands should exhibit large excess electron
binding energies. However, the number of ligands bound to a
single central atom cannot be increased beyond certain values
(mostly due to destabilizing valence repulsion effects and steric
hindrance). Hence, polynuclear superhalogen anions matching
the (M Xxk+1)” formula in which an excess electron density is
expected to delocalize over nxk+1 electronegative ligands have
been extensively studied in recent years (Alexandrova et al., 2004;
Anusiewicz and Skurski, 2007; Freza and Skurski, 2010; Sikorska
and Skurski, 2012; Wileniska et al., 2014; Yin et al., 2014; Li et al.,
2015a, 2015b, Li et al.,, 2015 M.-M.; Czapla and Skurski, 2015,
2018; Diaz-Tinoco and Ortiz, 2016a; Diaz-Tinoco and Ortiz,
2016b; Sun et al., 2016b; Ding et al., 2017; Zhao et al., 2017;
Anusiewicz et al., 2018; Cyraniak et al., 2019; Shi et al., 2019).
Even though the polynuclear superhalogens investigated to date
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contain various central atoms (e.g., Li, Na, Mg, Ca, B, Al, Ge, Sn,
P, Ti, Sb, As, V, In, Ta, Fe, Au, Pt), the systems utilizing nitrogen
central atoms have not been proposed thus far. The lack of
polynuclear superhalogens containing N central atoms seems
intriguing and inspired us to make an attempt to propose and
characterize such compounds. In addition, having in mind the
well-known stability of saturated hydrocarbon structures, we
decided to design our systems in a way that reflects the
structures of chain-like C,H,, ., molecules. In order to achieve
that goal, we adopted the electronic transmutation concept which
was introduced a decade ago.

Electronic transmutation is a concept introduced by Olson
and Boldyrev (Olson and Boldyrev, 2012) who utilized the
isoelectronic principle (Gillis, 1958) by proving that an
element M with atomic number Z (ie., ;M) is expected to
undergo a transmutation into z,;M via the acquisition of an
extra electron. It was demonstrated (Alexandrova et al., 2003;
Jemmis and Jayasree, 2003; Osorio et al., 2012; Popov and
Boldyrev, 2013; Gish et al,, 2015; Popov et al, 2015; Zhang
et al, 2018a, 2018b; Lundell et al., 2020) that the resulting
species (having Z+1 electrons) possesses the chemical bonding
properties of the neighboring element 7, ;M as if it was put in the
place of the transmuted element ;M. Certainly, the same line of
reasoning can be used for turning the element ;M into z ;M by
withdrawing one electron from it. Hence, we decided to design
the structures containing the alternately aligned boron and
nitrogen atoms (forming the (BN), ‘core’ of various length)
and decorated with 4n+2 substituents (as if the B and N
atoms comprising the core were carbon atoms). Indeed,
assuming that each boron atom acquires an electron from its
neighboring nitrogen atom, one may view the (BN), core as
composed of alternately aligned B"and N" ions, each of which is
expected to mimic the bonding properties of a carbon atom (due
to the presence of four valence electrons). As a result, the (BN),,
core might be expected to exhibit the bonding properties of the
C,, chain which naturally suggests the presence of 4n+2
substituents (to mimic the saturated hydrocarbon structure).
Recalling that fluorine atoms are likely the most effective
ligands in superhalogen systems, we decided to decorate the
(BN),, core with 4n+1 fluorine substituents and one BF;
substituent. The reason for using one BF; substituent (instead
of F) was that we wanted the whole system to represent a closed-
shell superhalogen monoanion (BF;(BN),F,,.1)” rather than a
closed shell neutral molecule (BN),Fy,,.».

Hence, in this contribution, we first describe the structures of
the (BF3(BN),Fy,.1)” (n = 1-10,13,18-20) systems followed by
our theoretical findings concerning their thermodynamic stability
and then we move on to discuss the vertical electron detachment
energies these polynuclear superhalogen anions are
characterized with.

METHODS

The stationary point structures of all systems investigated were
obtained by applying the Density Functional Theory (DFT)
method with the B3LYP (Becke, 1988; Lee et al, 1988)
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functional and the 6-311+G(d) (Krishnan et al., 1980; McLean
and Chandler, 1980) basis set for all atoms. The harmonic
vibrational frequencies characterizing the stationary points
were evaluated (without scaling) at the same level of theory to
assure that all obtained structures correspond to true minima
on the potential energy surface. The vertical electron
detachment energies of the (BF3;(BN),Fy,,;)” (n = 1-8)
anions were calculated by applying the outer valence Green
function OVGF method (B approximation) (Rowe, 1968;
Simons, 1971; Cederbaum, 1975; Ortiz, 1988; Zakrzewski
and Ortiz, 1994; Zakrzewski et al., 1996b) together with the
6-311+G(d) basis sets. Due to the limited computer resources
available, the VDE values for larger systems
(i.e., (BF3(BN),F4,11)” (n = 9,10,13,18-20)) were estimated
at the B3LYP/6-311+G(d) level of theory.

In order to verify the performance of the 6-311+G(d) basis
set in predicting the VDE values of the anions studied we
calculated (for (BF3;(BN)F5)™ and (BF3(BN),Fy)") the vertical
electron detachment energies with two additional basis sets
(i.e., aug-cc-pVTZ (Dunning, 1989) and Def2TZVP (Weigend
and Ahlrichs, 2005)). As it turned out, the VDEs calculated at
the OVGF/aug-cc-pVTZ level differ from those obtained by
employing the OVGF/6-311+G(d) treatment by less than
0.2 eV (ca. 2%) whereas the VDEs calculated at the OVGF/
Def2TZVP level differ by less than 0.3 eV (ca. 4%) from the
OVGF/6-311+G(d) values. Since the above mentioned
differences were found to be both relatively small and
nearly insignificant (0.02-0.05eV) for the larger anion
tested (i.e., (BF3(BN),Fg)7), we conclude that our VDEs
predicted with the 6-311+G(d) basis set can be considered
reliable, especially for the (BF;(BN),Fy,,1)", n > 1 anions).

As far as the performance of other DFT functionals in
reproducing the preliminary estimates of the VDE values is
concerned, we found (again, for (BF;(BN)Fs)” and
(BF3(BN),Fy)") that 1) employing the wB97XD functional
(Chai and Head-Gordon, 2008) leads to the vertical electron
detachment energies whose values are smaller by 0.08-0.12 eV
than those predicted at the OVGF/6-311+G(d) level and larger by
0.20-0.49 eV than the values obtained with the B3LYP functional;
2) the use of the B2PLYPD functional (Grimme, 2006; Schwabe
and Grimme, 2007) leads to the VDEs whose values are smaller
by 0.22-0.36 eV than those predicted at the OVGF/6-311+G(d)
level and larger by 0.10-0.14 eV than the values calculated with
the B3LYP functional. Therefore, we conclude that our
preliminary estimations of the VDEs characterizing the
(BF5(BN),,Fy,41)” anions are reliable yet the results obtained
for two smallest systems considered indicate that the wB97XD
functional performs best and thus it should be chosen if the VDE
values were to be calculated only by DFT methods.

Due to the fact that the OVGF approximation remains valid
only for outer valence ionization for which the pole strengths (PS)
are greater than 0.80-0.85 (Zakrzewski et al., 1996a), we verified
that the PS values obtained were sufficiently large to justify the use
of the OVGF method.

The partial atomic charges were fitted to the electrostatic
potential according to the Merz-Singh-Kollman scheme (Besler
et al., 1990).
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FIGURE 1 | Equilibrium structures of (BF3(BN),Fan.1)” (0 = 1-4) anions
(symmetry point group in parenthesis). Selected bond lengths are given in A

All calculations were carried out using the GAUSSIAN16
(Rev.B.01) package(Frisch et al., 2016).

RESULTS

In order to study the series of (BF;(BN),F,,,;)” anions, we
decided to examine their structures for n = 1-10 and a few
arbitrarily selected larger structures (for n = 13, 18-20). The
reason was to verify whether the structures of larger
(BF5(BN),Fy,,41)” systems reflect those containing shorter
(BN), core and to establish the approximate limit for the
vertical electron detachment energy which could be achieved
for these anions (presumably for large values of n).

Equilibrium Structures and Stability of

(BF3(BN),.F4,.4)" (n = 1-10,13,18-20) Anions
The simplest anion matching the (BF;(BN),Fy4,.;)” formula
corresponds to the (BF;BNFs)™ system (ie., (BF3(BN),Fy,41)”
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for n = 1). We verified that its equilibrium structure is of Cy,-
symmetry and can be viewed as two BF; groups connected to the
central NF, fragment (i.e., (BF;-NF,-BF;)"), see Figure 1. The
length of both B-N bonds is equal to 1.700 A, the length of both
N-F bonds is equal to 1.399 A, whereas the B-F bond lengths span
the 1.376-1.382 A range. As depicted in Figure 1, the substituents
around each B and N central atom are arranged in a tetrahedral
manner, as if B and N atoms were carbon atoms. In consequence,
the structure of the (BF;-NF,-BF;)” system resembles that of
propane (or perfluoropropane) which in turn indicates that one
may consider the electronic transmutation of B and N atoms in
(BF;-NF,-BF;)” accomplished. We verified that the (BF;-NF,-
BF;)” is actually the only geometrically stable isomer of the
(BF;BNF;s)” system as all attempts to find the structures
having different arrangement of atoms failed (i.e., the
geometry optimizations of various initial structures resulted in
fragmentation of the system). As far as the thermodynamic
stability of (BF;-NF,-BF;)™ is concerned, we considered several
fragmentation paths leading to various molecular fragments
(such as BF,, F,7, F,, NF;, BF3;, NE,, etc.) and we verified
that none of those paths is energetically favorable. Since we have
also proven that the (BF;-NF,-BF;)™ anion is electronically stable
(by verifying that its excess electron binding energy is positive, see
the following section for details), we are confident that the
(BF3BNFs)” system is a thermodynamically stable species.

The structure of (BF3(BN),F,,.;)” for n = 2 exhibits C,-
symmetry and contains alternately aligned B and N central
atoms forming the B-N-B-N-B chain decorated with 12
fluorine ligands, see Figure 1. As it was the case for the (BF;-
NF,-BF;)” anion, we found only one geometrically stable
structure of (BF;-NF,-BF,-NF,-BF;)” despite the fact that we
considered a large number of alternative structures having
various arrangements of B, N and F atoms, including not only
chain-like structures but also branched systems. Nevertheless, all
these alternative initial structures turned out to be geometrically
unstable. The terminal B-N bonds in (BF;-NF,-BF,-NF,-BF;)~
were found to be longer (by 0.052 A) than the B-N bonds in (BF;-
NF,-BF;)” whereas the remaining B-N bonds in the former
system were predicted to be shorter (by 0.050 A) than those in
the latter one. The B-F and N-F bond lengths in (BF;-NF,-BF,-
NF,-BF;)” were found to be slightly shorter than the
corresponding separations in (BF;-NF,-BF;)” as they span the
1.352-1.371 and 1.390-1.394 A range, respectively. Tetrahedral
arrangement of the substituents around each B and N atom
causes the (BF3-NF,-BF,-NF,-BF;)~ structure to resemble that of
n-pentane (as if all boron and nitrogen atoms were mimicking the
bonding pattern typical for carbon atoms).

Since the (BF5-NF,-BF,-NF,-BF;)~ system
(i.e, BF3(BN),Fy,.1)” for n = 2) is larger than (BF;-NF,-BF;)~
anion (i.e., BF3(BN),Fy,41)” for n = 1) (and thus it is likely more
similar to larger (BF3(BN),Fy,.1)” (1 > 2) systems than the latter)
yet small enough to enable a comprehensive analysis of its
possible fragmentation channels, we decided to choose this
particular species to verify whether the more complex
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FIGURE 2 | Energy profile corresponding to the relaxed scan along the
terminal B-N bond (indicated by a red arrow) in the (BF3-NF2-BF>-NF»-BF3)™
anion. The horizontal red line indicates the sum of the energies of the isolated
(BF3-NF2-BF2-NF2)™ and BF5 systems.

energies of various fragmentation products and then
comparing them to the energy of (BF;(BN),F;)". We found
one (and only) case in which the fragments are lower in
energy than the (BF;-NF,-BF,-NF,-BF;)” anion, namely, we
verified that the energy sum of BF; and a branched (BF;-
NE(BF;)-NF,)” system is smaller by about 24 kcal/mol than
the energy of (BF;-NF,-BF,-NF,-BF;)". From the formal point
of view, this finding indicates thermodynamic instability of
(BF3(BN),Fo)”, however, one should also consider the
fragmentation path which could potentially be pursued to
generate such a set of species. Obviously, the process of
transformation of the (BF;-NF,-BF,-NF,-BF;)™ anion into BF;
and (BF;-NF(BF;)-NF,)” fragments would have to proceed
according to some stepwise mechanism involving the
detachment of BF; molecule from (BF;-NF,-BF,-NF,-BF;)~
followed by the substantial reorganization of the remaining
(BF5-NF,-BF,-NF,)” anion (in order to produce a final
branched (BF;-NF(BF;)-NF,) structure). Having this in mind,
we performed a relaxed scan of the potential energy surface of
(BF;-NF,-BF,-NF,-BF;)” along the terminal N-B bond, see
Figure 2. Our calculations revealed that a spontaneous
detachment of the BF; molecule from the (BF5;-NF,-BF,-NF,-
BF;)™ anion would be energetically unfavorable by ca. 16 kcal/mol
(as the energy profile shown in Figure 2 affirms) and thus should
be considered not likely. Therefore, we conclude that the
(BF5(BN),Fy)” isomer, although higher in energy than the
(BF5-NF(BF;)-NF,)” + BF; fragments, should remain stable.
Moreover, we believe that we can extend that conclusion to
cover also larger (BF;(BN),F,,,1)” (n > 2) systems by
assuming that our considerations based on the n = 2 case can

(BF3(BN),Fy,,1)” anions might be vulnerable to fragmentation = be treated as representative for longer chain-like
processes. Hence, we considered the possible loss of various (BF3(BN),,F4,.1)” anions whose structures we are about to
molecular fragments from (BF;(BN),Fy)” by calculating the  discuss. In other words, we assume that all larger
Frontiers in Chemistry | www.frontiersin.org 59 April 2022 | Volume 10 | Article 863408


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Cyraniak et al.

Polynuclear Superhalogen Anions

[BFS (B N)nF4n+1] )

n=5 (C1)

HHL AL
n=6 (C1)

o 7{:/.1\ ;I\?\\)L >3
n;(® ‘

FIGURE 3 | Equilibrium structures of (BFg(BN),F4.41)” (1 = 5-7) anions
(symmetry point group in parenthesis).

[BF3(BN),Fane1]”

n8(C1)

¥L1(J(1 ;l***

’ n=9 (Cl)
*e d . (8]
¢ T‘! ( " - . }‘t}:
o }-/(»*»”LL ' \;X‘! .
1 n=10 (C1) .

FIGURE 4 | Equilibrium structures of (BFg(BN),Fsn.4)” (0 = 8-10,13)
anions (symmetry point group in parenthesis).

}"{%~ [BFB(BN)nF4n+1]- . }(:\
4 > ¢ _‘ '/\.(X%\?( 1Y
1 ( )‘: * * L&L -;“ ) i
b
\/ 218 (C2) N
¢ \* < k.\
I -i‘ b v
) J{ 3"\ k\ K‘
- PR A .
& f* . =19 (C1) }? g
Y % t
é \.{ ,,{ )L )t t,
l ~’( Jk L %‘r 1 } l )L X
n= 20 [Cl)
FIGURE 5 | Equilibrium structures of (BFg(BN),F4.1)” (7 = 18-20) anions
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(BF5(BN),Fy,,41)” (1 > 2) systems we consider in this work are
likely not thermodynamically stable with respect to the formation
of BF; and the remaining branched anionic fragment, yet should
be long lived due to the fact that the BF; loss which would have to
happen to trigger such a process is energetically unfavorable.

Since the structures of larger (BF5(BN),,F4,,,1)” anions (i.e., for
n = 3-10, 13, 18-20) resemble many similarities with one another,
we describe them together in this section. The (BF3(BN),Fy;.1)”
structures for n = 3 and n = 4 are shown in Figure 1, the structures
for n = 5-7 are presented in Figure 3, the structures for n = 8-10
and n = 13 are depicted in Figure 4, whereas the structures for n =
18-20 are gathered in Figure 5.

Our calculations revealed similarities among the
corresponding B-N, B-F, and N-F bond lengths in the
(BF3(BN),,F4,+1)" anions considered (i.e., for n = 1-10, 13, 18-
20). Namely, the B-N bonds in (BF5(BN);F5)” (1.630-1.775 A)
and (BF;(BN),F;;)” (1.621-1.791 A) are of similar lengths to
those found for (BF3;(BN)F5)” and (BF;(BN),Fg)”, see the
discussion in the preceding paragraphs. In addition, B-N bond
lengths predicted for larger systems (1.616-1.797 A for n = 5,
1.613-1.805 A for n = 6, 1.611-1.807 A for n = 7, 1.610-1.811 A
for n =8, 1.609-1.812 A for n = 9, 1.608-1.813 A for n = 10,
1.607-1.815 A for n = 13, and 1.607-1.817 A for n = 18-20) show
an analogous pattern (ie., slightly larger separations between
terminal BF; groups and the remaining molecular fragment). The
N-F bonds in the (BF3(BN),,F4,..1)” (1 > 2) anions (1.387-1.394 A
for n = 3, 1.383-1.394 A for n = 4, 1.384-1.394 A for n = 5,
1.383-1.394 A for n = 6, 1.381-1.394 A for n = 7, 1.380-1.394 A
for n = 8-10 and n = 13, 1.379-1.394 A for n = 18-20) are also
similar to those in (BF3(BN);F;3)” and (BF3(BN)4F;;)". The B-F
bond lengths in the (BF5(BN),Fy,41)” (n > 2) systems span the
following ranges: 1.347-1.366 A for n = 3, 1.342-1.365 A for n = 4
and n=5,1.338-1.363 A for n = 6-9,1.336-1.362 A forn=10,n =
13, and n = 18-20. In addition to the similar lengths of the
corresponding B-N, B-F, and N-F bonds, the substituents around
each B and N atom in the (BF3(BN),,F4,..1)” (n =3-10, 13, 18-20)
anions are arranged in a tetrahedral manner as it was the case for
(BF5(BN)3F;3)” and (BF;(BN),F;7), see Figure 1 and
Figures 3-5.
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with their orbital energies (e).

According to our predictions, the structures of
(BF3(BN),,Fy,41)” anions correspond to extended
conformations with a tendency to form arched chains when
the number of BN wunits (n) develops. In general, the
structures predicted for (BF3(BN),Fy,.1)” systems resemble the
extended conformations of higher n-alkanes. Indeed, as it was
established in the earlier studies (Liittschwager et al., 2013), linear
alkanes of moderate length (i.e., containing up to 17(Thomas
etal., 2006) or 21 (Grimme et al., 2007) carbon atoms (depending
on the research method used)) tend to adopt a fully extended (all-
trans) conformations at low temperatures, whereas weak
dispersion interactions between chain fragments come into
play for larger systems by causing the trans-gauche
isomerizations which eventually transform an extended chain
into a hairpin structure (Liittschwager et al., 2013). Therefore, we
believe that the structures of the (BF3(BN),F4,.1)” (n = 1-10)
anions presented in Figures 1, 3, 4 likely correspond to globally
stable conformations as the number of B and N atoms (each of
which mimics a carbon atom due to electronic transmutation)
does not exceed 21, hence it approaches the maximum number of
C atoms for which the fully extended alkanes remain to be
globally stable structures. As far as the (BF3(BN),Fy,.1)” (n =
13,18-20) anions are concerned, the possible existence of
alternative lower energy conformers should be considered likely.

Polynuclear Superhalogen Anions

Excess Electron Binding Energies of
(BF3(BN),,F4,.1) (n = 1-10,13,18-20) Anions
The population analysis performed according to the Merz-Singh-
Kollman scheme revealed that the excess negative charge in all
(BF3(BN),,F4,+1)” (n = 1-10,13,18-20) anions is distributed
among the fluorine ligands, yet not evenly. In order to
simplify the discussion, we decided to describe the partial
atomic charges obtained for two structurally smallest systems,
(BF3(BN)F5)” and (BF3(BN),F)” which can be considered
representative for all (BF;(BN),F,,,;)” anions studied in this
work. In the case of (BF3(BN)F5)™ system (i.e., (BF3-NF,-BF;)"),
the partial charges (q) localized on the F atoms connected to
boron atoms are equal to -0.43|e| whereas those localized on the F
atoms linked to the nitrogen atom are equal to -0.11|e| (naturally,
all partial charges sum up to -1|e| as the partial charges predicted
for two boron atoms and for one nitrogen atom are equal to
+0.92|e| and -0.02|e|, respectively). In the case of (BF5(BN),Fy)”
anion (i.e., (BF3-NF,-BF,-NF,-BF3)7), the qF charges determined
for the F atoms connected to the terminal B atoms are equal to ca.
-0.41|e|, the g" of —0.32]e] are predicted for fluorine atoms bound
to the central B atom, whereas ¢ for the F atoms linked to N
atoms are equal to -0.09)e|. Since partial atomic charges
determined for larger (BF3(BN),Fy4,.1)” (n > 2) anions exhibit
approximately the same pattern as we found for these two
smallest systems (for n = 1,2), one may arrive at the following
generalizations: 1) the excess negative charge is delocalized
among all fluorine ligands (which is reasonable taking into
account the substantial electronegativity of F atoms), 2) the
atomic partial charges localized on the F, N, and B atoms
constituting the central part of a chain (ie., the chain without
two terminal BF; groups) sum up to approximately zero, and 3)
the atomic partial charges on B and F atoms comprising each
terminal BF; group sum up to ca. —0.5e|. Therefore, we conclude
that the excess negative charge in the anions considered is
localized mainly on the two terminal BF; fragments.

TABLE 1 | Vertical electron detachment energies (in eV) of the (BFg(BN),Fan.1)”
anions (n = 1-10,13,18-20) determined at the OVGF/6-311+G(d) (labeled
VDE®VEM) and B3LYP/6-311+G(d) (labeled VDEE®-"P) level of theory. AVDE stands
for the difference between VDE®VSF and VDEES-YP,

System VDE®VSF (ev) VDEB3LYP (ev) AVDE (eV)
(BFs(BN)Fs)~ 8.10 7.78 0.32
(BF5(BN),Fo) 8.57 8.07 0.50
(BF3(BN)sF13)” 9.07 8.35 0.72
(BF5(BN)4F17)” 9.45 8.53 0.92
(BF3(BN)sFoq)” 9.77 8.68 1.09
(BF5(BN)oFas)™ 9.96 8.76 1.20
(BF3(BN)7F20)” 10.10 8.84 1.26
(BF5(BN)gFag)” 10.18 8.89 1.29
(BF3(BN)oFa7)” ~10.332 8.92 1.41
(BF3(BN)1oF41)” ~10.412 8.95 1.46
(BF3(BN)15Fsq)” ~10.55% 9.01 1.54
(BF5(BN)1gF73)” ~10.642 9.05 1.59
(BF5(BN)1gF77)™ ~10.65% 9.06 1.59
(BF5(BN)2oFs1)” ~10.66% 9.07 1.59

%alues extrapolated on the basis of the exponential fitting function, see caption for
Figure 7.
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The highest occupied molecular orbitals (HOMO) of the
smallest (BF3;(BN),F,,.1)” anions (ie, (BF3;(BN)F5;)” and
(BF5(BN),F,)") exhibit the bonding pattern typical for almost
all superhalogen anions described in the literature(Skurski, 2021),
see Figure 6. Indeed, one may easily notice the absence of
destabilizing antibonding ligand-central atom interactions,
which is characteristic not only for (MXy,;)  systems
containing one central atom but also for polynuclear
(M Xpar1)” superhalogen anions. In addition, the analysis of
HOMO for (BF3;(BN)F;5)” and (BF3;(BN),Fy)” reveals strong
bonding  boron-nitrogen interactions and  substantial
contributions from 2p atomic orbitals of fluorine atoms. Since
the HOMOs calculated for larger (BF3(BN),,Fy,,,1)” anions (n > 2)
look alike, we do not present them here (as the HOMO contour
plots for n = 1 and n = 2 are representative for all systems
considered).

The vertical electron detachment energies predicted for the
(BF3(BN),,Fy4,.1)” anions (n = 1-10,13,18-20) are collected in
Table 1. In fact, we present the VDEs calculated by using the
OVGF method (for n = 1-8) and the B3LYP method (for n = 1-
10,13,18-20). Certainly, the VDE values obtained by employing
the OVGF method (VDE®V®F) are much more reliable than those
determined by the use of the B3LYP method (VDEBLYP),
however, our computer resources enabled performing the
calculations of VDE®VY values only for the (BF3(BN),Fy,41)”
anions up to #n = 8. Therefore, we decided to determine the VDEs
for the larger systems (i.e., for n = 9,10,13,18-20) by employing a
less computationally demanding B3LYP approach. In fact, we
applied the B3LYP method to predict the VDEs also for those
systems (n = 1-8) whose vertical electron detachment energies
were calculated with the OVGF method (to enable the
comparison between the OVGF and B3LYP results which
allowed us to assess the reliability of the VDE®" values).
Hence, we discuss the VDEs of the (BF3;(BN),F4,.,)” anions
based on the VDE®VF values whereas the VDE®*"™" results we
use only to predict a likely VDE dependence on # (i.e., the VDE =
f (n) function) and thus to estimate the approximate values of
VDE®VY for n = 9,10,13,18-20.

We start our discussion with recalling the fact that the VDE of
the (BF,)” was earlier calculated to be 8.98 eV (Sikorska et al.,
2008). We consider this result important because the (BF,)”
system matches the (BF;(BN),Fy,,;)” formula for n = 0. The
VDE of the smallest anion investigated in this work ((BF;(BN)
Fs)™, which can be treated as the (BF,)” system having one of its
ligands replaced with the NF,-BF; fragment) was evaluated as
equal to 8.10 eV, see Table 1. We believe the reason why the VDE
of (BF3(BN)Fs)™ is smaller than that of (BF,)” is that replacing
one F ligand with NF,-BF; fragment lowers the symmetry of the
system which in turn causes the decrease of the excess electron
binding energy (as it was established for various superhalogen
anions (Smuczynska and Skurski, 2008)). However, the molecular
fragment (BN),Fy,,; that the F atom is replaced with contains
more and more electronegative fluorine ligands when n develops
and thus the VDE of the (BF3(BN),,F4,..1)” anion increases when
n increases, see Table 1. In particular, the VDE of 8.57 eV was
calculated for n = 2 and the VDE of 9.07 eV was predicted for n =
3. As one can notice, the VDE found for (BF;(BN);F;3)" slightly
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FIGURE 7 | The VDE®V®" values (blue squares) and VDE®*""" values
(orange diamonds) calculated for (BF3(BN),F4,.1)” anions. The plots
correspond to the fitting formula given by VDE = A - exp (-n/B) + C (where A,
B, and C stand for fitting parameters). The fitted parameters A =

—-3.36783 + 0.09853, B = 4.00503 + 0.45838, and C = 10.68291 + 0.14242
and the coefficient of determination r* = 0.99665 were obtained for the
function approximating VDECVE results (olue line) while A = —1.72646 +
0.02308, B = 3.40804 + 0.08137, and C = 9.03863 + 0.00786 and the r* of
0.99878 were obtained for that approximating VDEES-YF resuilts (orange line).

exceeds that found for the reference (BF,)™ anion, which means
that the presence of electronegative ligands in the (BN);F;;
fragment compensates (in terms of the excess electron binding
energy) the destabilizing effects related to the symmetry lowering.

The VDE predicted for larger (BF;(BN),F4,,;)” anions
gradually increases to achieve the value of 10.18 ¢V for n = 8,
see Table 1. Although one might anticipate the continuation of
this tendency for larger n values, we cannot provide the precise
numeric values due to the lack of the OVGF-based results for n >
8. Despite this, we made an attempt to estimate the VDEs of the
larger systems considered (i.e., (BF3(BN),Fy4,.1)” for n > 8) by
finding the approximate function VDE®VF = f (n) and
extrapolating it to achieve the VDE®VSF for n = 20. In order
to do this, we decided to choose the fitting function given by the
VDEOVEE = A . ex p(—n/B) + C formula (where A, B, and C are
the fitting parameters) because we verified that such a function
properly describes the set of VDE®*"** values we obtained for all
(BF3(BN),,F4,,1)” anions (n = 1-10,13,18-20) which the
VDEP"? = f (n) plot depicted in Figure 7 affirms. In other
words, we assume that the VDE®"*" values, although clearly
underestimated with respect to more reliable VDE®VSF values
(see Table 1), show the proper VDE trend for developing n.
According to the fitting function obtained for the VDE®VSF
results, the vertical electron detachment energy of the
(BF5(BN)yoFg;)” anion is approximately equal to 10.7eV.
Although this value comes from the extrapolation to n = 20,
we consider this estimate rather reliable because the r*
(i.e., coefficient of determination) for that fit approaches 1.0
(0.99665, see the caption for Figure 7). Both the shape of the
VDECVEF = f(n) plot and the fact that the differences between the
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consecutive VDE®VF values for n developing from 6 to 8 are

small (ca. 0.1 eV) indicate that the extrapolated VDE of 10.7 eV
for n = 20 may actually approach the maximal VDE which can be
obtained for (BF;(BN),F,,,,1)” polynuclear superhalogen anions
(even for n > 20).

CONCLUSION

On the basis of the B3LYP/6-311+G(d) and OVGF/6-311+G(d)
calculations (whose accuracy were verified by employing the
wB97XD/6-311+G(d), B2PLYPD/6-311+G(d), OVGF/aug-cc-VTZ,
and OVGF/Def2TZVP treatments) performed for the
(BF3(BN),Fy,.1)” (n = 1-10,13,18-20) anions we arrive at the
following conclusions:

1) The electronic transmutation concept can be employed to
design polynuclear superhalogen anions matching the
(BF3(BN),Fy,41)” formula and comprising alternately
aligned boron and nitrogen central atoms.

2) The equilibrium structures of (BF;(BN),F4,.;)” (n = 1-
10,13,18-20) anions correspond to fully extended (all-trans)
chains with four substituents arranged in a tetrahedral
manner around each B and N central atom and thus
mimic the globally stable fully extended conformations of
higher n-alkanes.

3) The excess negative charge in (BF;(BN),F4,.1)” (n = 1-
10,13,18-20) anions is delocalized mainly among the
fluorine ligands attached to two terminal boron atoms.

4) The vertical electron detachment energies predicted for
(BF5(BN),Fy,41)” (n = 1-8) anions always exceed 8eV,
gradually increase with developing #n and approach 10.2 eV
for n = 8.

5) The estimated VDE value for n = 20 (ie., for the
(BF5(BN)yoFg;)” system) is about 10.7eV and it is
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By replacing one Al or N atom of aluminum nitride nanocage Al4oN+15 with an alkaline-earth
metal atom, two series of compounds, namely, M@Al;5N+1; and M@Al41N+> (M = Be, Mg,
and Ca), were constructed and investigated in theory. The substituted effect of alkaline-
earth metal on the geometric structure and electronic properties of Al1oN45 is studied in
detail by density functional theory (DFT) methods. The calculated binding energies,
HOMO-LUMO gaps, and VIE values of these compounds reveal that they possess
high stability, though the NBO and HOMO analyses show that they are also excess
electron compounds. Due to the existence of diffuse excess electrons, these alkaline-earth
metal-substituted compounds exhibit larger first hyperpolarizabilities (8o) than pure Al1oN1»
nanocage. In particular, these considered compounds exhibit satisfactory infrared (IR)
(>1800nm) and ultraviolet (UV) (* 250 nm) transparency. Therefore, these proposed
excess electron compounds with high stability may be regarded as potential
candidates for new UV and IR NLO molecules.

Keywords: nonlinear optical response (NLO), excess electron compound, aluminum nitride nanocage, first
hyperpolarizabilities, density functional theory

INTRODUCTION

Over the past few decades, the design and synthesis of nonlinear optical (NLO) materials with
excellent performance have exerted a tremendous fascination on researchers in consideration of their
widespread applications in optics and optoelectronics (Marder Seth et al., 1994; Priyadarshy et al.,
1996; Nakano et al., 2002; Zhang et al., 2005; Xiao et al., 2008; Xu et al., 2013). Up to now, abundant
strategies have been proposed to acquire high-performance NLO materials of the new type, for
instance, designing donor-m-conjugated-bridge-acceptor (D-m-A) models (Kanis et al., 1994),
decorating or modifying sp>-hybridized carbon nanomaterials (Bai et al., 2013; Muhammad
et al,, 2013; Yu et al, 2013; Karamanis et al., 2014; Zhou et al,, 2014), synthesizing octupolar
molecules (Ja Lee et al., 2003), utilizing a multideck sandwich cluster as the building block (Wang
et al., 2015), applying the bond length alternation (BLA) theory (Meyers et al., 1994), enhancing
push-pull effects (Liu et al., 2010), and doping metal atoms (Di Bella, 2001; Zhong et al., 2012b; Wu
et al, 2014), etc. In particular, Chen et al. (2004) and Li et al. (2004) have revealed that the
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introduction of loosely bound excess electrons into a molecule is
an effective measure to dramatically enhance its NLO response.
Therein, the diffuse excess electron is responsible for improved
NLO response. Subsequently, a lot of compounds with dispersed
excess electrons, namely, excess electron compounds, are
designed in theory, and as expected, they exhibit considerable
large NLO responses (Zhong et al., 2015).

In previous studies, it has been found that alkali-metal-doped
organic complexants exhibit large first hyperpolarizabilities
(Chen et al., 2005; Xu et al., 2007; Wang et al., 2012). In these
systems, excess electrons are formed when organic complexants
push/pull valence electrons of alkali metal atoms. Therefore, such
systems were classified as excess electron compounds, where the
alkali metal atom acts as the excess electron source. However, the
introduction of active alkali metal atoms reduces stability of these
compounds. Therefore, selecting the proper excess electron
source to achieve new excess electron compounds will be an
efficient way to obtain NLO materials with high stability. To
achieve this aim, we have used alkaline-earth metal atoms as an
electron source to design several types of excess electron
compounds (He et al., 2017a; He et al., 2017b; He et al., 2019)
with large first hyperpolarizabilities and satisfying stability.

On the other word, fullerene-like hollow nanocages with
noncarbon have attracted great attention owing to their special
optoelectronic properties in recent years (Golberg et al., 1998;
Strout, 2000; Fu et al., 2001; Stafstrom et al., 2001; Bertolus et al.,
2004; Wang et al., 2005; Beheshtian et al., 2011; Ahmadi Peyghan
et al.,, 2012; Beheshtian et al., 2012¢). In particular, Group III-V
nitrides are the most promising nanoscale materials in various
fields. Therefore, a lot of theoretical and experimental studies
have been carried out on the Group III-V fullerene-like
nanostructures, especially the most significant AIN nanocages
because of their high thermal conductivity and chemical stability
(Silaghi-Dumitrescu et al., 1996; Oku et al., 2004; Koi et al., 2005;
Yang et al,, 2005; Zhang and Zhang, 2005; Zope and Dunlap,
2005; Li et al., 2007; Beheshtian et al., 2012a; Liu et al., 2013;
Saeedi et al., 2013). Ab initio calculations revealed that the
Al,N;, nanocage is the most stable AIN nanostructure and
thereby can be regarded as an ideal inorganic fullerene-like
candidate (Wu et al., 2003). Considering the unique structural
and electronic structure of this cage, it has been used as an
excellent starting material to design NLO molecules. For instance,
two inorganic electrides, M@AI;,N;»(M = Li, Na, and K) (Niu
et al., 2014) and M3;0@Al;,N;, (M = Li, Na, and K) (Sun et al,,
2016), were achieved by doping alkali metal atoms and
superalkali clusters on the Al;,N;, nanocage, while the
M@AI;,N;; and M@AIL;;N;, compounds were designed by
substituting one atom of Al;;N;, with an alkali-metal atom
(Maria et al.,, 2016). All these Al;,N;,-based excess electron
compounds exhibit considerably high NLO responses.

In order to enhance the NLO responses and stability of such
Al},N},-based compounds, two series of inorganic compounds,
M@AI;;N;; and M@AL;;N;, (M = Be, Mg, and Ca), were
obtained by substituting Al or N atom in the Al;;N;, with
alkaline-earth metal in the current work. We mainly focus on
the following issues: 1) Can loosely bound excess electrons that
can dramatically enhance molecular NLO response be generated

Designing Excess Electron Compound

in these proposed inorganic compounds with alkaline-earth
substituted? 2) Do these novel compounds possess larger
stability and first hyperpolarizability (f,) than those of
previously reported alkali-metal-substituted systems
M@AI;N;; and M@AI;;N;, (M = Li, Na, and K)? Our results
revealed that these inorganic compounds M@AI;;N;; and
M@Al;1N;j; (M = Be, Mg, and Ca) indeed contain diffuse
excess electrons and thus exhibit larger f, values than
alkali-metal-substituted systems. In particular, These excess
electron compounds exhibit excellent infrared (IR) (>1800 nm)
and ultraviolet (UV) (* 250 nm) transparency for their potential
applications with modern laser frequency conversion technology
and optical parameter oscillator processes (Zhang et al., 2009; Luo
et al,, 2014).

COMPUTATIONAL DETAILS

The geometric structures with all real frequencies are obtained by
using a combination of Becke’s hybrid 3-parameter exchange
functional (Becke, 1993a) and Lee-Yang-Parr’s correlation
function (Lee et al., 1988) (B3LYP). In a previous study, the
Pople-type (Bilbrey et al., 2013) basis set 6-31+G(d) was selected
because it has been proved to be reliable for the geometry
optimization of similar systems (Niu et al, 2014). Natural
bond orbital (NBO) analyses, vertical ionization energies
(VIE), and binding energy (E,) calculations were also
performed at the B3LYP/6-31+G(d) level. The binding energy
of the alkaline-earth metal atom M was calculated using the
counterpoise procedure (Alkorta and Elguero, 1999) and is
defined as follows: For M@AI;,Nj,

Ey = (Eapny + Em) — Emoaon, (1)
For M@Alllel,
E, = (EAIHNIZ + EM) — Emaal Ny, (2)

The VIE is the energy difference between neutral molecule and
cation systems at the neutral optimization geometry (Wang et al.,
2012; Bai et al., 2013; Sun et al., 2015; He et al., 2019).

Polarizability and first hyperpolarizability calculations are
carried out on long-range correlated methods CAM-B3LYP
(Tawada et al,, 2004; Yanai et al., 2004) and BHandHLYP
(Becke, 1993b) in conjunction with the 6-31+G(d) basis set.
As all the systems are in the doublet states, values of spin
eigenvalue (S*) involved in the structural optimization and
NLO computations are in the range of 0.760-0.789, which
shows an error range of 1.3%-4.9%, indicating that the spin
contamination is negligible in the current calculations.

The static polarizability (ap) and the first hyperpolarizability
(Bo) are defined as follows:

o = %(am +ay, + au), (3)
Bo= B+ B+ B )

where f3; = % (B +Igijj + B> b jok = x, y, 2.
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FIGURE 1 | Optimized geometric structure of undoped Al;2N4, and alkaline-earth metal-doped M@Al;,N¢; and M@AI{1N+, (M = Be, Mg, and Ca).

Top view

For electronic transition properties, the transition energy AE,
oscillator strength f,, and the difference of dipole moment Ay
between the ground and the crucial excited state are estimated by
the time-dependent density functional theory, TD-CAM-B3LYP,
with the 6-31+G(d) basis set. Simultaneously, ultraviolet-
visible-infrared (UV-VIS-IR) absorption spectra of all the
systems were also obtained at the same level. All the UV-VIS-
IR spectra were reflected with Gaussian curves under a full-width
at half-maximum (FWHM) of 0.10 eV.

All of the calculations were carried out by using the Gaussian
16 program package (Frisch et al, 2016). Molecular
configurations and molecular orbital (MO) plots were
generated with the GaussView program (Dennington et al., 2016).

RESULTS AND DISCUSSION

First, the isolated aluminum nitride nanocage Al;;N;, was
optimized, and its structure is shown in Figure 1. In this
study, the pure Al;,N;, nanocage is found to be a
Ty-symmetric fullerene-like cage consisting of six 4-membered
rings and eight 6-membered rings, in which the Al-N bond
lengths are 1.794 and 1.858 A, respectively, in consistent with
earlier reports (Beheshtian et al., 2012a; Beheshtian et al., 2012b;
Niu et al., 2014). Then, the initial geometry structures of M@
Al,N;; and M@AL; N}, (M = Be, Mg, and Ca) were constructed
by replacing one atom (Al or N) in the Al;,N;, nanocage with an
alkaline-earth metal atom M. In the M@AI;,N;; series, one
alkaline-earth metal atom is substituted for one nitrogen atom,
whereas one aluminum atom is replaced with one alkaline-earth
metal atom in M@AL;;N,. After optimization, six equilibrium
conformations of M@AI;,N;; and M@AI;;N,, have been

TABLE 1 | Symmetry, average M-Al bond length (in A), average M-N bond length
(in A), HOMO-LUMO gap (H-L Gap, in eV), and vertical ionization energies
(VIE, in eV) as well as the binding energy (Ep, in kcal/mol) and NBO charge of
alkaline-earth metal atom for M@Al;.N4; and M@AI{1N42 (M = Be, Mg, and Ca).

Property Aly5N 2 M@AI 2N44 M@AI;4N42

Be Mg Ca Be Mg Ca
Symmetry Th Cs Cs Cq Cs Cs Cy
Bond length  1.794/1.858 2.374 2787 3.206 1.685 2.051 2.385
qv -0.358 0.394 0.938 1.101 1.591 1.798
VIE 19.75 6.66 622 593 895 880 7.78
Ey 62 33 37 244 163 173
H-L gap 3.84 2.32 211 1.73 1.19 1.22 1.19

obtained and are shown in Figure 1. The selected geometrical
parameters, VIE values, and HOMO-LUMO gap values of these
resulting compounds as well as the binding energies and NBO
charges of alkaline-earth metal atoms in them are listed in
Table 1.

As shown in Table 1, when one nitrogen or aluminum atom is
replaced, the original Al-N bond is elongated. That is to say, the
bond lengths of M-Al and M-N in the displaced systems are
longer than those of the original Al-N in the pure Al;,Nj,
nanocage. Nevertheless, the Be-N bond is a special case in
Be@Al;;N,. The Be-N bond in the Be@Al;;N;, decreases by
ca. 0.175 A as compared with the Al-N bond in the isolated
Alj,N;, nanocage, which may be attributed to the fact that the
nitrogen atom possesses larger electronegativity and the Be atom
has smaller atomic radii. It is also found that the bond lengths of
M-Al and M-N show a monotonous increase with the increasing
atomic number of M. In addition, the M-Al bond length of M@
Al},N;; series exhibits a larger increment than the M-N bond
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M@AIL,N,

Be-substituent

Mg-substituent

Ca-substituent

M@AL N,

FIGURE 2 | HOMOs of Al1oN42, M@AI;oN4, and M@Al;4Ny2 (M = Be, Mg, and Ca) systems.

length of the M@AL; N}, series as compared with the Al-N bond
length of pure Al;,N;, nanocage.

Figure 2 displays HOMOs of Al;,N, nanocage, M@Al;,Ny;,
and M@AI;;N;, (M = Be, Mg, and Ca). It can be seen that the
HOMO of a pure Al;,N;, nanocage consists of p atomic orbitals
of N atoms. Differently, all the HOMOs of M@Al;,N;; and M@
Al 1Ny, systems possess diffuse excess electrons, reflecting the
unique electric characteristics of these studied compounds.
Therefore, these proposed M@Al;,N;; and M@AL;;N;, (M =
Be, Mg, and Ca) systems can be regarded as a new type of
inorganic excess electron compounds. Interestingly, it is found
that these systems exhibit almost the same HOMOs.

NBO analysis was carried out to analyze charge transfer in
nanocages and electronic structures of these systems. The
computed NBO charges on alkaline-earth metal atoms in these
studied compounds are given in Table 1. From Table 1, it can be
seen that the NBO charges of alkaline-earth metal atoms in M@
Al;)N;, (M = Be, Mg, and Ca) are in the range of (1.101-1.798)
le|, which is much larger than the charges (0.496-0.788) |e|
(Maria et al., 2016) on alkali metal atoms in M@AIl; N, (M =
Li, Na, and K) and the charges of (0.32-0.60) |e| (Ullah et al., 2020)
on alkaline-earth metal atoms in AEM@AI;,N;, (M = Be, Mg,
and Ca), indicating that more charges are transferred from
alkaline-earth metal atoms to the nanocages in these
compounds. In addition, it is also found that the charges on
M atoms in the M@AI;; N, series are more electropositive than
those of the M@AI;,N; series, which may be attributed to the
fact that the electronegativity of the nitrogen atom is larger than
that of the aluminum atom. When an alkaline-earth metal atom is
substituted for an Al atom or N atom, the nitrogen atom has a
stronger ability to absorb electrons than the Al atom. Therefore,
introducing M atoms in the M@AIl;;N;, series loses more
electrons and displays more electropositivity. Additionally, it is
found that the charges on M atoms increase along with the
increasing M atomic number in both series because of the
increasing electropositivity of M. Moreover, the NBO analysis

also reveals that the alkaline-earth metal atoms can serve as the
source of diffuse excess electrons for these excess electron
compounds.

It is known that the stability of molecules is of great
significance for their synthesis in the laboratory and further
application in practice. Moreover, the kinetic stability,
chemical reactivity, and optical polarizability of any molecule
can be described from the energy gap between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). HOMO-LUMO gaps
of all the studied excess electron compounds are calculated
and are summarized in Table 1. As can be seen from Table 1,
pure Al;,Nj, has a large band gap of 3.84 eV, which is a barrier in
the way of its applications in electronic devices. As compared with
AlpNyp,, a crucial decrease in the HOMO-LUMO gap was
noticed for all replaced systems. That is to say, the
HOMO-LUMO gaps of M@AI;,N;; and M@AIL Ny, are
reduced to (1.19-2.32) eV. Even so, the gap values of M@
Al,N;; (M = Be, Mg, and Ca) compounds are much larger
than those (1.39-1.78) eV (Maria et al., 2016) of M@Al;,N;; (M =
Li, Na, and K) compounds, comparable to that (1.57 eV) (Wang
etal., 1999) of the kinetically stable Cgo, and those (1.59-3.79) eV
(Ullah et al., 2020) of AEM@AI;,N;, (M = Be, Mg, and Ca),
suggesting the large chemical stability of the studied M@AI;,Ny;
(M = Be, Mg, and Ca) species. From Figure 3, it is also found that
the gap values decrease along with the decreasing M atomic
number for the M@AI,,Ny; series, whereas they are hardly equal
for the M@AI, N, series.

Furthermore, the large electronic stability of these excess
electron compounds can also be characterized by their higher
vertical ionized energies (VIEs) of (5.93-8.95) eV, which are
slightly higher than the reported values of inorganic and organic
excess electron compounds (Chen et al., 2005; Zhong et al., 2012a;
Heetal., 2017a; He et al., 2017b; Ullah et al., 2020), indicating that
these proposed nanocage compounds exhibit high electronic
stability. Figure 3 demonstrates the alkaline-earth metal
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FIGURE 3 | Relationship between H-L Gaps and VIE values with the atomic number of alkaline-earth metals.
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TABLE 2| Static polarizability (ao), static first hyperpolarizability B, oscillator strength (f), transition energy (AE, in eV), and difference of dipole moment (Au in D) between the
ground and the crucial excited states and crucial transition for M@Al;,N¢1 and M@AI;1N;, (M = Be, Mg and Ca).

a Bo* Bo°
AlioNis ; 286 0 0
M@AI N, Be 331 861 875
Mg 369 1979 2006
Ca 410 6,140 6,473
M@AI;1N12 Be 312 1,079 1796
Mg 326 969 1,628
Ca 345 1,683

3,687

afor CAM-B3LYP level.
bfor BHandHLYP level.

atomic number effect on VIE values, namely, the larger the
atomic number, the smaller the VIE value.

Additionally, the binding energies (E,) of these designed M@
Al,Ny; and M@AL N}, compounds are also calculated and
given in Table 1. The E;, values are defined as the negative of
the intramolecular interaction energies between the alkaline-
earth metal M and the remaining Al;,N;; or Al;;N;, moieties.
Thus, the larger the E, value is, the stronger the interaction
between two subunits. From Table 1, it can be seen that all the
proposed excess electron compounds exhibit much larger E,
values of (33.0-244.0) kcal/mol than those (31-89 kcal/mol)
(Maria et al, 2016) of previously reported alkali-metal
substituted compounds, indicating that alkaline-earth metal
atoms are more tightly bound to the remaining Al;;N;; or
Al;;N, units than the alkali metal atoms in M@AI;,N;; and
M@AI;;N;; (M = Li, Na, and K). More importantly, the M@
Al;1Np, (M = Be, Mg, and Ca) series exhibit extremely large E,,
values up to (173-244) kcal/mol, which are far more than those of
(64-89) kcal/mol for M@AIL;;N,, (M = Li, Na, and K) (Maria

fo AE AJ Crucial transition
0.0176 4.759 0 -
0.0434 3.32 2.53 aH—al +3 (23.8%)
aH—al+5 (19.1%)
BH-1-pL (17.2%)
0.1034 2.93 2.27 aH-1—al+1 (37.1%)
BH—-LL+2 (41.2%)
0.0783 2.83 2.19 aH-1—al+2 (18.9%)
aH-1—al+1 (15.7%)
BH—LL+2 (39.7%)
0.0181 0.77 3.40 BH—-BL (87.1%)
0.0354 0.97 2.53 BH—-pBL (64.5%)
BH-2—pL (19%)
0.0420 0.92 2.09 BH—-BL (49.6%)

BH-1-pL (32.7%)

et al., 2016). Thus, as compared with alkali metal atoms, the
introduction of alkaline-earth metal atoms into the Al;;N;,
nanocage can produce more stable species with excess
electrons. In addition, the E, values of proposed alkaline-earth
metal substituted excess electron compounds are also comparable
to those (59-106) kcal/mol of small clusters with alkaline-earth
metal atoms (Srivastava et al., 2018).

To evaluate nonlinear optical response, the dipole moments
(po), polarizabilities (ap), and first hyperpolarizabilities (,) of
pure Al,N;, and the proposed M@Al,N;; and M@Al;;Ny,
compounds were calculated and are summarized in Table 2. To
better visualize the results, the dependences of the polarizability
(atp) and first hyperpolarizability (f,) values on the alkaline-earth
metal atomic number are exhibited in Figure 4. Our results
revealed that the g (286 au) of the Al;,N;, nanocage is increased
to 319-410 au for replaced compounds, indicating that the
substitution of alkaline-earth metal atoms virtually affects the
ay value of the Al;,N;, molecule. As shown in Table 2 and
Figure 4, the a changes in the order of 331 au (Be) < 369 au (Mg)
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< 410 au (Ca) in the M@AI;,Ny; series and similarly, varies in the
order of 312 au (Be) < 326au (Mg) < 345au (Ca) in the M@
Al 1Ny, series. In short, «, increases along with the increasing M
atomic number. Also, it is observed that the M@AI,,N;; exhibits
a relatively larger a value than the corresponding M@Al, ;N ,,
indicating that the excess electrons in the HOMOs of the former
are more diffuse than the latter because static polarizability is
sensitive to electronic delocalization.

Due to the pure Al;,N;, nanocage being centrosymmetric, its
Bo values are zero. Thus, different from «,, the substitution of M
for Al or N atom in Al;,N;, brings a prominent improvement of
first hyperpolarizability (5,) of the Al;,N;, nanocage, which is
because that M-substitution not only destroys the
centrosymmetry of Al;;N;, but also makes two kinds of
replaced systems possessing the dispersed excess electrons.
Two different long-range corrected methods were used to
calculate the hyperpolarizability 3, values, which have been
listed in Table 2. Figure 4 manifests the first
hyperpolarizability at CAM-B3LYP for M@Al;,N;; and M@
Al N, follows the same trend as for BHandHLYP. However,
the calculated values at CAM-B3LYP are slightly lower than
BHandHLYP.

Additionally, it can be distinctly seen from Table 2 and
Figure 4 that the 3, values of Ca-substitution compounds are
greatly larger than those of Be-substitution and Mg-substitution
compounds, signifying an evident effect of the M atomic number
on the NLO responses of M@Al;,N;; and M@Al;;N;,. To be
specific, the varying order for f is 861au (Be) < 1979au (Mg) <
6140au (Ca) in the M@AI,,N,, series, which is consistent with
the change sequence of «, values. That is, the compounds with
higher polarizabilities also present relatively higher NLO
responses because of the more diffuse excess electrons in them.

The comparison of f3, values between our proposed excess
electron compounds and previously reported alkali-metal
substituted compounds is meaningful. In the M@AI;;)Ny,;
series, it can be seen that reported alkali-metal substituted
compounds exhibit much larger 3, values of (2,500-9,100) au
(in CAM-B3LYP/6-311 + g* level) (Maria et al., 2016) than those
(861-6,140) au of our proposed alkaline-earth metal substituted
excess electron compounds. However, the resultant comparison
of B values is inverse in the M@ALl,;Nj, series, namely, f3, values

(1,628-3,687) au of alkaline-earth metal-substituted compounds
are larger than those (420-770) kcal/mol of alkali-metal-
substituted compounds. Thus, when a N atom is substituted
by alkaline-earth metal atoms in an Al;,N;, nanocage, excess
electron compounds M@AI;;N;, (M = Be, Mg, and Ca) can
exhibit larger NLO responses than M@AIl;;N;, (M = Li, Na,
and K).

For intensive discernment of this significant increase in first
hyperpolarizability due to substitution of alkaline-earth metal in
the Al;,N;, nanocage, let us consider the simplest two-level
model (Maroulis, 1996; Xu et al., 2009), which is derived from
the sum-over states method:

Aufo
ﬂO = AES >

©)

where involved AE, f;, and Ay are the transition energy, oscillator
strength, and difference of the dipole moment between the
ground state and the crucial excited state, respectively. The
expression distinctly displays that f8, is inversely proportional
to the third power of AE. Therefore, crucial transition energy
plays an important role in the evaluation of . In the current
work, the TD-CAM-B3LYP calculations are performed to obtain
the dominated excited states of these studied compounds. The
crucial transitions and the corresponding AE, f,, and Ay values
are presented in Table 2 and Figure 5, respectively. It is noted
that the electrons involved in the crucial excited states of these
considered species primarily come from their HOMO, HOMO-1,
and HOMO-2 orbitals. Meanwhile, from Figure 5, it can be seen
that crucial transitions make the electrons more diffuse, which
may lead to the large $o.H

Moreover, compared to the large AE value (4.759 eV) in pure
Al,)Ny,, the M@AL,N;; and M@AL; N}, compounds exhibit much
smaller AE values of (0.77-3.32) eV, which are comparable to those
of (1.295-1.982) eV for the alkali metal-based electrides, including
Li@(calix [4]pyrrole) (Chen et al.,, 2005), Li,-H-(CF,-CH,);-H (n =
1, 2) (Xu et al, 2007), H4C4;N,---Na, (Ma et al.,, 2008), and Li@
BoH;4 (Muhammad et al., 2009), and far less than (4.6-6.7) €V of
M@AIl,N;; and M@Al;;N;,(M = Li, Na, and K) (Maria et al., 2016),
as well as (1.80-4.76) eV of AEM@AI,N,, (Ullah et al., 2020).
Hence, these small AE values bring forth the large 3, values of these
proposed alkaline-earth metal-based excess electron compounds.
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FIGURE 6 | Electronic spectra of M@Al;5N14 and M@Al;1N+, (M = Be, Mg, and Ca) compounds.

It is well-known that the main applications for NLO materials are
in doubling frequency and second harmonic generation (SHG).
Accordingly, the superior NLO materials not only need large NLO
response but also must be transparent under the applied laser region.
Therefore, the  ultraviolet-visible-infrared ~ (UV-VIS-NIR)
absorption spectra of these M@AI,N;; and M@AL;Ny,
compounds are gained and shown in Figure 6. From Figure 6A,
it can be seen that the main absorption region of M@AI;;Ny;
compounds is from 300 to 500 nm. The absorption of these
compounds in the infrared spectral region is weak, especially for

Be@Al;,Nj;, there is no absorption in the visible region of (510-780)
nm and the infrared spectral region, which suggests that Be@Al;,Ny;
has satisfying transparency in both the visible region of (510-780)
nm and infrared spectral region. In addition, Figure 6B shows that
the M@AI};N, series have an infrared (IR) transparent region at
wavelength >1800 nm. Thus, it is hoped that these six excess electron
compounds could be used as new IR NLO materials. Simultaneously,
it is observed that they also have an ultraviolet (UV) transparent
region at wavelength “ 250 nm. Then, they may be taken as a new
candidate for UV NLO materials.
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CONCLUSIONS

Using the density functional theory (DFT), two new series of
excess electron compounds, i.e., M@AI;,N;; and M@AI; N,
(M = Be, Mg, and Ca), have been obtained and studied
theoretically in this work. The substituted effect of alkaline-
earth metal on the geometric structures and electronic
properties of aluminum nitride (Al;,N;,) nanocage has
been investigated in detail. Binding energy calculations
display that these proposed compounds, particularly the Al-
replaced nanocages have high structural stability. In addition,
the substitution of alkaline-earth metal for Aland N in Al;,N,
significantly reduces its HOMO-LUMO gap and VIE value,
which may bring forth large optical polarizability. More
importantly, these studied compounds contain diffuse
excess electrons and thus show high NLO responses.
Particularly, our results reveal that all these considered
compounds show satisfying infrared (IR) transparent region
(>1800 nm) and ultraviolet (UV) region (< 250 nm). Thus, we
hope that this study could not only provide new candidates of
potential NLO molecules but also promote future applications
of Al-N fullerene-like nanocages in the field of nonlinear
optics.
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A series of hetero-binuclear superatom motifs involving chloride/bromide ligands, that is,
MM'X,~ (M = Li, Na; M’ = Be, Mg, Ca; X = Cl, Br) anions, have been characterized by using
many-body perturbation theory calculations. Large vertical electron detachment energies
(VDEs, 5.470-6.799 eV) confirm the superhalogen identity of these anions. A larger VDE
value can be obtained by introducing small M or large M’ central atoms and small halogen
ligand atoms. Thus, one isomer of LiCaCl,~ possesses the largest VDE value. Besides,
when the extra electron is shared by all ligand atoms or three bridging ligand atoms, the
isomers have relatively larger VDE values.

Keywords: superhalogen, chloride or bromine ligands, binuclear, vertical electron detachment energy, theoretical
calculation

INTRODUCTION

Superhalogens are unusual molecules possessing higher electron affinity (EA) than those of any
halogen atom (Gutsev and Boldyrev, 1981). They were first proposed by Gutsev and Boldyrev in 1981
and verified by a variety of theoretical chemical methods (Gutsev and Boldyrev, 1981). Meanwhile, a
new class of highly stable anions (superhalogen anions) were also reported. Now, superhalogen
anions have been proved to possess very large vertical electron detachment energies (VDEs)
(Anusiewicz et al., 2003; Koirala et al., 2010; Yang et al, 2017; Li et al, 2019; Li et al., 2020;
Zhao et al., 2020), even approaching 14 eV in certain systems (Freza and Skurski, 2010). Moreover, it
is found that the superhalogen anions have much high stability, such as BF,~, AICl,", and AsFs , and
other superhalogen anions have been confirmed to be stable in crystalline solids or gaseous
molecules.

In 1981, Gutsev and Boldyrev proposed the representative formula MXy,; for a class of
superhalogens, in which M represents the central main group atom, K is the highest valence of
M atom, and X is the halogen atom (Gutsev and Boldyrev, 1981). In 1999, the superhalogen anions
MX, (M = Li, Na; X = Cl, Br, and I) were reported by Wang et al.,, and their VDE values were
experimentally measured for the first time and theoretically calculated applying the outer valence
Green function (OVGF) method, which are consistent with each other well (Wang et al., 1999).
Shortly afterward, the EA value of the BO, superhalogen (Zhai et al., 2007) and the VDE value of the
MX;™ (M = Be, Mg, Ca; X = Cl, Br) superhalogen anion (Elliott et al., 2005) were determined by the
same experimental means. During subsequent studies on superhalogens and their corresponding
anions, the central atom M of MX,; formula was no longer limited to the main group metal atoms
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(Anusiewicz et al.,, 2003; Elliott et al., 2005), and the transition
metal atoms (Gutsev et al., 1999; Gutsev et al., 2001; Yang et al.,
2003), coinage metal atoms (Feng et al., 2011; Lu et al., 2019), and
nonmetal atoms (Arnold et al., 2002) could act as central atoms to
construct superhalogens. In addition, the researchers found that
increasing the number of central atoms benefits the dispersion of
extra negative charges without increasing the repulsion between
ligands. Therefore, some binuclear/multinuclear superhalogen
anions have been proposed by experimental synthesis or
theoretical ~prediction (Anusiewicz and  Skurski, 2007;
Anusiewicz, 2008; Czapla, 2017; Yang et al.,, 2017; Yang et al,,
2018).

Besides, it is realized that halogen atoms are not the necessary
units for the construction of superhalogens. In recent years, the
ligands of superhalogens have been extended from halogen atoms
to oxygen atoms (Gutsev et al, 1999; Zhai et al., 2007), acid
functional groups (Anusiewicz, 2009b), various monovalent
groups (Smuczynska and Skurski, 2009), nine-electron ligands
(Sikorska et al, 2011), hydroxyl groups (Swierszcz and
Anusiewicz, 2011), and electrophilic substituents (Anusiewicz,
2009a). In addition, M@NKk-type superhalogens with inclusion
complexes of metal (Zhai et al., 2004) and carborane cage
superhalogens (Pathak et al., 2011) have also been proposed.
Recently, a new class of cluster was designed in which the central
atom was modified by superhalogen ligands replacing the halogen
ligands. These clusters have higher EAs than their superhalogen
ligands; thus, they are termed “hyperhalogen” (Willis et al., 2010).
Subsequently, many hyperhalogens with various geometries of
superhalogen ligands have been proposed (Paduani et al., 2011;
Gutsev et al., 2012; Sun et al., 2015; Sun et al., 2016; Yang et al.,
2021; Dong et al., 2022).

Superhalogens play an important role in chemistry given the
strong oxidation capability. For example, they can be used as
capable oxidants to oxidize substances that have relatively high
ionization potentials (e.g., O, (Bartlett and Lohmann, 1962),
noble gas atom (Bartlett, 1962), and (H,O)n clusters (Marchaj
et al., 2013)). They can also be used to synthesize and prepare
noble gas compounds (Saha et al, 2018; Chang et al, 2019),
supersalts (Giri et al., 2014a), ion battery electrolytes (Giri et al.,
2014b), ionic liquids (Srivastava et al., 2021), liquid crystalline
molecules (Srivastava, 2021), solar cells (Kim et al., 2022), and so
on. Therefore, exploring various new species classified as
superhalogens and studying their structures, stability, and
properties has become a significant and attractive research
topic in recent years.

To the best of our knowledge, most hitherto proposed
superhalogens are mono- or homo-nuclear. The hetero-nuclear
superhalogens involving different central atoms, however, have
received very little attention. The investigation on the influence of
different ligands on hetero-nuclear superhalogen properties,
however, has not been reported yet. In this research, we aim
to design a new class of superhalogen anions with two different
central atoms using chloride or bromine atoms as ligands.
Consequently, the MM'X,” (M = Li, Na; M’ = Be, Mg, Ca; X
= Cl, Br) anions have been proposed and systematically
investigated. The considerable VDE values of these anions
confirm their superhalogen identity. The geometric features

Hetero-Binuclear Superhalogen Anions

MM'X,-2, G,

MM'X,-3, G,

FIGURE 1 | Optimized structures of the MM’X,™ anions at the MP2/
6-311+G (3df) level. Color legend: green for X atom, light purple for M atom,
and blue for M’ atom.

and relative stability of these anions were analyzed.
Meanwhile, the correlations between their VDEs and
structural features, ligand and central atoms, and extra
electron distribution are also revealed. The present
investigation predicts a new member of superhalogens and
conduces to the development of new strong oxidizing agents.

COMPUTATIONAL DETAILS

Initially, the structures of the MM'X,~ (M = Li, Na; M’ = Be, Mg,
Ca; X = Cl, Br) anions were built by considering all the possible
connection between M, M', and X atoms. Then, all the
constructed structures of anions were optimized using the
Moller-Plesset perturbation method (MP2) (Moller and
Plesset, 1934) together with the 6-311+G (3df) basis set (Yang
etal., 2017; Yang et al., 2018). Meanwhile, frequency analysis was
performed at the same computational level to ensure that the
obtained structures are stable on potential energy surfaces
without imaginary frequency. Natural bond orbital (NBO)
(Reed et al., 1985) and single-point energy calculations were
carried out at the same level.

The vertical electron detachment energies (VDEs) of the
MM'X,” anions were calculated applying the outer valence
Green function (OVGF) approximation (Cederbaum, 1975)
with the 6-311+G (3df) basis set. The smallest pole strength
(PS) in our study is 0.90, justifying the validity of the OVGF
method (Zakrzewski et al., 1996).

The above-mentioned calculations were performed using the
GAUSSIAN 16 program package (Frisch et al., 2016). The plots of
molecular structures and orbitals were generated with the
GaussView program (Dennington et al., 2016).

RESULTS AND DISCUSSION

Geometrical Structures and Relative
Stability

The optimized geometries of MM’X, anions are depicted
schematically in Figure 1. The relative energies, the lowest
vibrational frequencies, bond lengths, and angles are listed in
Tables 1, 2. As shown in the figure, each MM’X," anion has two
types of structures, that is, central atoms M and M’ are connected
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Hetero-Binuclear Superhalogen Anions

TABLE 1 | Relative energies £, (kcal/mol), the lowest vibrational frequencies v (cm™), total NBO charges on the MCI subunit (|e]), vertical detachment energies VDE (eV),
bond lengths (A), and select bond angles (degree) of the MM'Cl,~ (M = Li, Na; M’ = Be, Mg, Ca) anions.

Isomer Symmetry E, o v Q?
LiBeCl,~-2 Cov 0.00 24 ~0.073
LiBeCl,~-3 Csy 9.09 127 0.049
LiMgCl,~-3 Csy 0.00 86 ~0.017
LiMgCl, -2 Coy 4.48 21 -0.075
LiCaCl,~-3 Cay 0.00 65 ~0.066
LiCaCl,~-2 Coy 10.92 20 -0.080
NaBeCl,"-2 Coy 0.00 22 ~0.039
NaBeCl,~-3 Csy 10.36 113 0.088
NaMgCl;~-3 Csy, 0.00 79 0.025
NaMgCl,~-2 Coy 4.42 21 -0.038
NaCaCl, -3 Csy, 0.00 63 0.003
NaCaCl, -2 Coy 11.12 19 ~0.040

4ChM for isomer MM'Cl,~-2 and MCly, for MM'Cl,~-3.
Italics values represents that the number of bridging X atoms.

VDE Cl-M M-Cl, Clp-M’ M’'-Cl¢ <Cl,M’Cl¢
6.240 2.146 2.427 1.940 1.888 123.6
6.275 2.292 2197 1.923 117.6
6.700 2.325 2.425 2.266 124.5
6.180 2.150 2.459 2.289 2.242 129.3
6.799 2.327 2.691 2.559 129.7
6.042 2.156 2.447 2.566 2.536 134.4
6.116 2.503 2772 1.940 1.891 122.4
5.946 2.620 2.103 1.940 115.0
6.573 2.657 2.420 2.277 121.0
6.081 2.504 2.805 2.291 2.242 127.4
6.786 2.664 2.688 2.565 125.8
5.998 2.509 2.804 2.570 2.534 131.8

TABLE 2 | Relative energies £, (kcal/mol), the lowest vibrational frequencies v (cm™), total NBO charges on MBr subunit (|e]), vertical detachment energies VDE (eV), bond
lengths (A), and select bond angles (degree) of the MM'Br,~ (M = Li, Na; M’ = Be, Mg, Ca) anions.

Isomer Symmetry E,e v Q? VDE Bri-M M-Br,, Br,-M’ M’-bry ¢/Br,M’Bry’
LiBeBr, -2 Coy 0.00 14 -0.087 5.792 2.312 2.584 2.1038 2.051 123.2
LiBeBr,~-3 Csv 7.93 7 0.060 5.795 2.452 2.275 2.089 116.8
LiMgBr, -3 Csy 0.00 53 -0.020 6.174 2.491 2.592 2.423 123.5
LiMgBr, -2 Coy 3.88 13 -0.089 5.750 2.313 2.616 2.448 2.398 128.5
LiCaBr, -3 Csy 0.00 42 -0.002 6.296 2.492 2.852 2.713 128.5
LiCaBr, -2 Coy, 10.36 12 -0.100 5.650 2.317 2.609 2.721 2.690 133.1
NaBeBr, -2 Coy 0.00 13 -0.046 5.730 2.658 2.930 2.103 2.054 122.1
NaBeBr, -3 Csy 9.50 73 0.106 5.470 2777 2.272 2.105 114.4
NaMgBr,~-3 Csy 0.00 50 0.032 6.080 2.817 2.587 2.434 120.1
NaMgBr, -2 Coy 3.77 13 -0.048 5.707 2.658 2.962 2.449 2.399 126.5
NaCaBr,~-3 Csy 0.00 40 0.001 6.322 2.822 2.850 2.718 124.8
NaCaBr, -2 Coy 10.27 12 -0.051 5.640 2.662 2.961 2.726 2.687 130.8

“Br:M for isomer MM'Br,~-2 and MBr,, for MM'Br ,~-3.
Italics values represents that the number of bridging X atoms.

by two or three bridging X atoms. Notably, these two structures
are also presented in the superhalogen anions with F ligands
(Yang et al,, 2017). Unlike MM’F, " anions (Yang et al., 2017), the
structures involving one bridging ligand atom are not stable,
which turn to the above two types of structures after optimization.
In terms of the number of bridging X atoms, the isomers of
MM’X," are termed MM’X, -2 and MM’X," -3, respectively. For
the sake of convenience, the terminal X atoms that bind with M
and M’ atoms are named X; and X/, respectively, and the bridging
X atom that connects M and M’ atoms is named X,

It can be seen in Figure 1 that the MM’Cly -2 and
MM’Cl, -3 isomers possess planar and three-dimensional
structures with C,, and C;, symmetries, respectively. From
the data in Table 1, it is found that for MM’Cl, -2 and
MM’Cl, -3 isomers, when M’ atom varies from Be to Ca,
the Cl,-M and M-Cl, bond lengths change very little, while the
£Cl,M’Cl, angle showed a tendency of increasing; for example,
the orders of 2Cl,M’Cl, angle in NaM’Cl, -2 and NaM’Cl, -3
are 122.4° < 127.4° < 131.8° and 115.0° < 121.0° < 125.8° with
varying M’ atoms, respectively. Thus, the MM’Cl,"-2 and
MM’Cl, -3 structures tend to elongate along the M-M' axis

with the increasing radius of M' atoms. Besides, the Cl,-M
bond is shorter than the M-Cl, bond in MM’Cl, -2 isomers.
For instance, the Cl,-Na bonds are about 2.80 A, while the Na-
Cl, bonds are 2.50 A in NaM’Cl, -2 isomers. On the other
hand, when the M atom goes from Li to Na, the Cl,-M' and M'-
Cly bond lengths also show minor difference in MM’Cl,~
anions, but the £CI,M’Cl; angles show a decrease, e.g., the
£ClyM’Cl; angles of LiBeCl, -2 and LiBeCl, -3 are 1.4 and
1.6" larger than that of the corresponding NaBeCl, -2 and
NaBeCl, -3, respectively. In addition, the total NBO charges of
CI,M subunits are in the range of -0.080-0.088|e|, which are
close to zero (see Table 1); consequently, the total NBO
charges of M’Cl; subunits approximate -1. In this sense, the
MM’Cl," structures can be regarded as a combination of an
MCI molecule and a superhalogen anion M’Cl;".

MM’Br,~ series show similar structural characteristics with
MM’Cl, anions. From the data in Tables 1, 2, it is noticed that
£X,M’X, angles of MM’Cl, ™ anions are always larger than that
of the corresponding MM’Br,” anions; for example, the
LCl,M’Cl; angles of NaMgCl, -3 and NaMgCl, -2 are
121.0° and 127.4°, respectively, which are larger than the
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TABLE 3 | The largest vertical detachment energies VDE (eV) of superhalogen
anions MM’X,;~ (M = Li, Na; M" = Be, Mg, Ca, X = Cl, Br) and M'X5™ (M’ = Be,
Mg, Ca, X = Cl, Br).

anion VDE anion VDE anion VDE
LiBeCly~ 6.275 NaBeCl,~ 6.116 BeClg™ 6.184
LiMgCl,~ 6.700 NaMgCl,~ 6.573 MgClg~ 6.685
LiCaCl,~ 6.799 NaCaCl,~ 6.786 CaClz~ 6.741
LiBeBrs~ 5.795 NaBeBr,~ 5.730 BeBr3™ 5.643
LiMgBr,~ 6.174 NaMgBr,~ 6.080 MgBrs™ 6.140
LiCaBr,~ 6.296 NaCaBr,~ 6.322 CaBrsz~ 6.243

£Br,M’Br; angles of NaMgBr, -3 (120.1°) and NaMgBr, -2
(126.5%), respectively.

It is reported that the isomers could exhibit higher stability
with more bridging ligands in the previous studies on the dual-
nuclear superhalogen anions with F ligands, such as homonuclear
Mg,Fs (Anusiewicz and Skurski, 2007) and heteronuclear ones
NaM’E; (M’ = Mg, Ca) (Yang et al,, 2017). MM’X,," anions also
follow this rule except the MBeX, series. However, MBeX,~
anions show a reverse trend; that is, structure 2 is more stable
than structure 3. In other words, Be atoms are more likely to bond
with three ligands than four ligands. This may be due to the
smaller atomic radius of the central Be atom, the three bridging
ligands are more crowded in structure 3 of MBeX, anions than
in structure 3 of MMgX, and MCaX, . This can be confirmed by
the shorter Cl,-Cl, and Bry-Bry, distance in structures 3 of
MBeX, than MMgX,  and MCaX,; for example, the Cl,-Cl,
and Br,-Br,, distances in LiBeCl, -3 and LiBeBr, -3 are 0.226 A
and 0.229 A shorter than that in LiMgCl, -3 and LiMgBr, -3,
respectively. Thereby, MBeX, -3 is less stable than the MBeX, -2.

Vertical Electron Detachment Energies
(VDEs)

The VDE values of MM’X, ™ anions are gathered in Tables 1, 2. As
one can notice, all anions have considerable VDE values
(5.470-6.799 eV) exceeding the electron affinity of the Cl
atom; thus undoubtedly, these anions can be identified as
superhalogen anions. In addition, it is found that the factors
affecting the VDE values of these studied anions were as follows:

(1) When the M atom varies from the Li atom to Na atom, the
VDE values of the studied anions show a tendency of
decreasing in similar structures. For example, the VDE
values of the isomers LiMgCl, -3 and LiMgCl, -2 are
greater than those of NaMgCl, -3 and NaMgCl, -2,
respectively. However, the only one exception is the VDE
values of isomers LiCaBry -3 and NaCaBr, -3. This is
probably due to the different extra electron distribution of
these two isomers, which will be discussed in the following.
Therefore, the hetero-binuclear superhalogen anions with
large VDE values could be constructed by introducing small
alkali metal atoms into the system. It is worth noting that the
same trend was found for the other hetero-binuclear anions
with the F atom, cyanide, and isocyanide as ligands (Yang
et al,, 2017; Yang et al., 2018).

Hetero-Binuclear Superhalogen Anions

209 LiBeX,
—<— LiMgX,
8.5 o, —v— LiCaX,~
—A— NaBeX,”
8.0 4 —o— NaMgX,
NaCaX,”
VDE 7.5
(eV) 7.0 4
<
“ \
6.0 \
5.5 T r T
F Cl Br
FIGURE 2 | The evolutions of VDE values of the MM'X,;~ and M'Xg™ (M =
Li, Na; M’ = Be, Mg, Ca, X = F ((from ref. [4]), Cl, Br) anions.

g

LiBeCl, -2

S <8

NaBeCl, -2 NaBeCl, -3

LiBeC 14_'3

NaCaCl, -2

NaCaCl, -3

FIGURE 3 | HOMO orbitals of superhalogen anions LiBeCl,~, NaBeCl,~,
and NaCaCl,.Color legend: green for Cl atom, light purple for Li atom, dark
purple for Na atom, and blue for Ca atom.

(2) The largest VDE values for each MM’X, anions are
presented in Table 3. From the table, the VDE values
increase in the order: MBeX, —MMgX, —»MCaX, .
Hence, the hetero-binuclear superhalogen anion MM’X,"
could possess a larger VDE value by involving larger
alkaline earth metal atoms. Note that it also holds true for
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the superhalogen anions with other ligands (Yang et al., 2017;
Yang et al., 2018).

As pointed out earlier, the MM’X, " anions can be regarded as
MX (M’X3)"; thus, the comparison between MM’X,~ anions and
their corresponding mononuclear superhalogen anions M’X5™ is
also necessary. For this reason, the VDE values of M'X;™ (X = Cl,
Br) anions were also calculated at the same level and are listed in
Table 3 as well. From the table, the VDE values of mononuclear
anions M’X;™ also increase from BeX;™ to CaX;™. Besides, the
mononuclear anions M’X;™ possess lower VDE values than their
corresponding hetero-nuclear anions MM’X, (except for
NaBeCl,  and NaMgX, series). So again, the superhalogen
anions could gain larger VDE values by increasing the number
of central atoms.

(3) The relationship between the VDE values and the ligand
atoms is plotted in Figure 2. The six curves show similar
varying trends, that is, the largest VDE values of each
MM’X, (X = F (Yang et al,, 2017), Cl, Br) species show a
decreasing order: MM’F,~ > MM’Cl,” > MM’Br,". This may
be attributed to the different electronegativity of X atoms. To
be specific, the F atom possesses larger electronegativity and
stronger electron-accepting ability than Cl and Br atoms,
which is more beneficial for the anions to bind with the extra
electron. Thereby, the larger electronegativity the ligand
atom possesses, the higher VDE value the MM’X,,~ anion has.
For the two isomers of LIM’X, ", the VDE values of LIM'X, -3
are always larger than those of LiM’X,-2. This is probably due
to the fact that the extra electron distribution in two isomers is
different. To analyze this clearly, the highest occupied
molecular orbitals (HOMOs) of some representative
MM’X, " isomers are depicted in Figure 3. As can be seen
from the figure, the extra electron is confined to a single X,
atom in LiBeCl, -2, while localized on the three bridging X,
atoms in LiBeCl, 3, which is a benefit for the extra negative
charge dispersion, and thus, LiBeCl, -3 possesses a larger VDE
value. For NaBeX, anions, the extra electrons of two isomers
are all distributed on the terminal X atom. Interestingly, the
isomer NaBeX, -2 in which the extra electron goes on X, atom
has a higher VDE value than isomer NaBeX, 3, which goes on
the X, atom (see Figure 3). As to NaMgX, and NaCaX,"
species, the situation is similar to that of the LiM’X, " anions.
However, unlike LiM’X, -3 and NaMgX, -3, the extra
electron is shared by all X ligand atoms instead of three X,
ligands in NaCaX, -3, which leads to the extra negative charge
being more evenly distributed (see Figure 3), and, hence, a
relatively larger VDE values for these isomers. This may also

(4)
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In the advancement of novel materials, chemistry plays a vital role in developing
the realm where we survive. Superalkalis are a group of clusters/molecules
having lower ionization potentials (IPs) than that of the cesium atom (3.89 eV)
and thus, show excellent reducing properties. However, the chemical industry
and material science both heavily rely on such reducing substances; an in silico
approach-based design and characterization of superalkalis have been the
focus of ongoing studies in this area along with their potential applications.
However, although superalkalis have been substantially sophisticated materials
over the past couple of decades, there is still room for enumeration of the
recent progress going on in various interesting species using computational
experiments. In this review, the recent developments in designing/modeling
and characterization (theoretically) of a variety of superalkali-based materials
have been summarized along with their potential applications. Theoretically
acquired properties of some novel superalkali cations (Liz*) and Cglig species,
etc. for capturing and storing CO,/N, molecules have been unveiled in this
report. Additionally, this report unravels the first-order polarizability-based
nonlinear optical (NLO) response features of numerous computationally
designed novel superalkali-based materials, for instance, fullerene-like
mixed-superalkali-doped Bi2Nj» and Bi,Pi»> nanoclusters with good UV
transparency and mixed-valent superalkali-based CaNzCa (a high-sensitivity
alkali-earth-based aromatic multi-state NLO molecular switch, and lead-
founded halide perovskites designed by incorporating superalkalis,
supersalts, and so on) which can indeed be used as a new kind of electronic
nanodevice used in designing hi-tech NLO materials. Understanding the mere
interactions of alkalides in the gas and liquid phases and the potential to
influence how such systems can be extended and applied in the future are
also highlighted in this survey. In addition to offering an overview of this
research area, it is expected that this review will also provide new insights
into the possibility of expanding both the experimental synthesis and the
practical use of superalkalis and their related species. Superalkalis present
the intriguing possibility of acting as cutting-edge construction blocks of
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nanomaterials with highly modifiable features that may be utilized for a wide-
ranging prospective application.
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binding energy (BE), HOMO-LUMO (highest occupied molecular orbital-lowest
unoccupied molecular orbital), ionization potential (IP), NLO (nonlinear optical),

superalkali

Introduction

Superalkalis are one distinct class of superatoms that consist
of characteristics similar to those of alkali metals but have a
substantially lower ionization potential (IP) than them (Wang
etal., 1999). As a result, due to their low IPs, superalkalis quickly
lose their valence electrons (Gutsev and Boldyrev, 1982; Khanna
and Jena, 1995, Khanna and Jena, 2011). Gutsev and Boldyrev
were the first to make use of the term “superalkali” in 1982 to
refer to the distinct electronic structures of numerous radical
forms of lithium and sodium-related species (Gutsev and
Boldyrev, 1981). Recent research has proven that superalkalis
are the superior supplier of extra electrons for creating novel
materials with high initial hyperpolarizabilities than other
materials that drop electrons rapidly from their outermost
shell (Wang et al.,, 2012; Sun et al, 2014b, Sun et al.,, 2014a,
Sun et al., 2016a). These species can give one electron to other
molecules and survive as cations due to their IPs being lower than
those of the alkali metal atoms (5.39-3.89 eV) in the periodic
table of all elements (Lias et al., 1988) which means that they are
more reactive even though they do not always resemble other
elements (Wang et al, 2007). Researchers are constantly
executing appropriate research work on the designing and
theoretically) of the
superalkalis along with their potential applications. Nowadays,

characterization (experimentally or

scientists have put significant effort into creating and describing
diverse comical superalkali-based species.

The standard formula for superalkalis is My,;L, where k is
1 for L (F, Cl, Br, and I) and 2 for L (O) atoms; Li, X (Velickovic
et al., 2006; Velickovic et al., 2007; Velickovic et al., 2012)
extended to K;X (X = F, Cl, Br, and I) (Velickovic et al.,
2011) and LizO (Zintl and Morawietz, 1938; Kudo et al., 1978;
Wu et al,, 1979) are two instances that come up frequently in this
series. Li,F has been the subject of extensive theoretical (Gutsev
and Boldyrev, 1982; Honea et al., 1989, Honea et al., 1993; Rehm
et al., 1992; Koput, 2008; Wright et al., 2009) and experimental
(Yokoyama et al., 2000; Neskovic et al., 2003; Fernandez-Lima
etal., 2009) research. Well-known superalkalis, M30 (M = Li, Na,
and K), have a greater propensity than their equivalent alkali
atoms to lose an outer electron (Gutsev and Boldyrev, 1987;
Rehm et al, 1992). Comprehensive experiments on the
superalkalis having one nonmetal acting as the central atom
(B, N, and O) connected by the alkali metal atoms can be seen in
the literature, for instance, OM; (M = Li, Na, and K) (Wang et al.,
2011; Zein and Ortiz, 2011), NLi4 (Rehm et al., 1992), CLis, SiLi,

Frontiers in Chemistry

84

(n = 1-5), CLig (Schleyer et al., 1983; Otten and Meloni, 2018),
and BLig (Li et al., 2007). Next, a comprehensive work based on
the in silico approach for binuclear superalkali cations having the
formula M,Liy.; (M =F, O, N, C, and B for k =1, 2, 3, 4, and 5,
correspondingly) was reported by Tong et al. (2009).
Furthermore, using the ab initio-based inspections, a series of
binuclear superalkali cations M,Liyc ;" (F,Liz", O,Lis*, N,Li,",
and C,Lis") was proposed by the same group (Tong et al., 2011).
Then, focusing on the expansion from mono to binuclear
superalkali cations, attempts have been made by Tong et al.
(2012) in describing polynuclear superalkali cations YLi;* (Y =
COs3, SOs, SO4 Oy and Os) (Tong et al, 2013). The
aforementioned remarkable cations/compounds offer a great
deal of potential for use in the production of novel charge-
transfer (CT) salts and cluster-assembled nanomaterials with
customized characteristics, the reduction of carbon dioxide
(COy), and activation of very stable nitrogen molecules (N,),
nitrogen oxides (NO), or as hydrogen (energy) storage materials
as well as noble-gas trapping agents, ferroelectrics, catalysts, and
nonlinear optical (NLO) response, among other things (Zhang
et al,, 2021b; Zhang et al., 2021a). These molecular species have
the capability to reduce substances and can be employed to
produce various cutting-edge building blocks of nanoscale
materials having highly tunable features, particularly the CT
salts. The superalkali cations can produce the CT salts such as
a crystal salt Li;O"NO," consisting of a single singly charged
superalkali cation (Li30") (introduced by Zintl and Morawietz,
1938) that alkali elements cannot because of the unfavorable
energetics, the metal atom’s relatively high IP, or steric hindrance
(Lietal., 2008; Tong et al., 2009). Subsequently, the real nature of
sodium nitrate (NaNQOj3) was revealed to be sodium oxide nitrite,
Na;O*(NO,)~ (Jansen, 1977). They can be utilized to create
uncommon CT salts whose counterparts have a low electron
affinity (EA). In silico design and characterization of superalkalis
based on Zintl ions and the superatom compounds with an NLO
response have been reported by some research groups along with
Zintl clusters as a new class of superhalogens which can be seen in
the literature (Reddy et al., 2018b, Reddy et al., 2018a; Sun et al.,
2018; Sinha et al., 2022).

Design, synthesis, and potential applications of new materials
consisting of large second-order NLO responses (involving
optical data storage, optical computing, telecommunications,
optical information processing, etc.) have gained increasing
attention (Chemla and Zyss, 1987; Prasad and Williams, 1991;
Bredas et al., 1994; Geskin et al., 2003). Several reports on organic
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molecules consisting of donor-acceptor- (D-A) or donor-m-
conjugated bridge-acceptor (D-m-A) skeletons can be seen in
the literature which demonstrate considerably large first
hyperpolarizabilities and show high photovoltaic performance
in developing new non-fullerene small-molecule acceptors
(Marder, 2006; Wei et al., 2022). Such frameworks found with
larger CT in the systems can establish substantial differences
between the dipole moments of the ground state and the excited
state as well as low-energy CT transitions (Xu et al., 2007). For
example, a sequence of formal D-A chromophores is expected to
show a significant NLO response and high stability when M;0
(electron donor) interacts with its counterpart, BCsy (electron
acceptor), and creates the CT dyads as M30-BCse (Tu et al,
2014).
Moreover, with
superhalogen anions, just like alkali metal cations, and this

superalkali cations may interact
interaction is predicted to be stronger than the former due to
the even lower IPs of the superalkalis. The ability of the
superalkali clusters to replicate the chemical behavior of alkali
metals makes them potentially useful as building blocks in the
construction of innovative nanostructured materials, which is
one of their most intriguing discoveries. In some situations, they
can combine to form assemblies or super-atom compounds while
retaining their identity, much like regular atoms, and thus can
demonstrate chemical or tunable electronic
characteristics. Examples include BF,-M (M = Li, FLi,, OLis,
and NLiy) (Yang et al., 2012), BLig-X (X = F, LiF,, BeF;, and BF,)
(Lietal., 2008), Na,XY (X = SCN, OCN, and CN; Y = MgCl;, Cl,
and NO,) (Anusiewicz, 2010), and Al;3(K50) as well as
Al3(NazO) (Reber et al.,, 2007). As a result, it makes sense to

study the characterization and prediction of the superalkali-

unique

based clusters. Recent investigations have attempted to suggest
various unique superalkali species (Sun et al., 2016b, Sun et al.,
2019; Tkachenko et al., 2019; Ye et al., 2022; Sun et al., 2022),
[C3N,(CHs)s
acquired from a familiar aromatic heterocycle, pyrrole]
(Reddy and Giri, 2016), organo-Zintl superalkalis (P7R4) (Giri
et al,, 2016), non-metallic superalkali cations [F,H;*, O,Hs",
N,H,*, and C,Hy"] (Hou et al.,, 2013), and aromatic superalkali
species [MLi,,," aromatic superatom cations and Auj core

including organic heterocyclic  superalkalis

connected with pyridine (Py) and imidazole (IMD) ligands]
(Sun et al.,, 2013; Parida et al., 2018) (33a, 33b).

As was earlier mentioned, the superalkali clusters are a
common type of super-atoms that can function as alkali metal
atoms, so they can construct an extended nanostructure when
put together (Reber et al., 2007; Reber and Khanna, 2017).
Additionally, it has been suggested that superalkali cations
could act as hydrogen storage materials (Barbatti et al., 2002;
Giri et al,, 2011; Pan et al,, 2012) and noble gas-trapping agents
(Chakraborty et al., 2010; Pan et al., 2013a; Pan et al., 2013b). For
instance, Giri et al. (2011) investigated the potential of the
Li;* and Nas" H,-binding.
Additionally, it has been noted that the superalkali cation

cationic  superalkalis for
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O,Lis" can bind up to seven noble gas (Ng) atoms (Ng = He,
Ne, Ar, and Kr) (Pan et al., 2013a) and up to 12 Xe atoms (Pan
et al., 2013b).

The trinuclear Auz(IMD); [IMD = imidazole] combination
turns aromatic, according to a recent work on the construction of
a novel family of organometallic superalkali compounds (Gutsev
and Boldyrev, 1982; Gutsev and Boldyrev, 1985; Parida et al,,
2018; Tkachenko et al., 2019). Examining large systems such as
fullerenes, the prediction of superalkali@C60 endofullerenes,
their enhanced stability, and interesting properties have been
reported comprehensively by Misra et al. in 2016 along with an
understanding of the nanoconfinement effect on halogen
bonding in (CH;Br--NH;)@Cg, (Srivastava et al, 2016b;
Srivastava et al., 2016a).

Even though superalkalis have advanced significantly
over the past several decades, an overview of the recent
advances in a variety of remarkable species appears to be
missing in the literature (Sun and Wu, 2019; Pal et al., 2021).
The most advanced developments in recent years, design/
modeling, characterization in the framework of in silico
approaches, and first-time use of superalkali-based novel
materials are outlined in this review along with their
We the
predictions for their future growth in the hopes of

potential applications. attempted to share
pointing designers in the right direction as they continue
to create and use such special species. We believe that this
the

interpretation of the superalkali-based materials.

report can open new directions in organized

Results and discussion

In this section, the authors have attempted to provide
snippets on the structure, stability, and electronic features of
various superalkali-based species such as NM, (M = Li, Na, and
K) superalkalis; ab initio exploration of the polynuclear K- and
Na-based superalkali hydroxides as superbases; theoretical
studies on the hydration effect on the superalkali cations,
Li;*; and the role of the size and composition on the design
of superalkalis. Moreover, in terms of the applications of a
range of superalkali-based materials (i.e., high-performance
NLO material/molecular switch), design and characterization
(theoretically) of a novel series of D-A frameworks through
superalkali-superhalogen assemblage, superalkalis doped with
B1,Nj, nanocages, boron phosphide nanocages doped with
superalkalis as novel electrides, and innovative inorganic
aromatic mixed-valent superalkali electride, CaN3;Ca, have
been highlighted in this report. This report unravels a brief
overview of the capturing of nitrogen by unveiling the potential
of superalkali cation Li;" and the reduction/activation of carbon
dioxide with a superalkali. A short description of the modeling
of aromatic organometallic and

superalkali complexes

superalkali ligands as the building blocks for aromatic
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FIGURE 1

(A) Geometric structures of NM4 (M = Li, Na, and K) clusters reproduced from Zhang and Chen (2019); (B) charge density difference in (A)
LisBeHe. (B) LizBgFs, and (C) LizBg(CN)g clusters reproduced from Banjade et al. (2021). (C) Charge density difference in (A) LizsB12H12, (B) LisB12F12, and
(C) LisB12(CN)y, clusters (Banjade et al., 2021); (D) superalkali cation Liz* with water molecules, Lis*(H,0),, (n = 1-5), reproduced from Hou et al. (2018)
with permission from the Royal Society of Chemistry; (E) a small series of hydroxides (XM, ;1OH) where (XM,,,1): superalkali; M (K and Na): alkali
metal atom; n, maximal formal valence of the central atom X (F, O, and N), and n > 1.

trinuclear Cu(I)-NHC complexes, the nature of the aluminum

trimer combined with different superatom = clusters,
superalkali-alkalide interactions, ion pairing in low-polarity
solvents, and lead-based halide perovskites associated with

superalkali species have been reported.

Structural and electronic features of
superalkali-based species

Superalkalis are known as super-atoms which can imitate the
chemistry of atoms and can be used in the synthesis of novel
materials with diverse interesting features. Using high theoretical-
level Gaussian 3 (G3) calculations, Zhang and Chen proposed
models of a small series of superalkali NM, (where M = Li, Na, and
K) (see Figure 1A) clusters consisting of homo- and hetero-alkalis,
and studied their stability and electronic structures (Zhang and
Chen, 2019). The calculated vertical IPs (3.22-3.74 V) have been
found to be smaller than that of the Cs atom having an IP value of
3.89 eV, and binding energies (BEs) and positive energies of the
dissociation channel such as (NMj; + M’) confirmed the stabilities
(thermodynamically) of all probed species where NLi, was found

Frontiers in Chemistry

to be the most stable among all the homo- and hetero-superalkalis.
The order of the calculated BEs for the NM, clusters was found to
be NLiy (-9.25eV) > NNa, (-5.88¢eV) > NK, (-1.92eV),
separately, where the size of the alkaline atoms has a
substantial impact on the overall stability of the clusters when
such atoms are combined, followed by ionic bond formation.
Encouraged by the reports highlighted in this study, novel
materials can be constructed by the previously designed and
characterized (theoretically) species having high stability along
with tetrahedral geometry. It is important to note that the
structures of the NM, species with homogeneous alkali atoms
(like NLiy, NNay, and NK,) have Jahn-Teller distortion-resistant
T4 symmetry,
heterogeneous alkali atoms have Cs, symmetry. Furthermore,

while the clusters constructed from the
the Frontier molecular orbital (FMO) approach appeared to
show that the highest occupied molecular orbitals (HOMOs) of
all such species are mainly spread over the complete clusters
shown to diminish the repulsion among the electrons repelling
each other. Their ab initio modeling approaches (MP2/MP4)
described the highly symmetric structural parameters and the
low IP values of the NM, clusters from the electronic origin point
of view.
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It is to be noted that although significant signs of progress
have been made in designing, synthesis, and characterization of
superhalogens, there is still room for related studies on
superalkalis. With the combination of superalkalis having low
IPs and superhalogens having high EA, super-ions may be used
as construction blocks of a novel series of supersalts having uses
in multiferroic materials, metal-ion batteries, solar cells, and so
on. Jena et al. thoroughly described the role of size and
composition in the design of supersalts consisting of two
dissimilar classes of clusters belonging to the closo-borane
family, Li,B,X, (m = 1-3; n = 6, 12; X = H, F, and CN) and
Zintl ion family, Li,,Be@Gey, in the framework of the density
functional theory (DFT) with hybrid exchange-correlation
functional (wB97xd) as well as Gaussian basis sets [6-311+G
(d, p)] (Banjade et al., 2021). In this work, the stabilities of such a
composition of clusters were regulated by the Wade-Mingos
polyhedral skeleton electron pair theory (i.e., shell closure rule),
and additionally, the jellium shell closure rule was deployed to
understand the stability of the Be@Gey cluster. The analyzed IP
values were well-connected to the EAs of the X ligands (the
higher the EA, the larger the IP). They found that like the lowest
IP value (2.84 eV) for Li;BgHg among Li;B,X,, clusters, both the
closo-borane family and Zintl ion-related clusters followed the
same IP patterns; however, conversely and beyond the hope, the
IP values were not reduced (n = 6-12) with enhancing the cluster
volume followed by being weakly bounded. It should be noted
that EAs of the B, X,, enhanced proceeding from n = 6 to n = 12,
since the association of the Li atoms with the B,,X,, cluster is
stronger than that with the B¢Xg cluster. Likewise, as the
substitution of the X travels from the H atom to the F atom
to the CN group in the Li;B;,X;, clusters (X = H, F, and CN), the
IP values are enhanced. The charge density difference (CDD)
plots were visualized for all six species (three closo-borane and
three Zyntl ion families). For example, in the case of Li;BsHs, the
CDD showed that the electrons have been amassed in the area
sandwiched between the three successive Li-B bonds and
uniform diffusion of the electron near the Li-B bonding
region (see Figure 1B), whereas a much larger charge
accumulation between the Li and F atoms can be seen for the
Li;BgFs cluster. These findings were consistent with the structural
features. Furthermore, electron accumulation along the Li-C
bonds for the LizB;,X;, clusters demonstrated that the Li
atoms were bonded to mostly the X atoms (see Figure 1C)
which agreed with their geometries. Very importantly,
however, there was an increment in the cluster volume and
the F atom, as well as the CN group consisting of more
electronegativity than the H atom, and stronger interactions
between the cluster and the Li atoms have been observed. The
IPs of the Zintl-ion family clusters were found to be higher than
those in the closo-borane-family clusters since these behave like
superalkalis. Very interestingly, it is noteworthy to mention that
despite having the same electron count in both the LisGey and
Li;Be@Ge, clusters, the IP of the former is found to be smaller
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than that of the latter, implying that, indeed, composition matters
therein.

Using the ab initio modeling approach, Li et al. reported an
extensive study on the influence of hydration on the structure,
stability (through energy decomposition analyses), and electronic
features of the superalkali cation Li;* in the framework of the
MP2/6-311++(d, p) level of theory (Hou et al.,, 2018). Assuming
all possible arrangements of H,O molecules around the Liz*
cation, a series of Liz;"(H,O), (n = 1-5) structures (see
Figure 1D) have been obtained where the Li;* cation is
observed to have a maximum of four coordination numbers.
Interacting with five molecules of water, the CT of the Li;* cation
appeared to be critically irregular which was shown by natural
population analysis (NPA), and as a result, the Li;* cation lacks
the ring conjugation and comes apart into the isomer of
Li;*(H,0)s having the lowest energy. Using the NPA tool,
water ligands appeared to have a dominant role in the charge
distribution of Li;" along with the CT from the H,O ligand to the
Lis*
continuum model (PCM) tool in calculating the Gibbs free

skeleton. With the deployment of the polarization

energies (AG,”*®) at 298.15K, the lowest-energy isomers of
Li;*(H,0), (n = 1-5) are not appropriate for detaching
spontaneously. It is important to mention that a coordination
number of 12 has been vaticinated for the Li;* cation associated
with hydrogen clusters. The outcomes of the in silico approach
revealed that structural and electronic integrity was maintained
by the Liz* cation followed by low-lying isomers of the
Liz*(H,0),_4 complexes, while in the lowest-energy structure
of Liz*(H,0)s, it destroyed and left its superalkali individuality.
Based on such findings, like Li* in water clusters, the superalkali
Li;* cation contributes to the same maximum coordination
number. Like the case of the lithium-ion hydrates, the
localized molecular orbital energy decomposition approach
showed that the electrostatic interactions play a prime role in
the binding of the water molecules with the Li;* cation. A sharp
increase in the contribution of the exchange-repulsion energy
can be seen when the number of water ligands arrives at five and
even this exchange-repulsion energy surpasses that of the
electrostatic term.

Very recently, computational designing and characterization of
Na- and K-based superalkali hydroxides acting as superbases have
been reported by S. K. Pandey for the first time (Pandey, 2021b). A
new kind of hydroxide of the superalkalis (XM,,.;OH) [where the
fragment XM,,,; refers to the superalkali moieties, X (F, O, and N),
and n > 1] has been modeled, and inclusive computational
experiments on such fascinating species have been performed
using the framework of the ab initio method (see Figure 1E). To
inspect the relative basic nature of such polynuclear superalkali
hydroxides (SAHs) against the representative alkali metal hydroxide
(KOH, NaOH, and LiOH) along with the Li-related SAHs, the ab
initio findings demonstrated that both the Na- and K-based SAHs
are stronger bases than the LiOH and Li-related SAHs which is due
to the larger gas-phase proton affinity (PA) and gas-phase basicity
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(A) Optimized geometries of the most stable complexes of mixed-superalkali-doped B1,N;, adapted from Bano et al. (2022) with permission
from the Royal Society of Chemistry; (B) optimized structures of CgLis-nCO, complexes (front and side views) for n = 1-6 adopted from Srivastava

(2019b) with the permission of Wiley.

(GB) values of the Na- and K-related SAHs. Noticeably, the highest
PA (1168.4 kJ/mol) and GB (1146.9 k]/mol) of the OK;OH base
revealed its strongest basicity nature among all the existing strong
bases and superbases along with the proposed K- and Na-based
SAHs. The values adequately surpassed the APA (142.1 kJ/mol) and
AGB (146.9 kJ/mol) values of the threshold values (PA: 1026.3 kJ/
mol and GB: 1000 kJ/mol) of a very popular IUPAC-defined
superbase (DMAN).

To probe the structure, stability (bonding features), and
electronic properties of the SAHs, the popular noncovalent
interaction (NCI)-plot and quantum theory of atoms in
molecules (QTAIM) tools were used for a variety of chemical
to biochemical species to materials along with exploration of the
computational studies on the HAP biomaterials including the
first-principle DFT, ab initio modeling, and molecular dynamics
simulations (Awasthi et al., 2021a; Awasthi et al., 2021b; Pandey,
2021a; Pandey and Arunan, 2021). In this report, new insights
into the basicity features were facilitated by an ab initio modeling
approach. Design, fabrication, and synthesis of the theoretically
explored SAHs may lead to providing an alternative pathway for
the experimentally availing applications.

High-performance NLO response
material/molecular switch

Very recently, Bano et al. presented theoretical work where
they showed that the mixed superalkalis (Li,NaO, Li,KO,
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Na,LiO, Na,KO, K,LiO, K,;NaO, and LiNaKO) could be a
better alternative than the pure superalkalis for B;,Nj,
nanocages in designing hi-tech NLO materials (Bano et al,
2022). The optimized structures of the mixed-superalkali-
doped B,Nj,
Throughout the computational experiments, the structure,

complexes can be seen in Figure 2A.
stability, electronic, and NLO response features of superalkali
cluster-mixed B;,N;, nanocages were examined. They have
chosen a total of seven (A-G) thermodynamically stable
designed complexes consisting of very high interaction
energies ranging from -98.02 kcal/mol to —123.13 kcal/mol,
which were compared with the previously reported Li;O@
B1,Nj, having an interaction energy (E;,) as —92.71 kcal/mol
along with the narrow variation of the HOMO-LUMO energy
gaps (from 3.36 eV to 4.27 eV) compared against the pristine
B,Ny, (11.13eV) species. This group confirmed the CT
phenomenon occurring in such probed complexes which were
acquired from the NPA technique, non-bonding interactions
between the doped superalkalis and nanocages followed by the
QTAIM, as well as NCI-plot tools. The maximum absorbance
was found in the near-infrared (IR) region ranging from
1,076-1,486 nm which appeared to be transparent in the
ultraviolet (UV) region. The computed first hyperpolarizability
(Brot) of complex C was analyzed as 1.7 x 10* au which was much
greater than that of the pure Li;O superalkali-doped B;,N;,
complex (3.7 x 10" au) perceived from the same theoretical level
of approach (by Sun et al in 2016). As in nanoelectronics,
designing and synthesizing stable and high-performance NLO
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materials is the foremost precedence for the scientists and
researchers; an increased NLO response was detected in this
work by a large second hyperpolarizability. To gain more insights
into such complexes, they also computed hyper-Rayleigh
scattering (6.71 x 10" au), second harmonic generation
(1.17 x 10" au), and electro-optical Pockels (3.29 x 10'* au)
effect along with the maximum obtained values of the electric
field-induced second harmonic generation (3.46 x 10'° au) and
electro-optic-dc-Kerr effect (3.96 x 10'"au) at 1,064 nm
wavelength. At the same wavelength for all A-G complexes,
significant increments in quadratic nonlinear refractive index
(n,) values were seen along with the largest value of 3.35 x
10°®* cm*W ™. The theoretical findings based on the wB97XD/6-
31G (d, p) level of approach indicated that such mixed
superalkali-doped nanoclusters could have broad applications
in designing, fabrication, and characterization of hi-tech
optoelectronics (i.e., high-performance NLO materials).
However, various procedures can be seen in the literature in
designing high-performance NLO materials; the NLO response
of three series (a total of 10 isomers, I-X) of theoretically
designed compounds Li,F@B;,P;,, Li;O@B;,P;,, and Li,N@
Bi,P;, having three (I-III), four (IV-VII), and three
(VIII-X) isomers, correspondingly, was inspected thoroughly
using the DFT approach (see Figure 2B) (Ullah et al., 2019). This
research work explored the effects of superalkali (Li,F, Li;O, and
LiyN) when these were doped on the B;,P;, nanocage. The
computational outcomes showed that most of the complexes
[all isomers of the Li,F@B,,P,, and Li;O@B;,P,, model
compounds (I-IIT and IV-VII) along with one isomer of
the LiyZN@B,,P,, complex (IX)] possessed excess electrons,
whereas only two isomers of the LiyN@B;,P;, (VIII and X)
compound were found to be inorganic electrides. It was
that the
chemisorbed on the boron phosphide nanocage and all such

computationally inspected superalkalis were
formed nanocage complexes were found to be quite stable
which was confirmed by their calculated BEs. There was
substantial enrichment in the first hyperpolarizability values
of the system when doping a B;,P;, nanocage with the
superalkali. Isomer IIT of the Li,F@B;,P;, system showed
the largest first hyperpolarizability (3.48 x10°au) and
lowest the HOMO-LUMO gap (1.46 ¢V) among the three
isomers (I-III) along with good transparency in the UV
region, showing that the superalkali Li,F provided better
hyperpolarizability increment than the Li;O and LiyN
superalkalis when associated with the B;,P;, nanocage. In
addition, the influences of several superalkalis and various
doping locations on the NLO response were comprehensively
examined for all three variants of model systems in the
framework of the quantum chemical calculations using the
DFT approach. This work will promote prospective uses of the
Ceo-like doped with the
superalkali and novel electronic nanodevices, and hi-tech

Bi,P,-based nanostructures

NLO materials consisting of good UV transparency could
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be designed by the employment of new excess electron
systems and electrides (VIII and X).

As several research groups have focused on designing novel
superatoms with high NLO responses, A. Omidvar reported a
range of representative D-A model skeleton species having
elevated NLO responses through bonding the superalkali-like
M;0 (K30, NasO, Li;O, Li,KO, Li,NaO, Na,KO, Na,LiO,
K,LiO, K;NaO, and LiNaKO) blended with the superhalogens
(Al}5 2018). These
superalkalis consist of a low IP to the superhalogen Al;;

cluster) (see Figure 3A) (Omidvar,
having a larger EA. Additionally, the electric field gradient
tensors of the O nuclei and the natural bond orbital (NBO)
analysis-based charges of the M;O superalkalis were also
computed. In this study, he represented the theoretical
signatures for the feasibility of employing the super-atoms
Al;; and M;0 as

nanomaterials with strong NLO responses. He observed that

construction blocks to construct
the IP and 7O nuclear quadrupole resonance parameters of the
M;0 superalkalis have been efficiently affected by the M ligands.
The electron transfer phenomenon in such types of super-atoms
in the bonding superalkalis is responsible for the competent
narrow HOMO-LUMO gap as well as increasing the first
hyperpolarizability remarkably in the pristine Al;; cluster.
Significant CT takes place from the M;O component to the
Al;; assembly. It was observed that the data based on the nq
parameters of the 7O nuclei significantly increase when the pure
ligands were substituted with the doped ligands in the M;O
superalkali species. The Q value (an asymmetry parameter)
provides evidence of the chemical bonds taking part therein.
Importantly, according to the findings of this investigation, the
electropositivity of the alkali ligands was shown to play an
important role in the determination of the IPs of the
superalkalis. Moreover, a comprehensive exploration of the
NLO response of the super-atoms M3;0-Al;; can be seen that
is altered by the oriented external electric fields. When the
imposed oriented external electric field is enhanced along the
CT direction (M30 — Al;3) ranging from zero to a critical
external electric field, a gradual increment in the first
hyperpolarizability can be seen for the superatom compounds
which appears to be used as an effective approach based on the
theoretical findings.

Using quantum mechanical approaches, a total of three
configurations [two Cs, point groups (1 and 3) and one Dj,
point group (2)] of trigonal bipyramidal (TBP) CaN;Ca
structures were chosen as models, and the role of the NLO
response was analyzed by aiming at pioneering hi-tech single-
pole double-throw (SPDT) NLO molecular switches (Wang et al.,
2020). One marginally longer and one shorter vertical Ca-N3*~
length was found in the case of both Cs, configurations (1 and 3),
whereas there were two identical bond lengths of Ca-N;* in
configuration 2. The ab initio (MP2/6-311+G (3df) method-
based equilibrium structures of the chosen CaN;Ca species can
be seen in Figure 3B where the Ca atoms are located over and
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Chemistry.

under the usual triangular N ring. It should be noted that energy
configurations 1 and 3 are 3.99 kcal/mol smaller than that of
configuration 2 at the CCSD(T)/6-311+G (3df) level of theory
which illustrates that the former two configurations (1 and 3)
have a larger thermal stability than configuration 2. Moreover, in
the case of the configuration 2, the excess electrons equally
occupied the two hemispherical orbital lobes (HOMOs)
positioned over the two extremes of the CaN3;Ca molecule,
while in the case of the other two configurations (1 and 3),
the excess electrons mainly occupied one hemispherical orbital
lobe (HOMO) (located on the left side for 1 and right side for 2)
of the CaN;Ca species. Importantly, Figure 3B also confirms that
a uniform external electric field (EEF) triggered a reversible
configuration conversion between 1 (L1 > L2) and 3 (L1 <
L2). by deploying appropriate
homogeneous electric field, interconversion between 1, 2, and

Hence, an external
3 can be realized easily. All these species belonged to the novel
alkaline-earth-based aromatic mixed-valent superalkalis along
with acting as fascinating electrides. Very importantly, the
of the salt-like
configuration 2 showed a delocalized structure in the form of
€%*".Ca®* N5’ "Ca’"-e*>" demonstrating class III-type mixed-
superalkali the

configurations 1 and 3 were confirmed as the rare inorganic

electronic ~ structure species containing

valent electrides, whereas other two
Robin-Day class II-type structure consisting of localized redox
centers. Moreover, comparison outcomes of remarkable static
and dynamic first hyperpolarizabilities of all three configurations
have been reported since all three were excellent candidates for
SPDT NLO molecular switches.

Finally, using the ab initio modeling approach, Zhang et al.
showed that the phenalenyl radical and M; ring (M;-PHY, M = Li,
Na, and K) stacked with parallel and vertical geometries are
potential applicants for molecular switches which can exist in

both superalkali electrides and superalkalides (Yi et al., 2022). A

Frontiers in Chemistry

range of similar kinds of interesting research studies can be seen in
the aforementioned literature. In this work, they have shown that
M -M,""*.PHY" acts as a superalkalide, whereas the e --M;*-
PHY acts as a superalkali electride where the former may isomerize
to the latter using suitable long-wavelength irradiation and the
latter may isomerize to the former with appropriate short-
wavelength irradiation. In this report, the researchers have
combined both electride and alkalide characteristics in one
molecular switch and concluded that both forms demonstrated
an excellent functioning NLO response.

Capturing carbon dioxide/nitrogen/
hydrogen

Reduction (via electron transfer ie. CT phenomenon) of
carbon dioxide (CO,) by the capability of the superalkali LisF,
has been shown by Park and Meloni (2017). The equilibrium
structure of neutral planar and non-planar clusters trapping the
CO, and N, molecules can be seen in Figure 4A. To attain
trustworthy outcomes on the structural and energetics/stability
of the species, a composite CBS-QB3 model was deployed. The
association of CO, with the LizF, superalkali was examined by
scanning the potential energy surface (PES) which led to the
formation of their transition states (TSs) and minima. Structural
alterations were exposed in the terms of spin density and charge
flow. The large BE (ionic interactions between the Li;F, and CO,
having the largest BE (163 kJ/mol) among the three optimized
structural isomers), CT phenomenon, and the HOMO-LUMO
gap explained the energetics and stability of the Li;F,/CO,-
associated species. It is worth mentioning that the largest
determined BE (163 kJ/mol) was found to be significantly
larger than that of the superhalogen cluster SbsF,s/CO,
reported by Czapla and Skurski (2017). The choice of the
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(A) Optimized geometries of neutral planar clusters (top) and neutral non-planar clusters (bottom) adapted from Park and Meloni (2017) with
permission from the Royal Society of Chemistry; (B) (a) optimized structure of the Liz*(N,);» complex and (b) its HOMO 3D isosurface map adapted
from Yu et al. (2020) with permission from the Royal Society of Chemistry; (C) optimized structures of CgLig—nCO, complexes (front and side views)
for n = 1-6 adopted from Srivastava (2019b) with the permission of Wiley.

LizF, toward the CO, has been taken using the same level of
approach by which computational experiments on the
association of the most copious atmospheric N, gaseous
molecule have been conducted (a very small chemical affinity
of the LisF, for N,). In the case of the N, association with the
superalkali LizF,, the calculated BE value was only 51 kJ/mol,
which reveals that the capability of the superalkali Li;F, for CO,
reduction has high selectivity over the N, molecule. CO, is
Li;F, followed by

transferring an electron as well as geometric change which

actively reduced by the superalkali
brings up the CO, molecule in a bent shape, and it can be
probably used in transforming CO, into fuel.

With the deployment of the MP2/6-311+G(d) level of
approach, an investigation was conducted by Yu et al. (2020)
to obtain new insights into the capability of the superalkali cation
Li;* for capturing N, gas as well as its behavior in gaseous
nitrogen. To reduce inter-ligand Coulombic repulsion, the N,
molecules (i.e., a maximum coordination number of 12 was
envisaged for the trinuclear Li;* because every vertex Li can
capture four N, molecules) approached to attach at various
apexes of the trinuclear Li;* core of the Li;*(N,), (n = 1-7)
complexes which were confirmed by the structure, stability, and
electronic feature analyses. It is worth to mention that only in the
case of the lowest-lying series of the Li;*(N;),, complexes (where

« »

the number “n” ranges from 1 to 4) complexes, the trinuclear Li;*

core retains its superatom dignity using the NPA and FMO
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approaches. Importantly, the interaction between the Li;* with
N, [for example, it reached up to —24.5 kcal/mol for the Liz*(N;),
complex] is stronger than that with H, but weaker than that with
H,0 molecules. The difference in the Gibbs free energies for the
same series of model complexes (through possible fragmentation
channels) specified the thermodynamic stability of the Li;* in the
(N,), clusters. As electrostatic interaction plays a dominant role
over the polarization component in the case of the Li;"(H,0),
complexes, a different case was found in the construction of the
Liz*(N,), complex having a non-covalent nature where the
electrostatic and polarization components contributed almost
equally. Furthermore, they concluded that the superalkali
trinuclear Li;* cation is a much better candidate than its other
heavy alkali metal cations (Na;" and K;3") in terms of capturing
N, molecules which is due to a larger BE and favorable structural
features for the Li;*(N,), complexes as compared to the N,
associated with the Na® and K" cations. Moreover, by
resemblance, the Li;" superalkali cation (along with retaining
its identity) has been predicted to have 12 maximum
coordination numbers in the nitrogen clusters whose structure
(see Figure 4Ba) was assured by the ab initio molecular modeling
approach with the deployment of the MP2/6-311+G(d) level of
theory and the local minima was confirmed by the frequency
calculations. Analogous to the isolated Li;* alkali metal cation, a
delocalized s-type bonding HOMO was detected in the case of
Liz*(N,);, which can be seen in Figure 4Bb. The computed NMR
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parameters (chemical shifts ranging from —95.5 to —94.1 ppm
and -66.8 to —-64.0ppm for the N1 and N1’ nuclei,
correspondingly) can indeed provide significant information
for the experimental classification of the complexes. Of
course, this work provided an in-depth understanding of the
mechanism of binding interactions in the Li;*(N,), complexes
and explored the superalkali-based nitrogen-gas-trapping agents
by spurring more computational and experimental attempts.
As CO,, with the property of trapping greenhouse gases,
has a crucial role in the global carbon balance purpose along
with its conversion into fuel, a very recent in silico-based
report by H. Srivastava and A. K. Srivastava on the activation
of CO, by various types of superalkalis can be seen in the
literature where they showed comprehensive and interesting
theoretical outcomes (see Figure 4C) (Srivastava and
Srivastava, 2022). Some studies on the superbases which
were designed with the help of superalkalis can be seen in
the literature (Srivastava and Misra, 2015, Srivastava and
Misra, 2016). Because of the superalkalis, for example,
typical superalkalis (FLi,, OLi;, and NLiy), special
superalkalis [Al;, Mn(B3N3Hg),, BoC3Hj,, and CsNHg],
(LisF),
(O,Hs and N,H;), and polynuclear superalkalis (Al;,P,
N;MgsM) having lower IP than those of the alkali atoms
and can easily transfer an electron (due to its hypervalent

binuclear superalkalis non-metallic superalkalis

nature) to the CO, molecule, these species possess strong
reducing power and play an imperative role in altering the
geometry of CO, (bent shape) from its linear structure by
donating an electron to it, which have been reported based on
the quantum chemical methods. Examining different theory-
based reports, it was observed that the extent of the CT
(electron transfer) is mainly dependent on the size,
geometrical, and electronic features as well as the (IPs) of
the superalkali species. In silico-based investigations and
discussions on the activation of CO, by a small Li;F,
cluster inside the Buckminsterfullerene can also be seen in
the literature. It was also found that the CO, molecule is not
only activated by the C¢Lis molecule but also a total of six CO,
molecules can be trapped by the same species. From this
report, Srivastava et al. came up with concluding remarks
that the reported theoretical findings imply that superalkalis
could be utilized as an economical catalyst for the activation of
a CO, molecule, and since the fuel can be formed by the
activated CO, ion like methanol (CH;OH) followed by the
hydrogenation reaction. Moreover, Srivastava et al. (2022)
have reported various computational experiments using the
DFT as well as ab initio modeling approaches on the
superalkali cations (X = F, O, and N) with methyl ligands,
superalkali behavior of ammonium and hydronium cations,
and many more studies (Srivastava, 2019b). Moreover,
introducing the superalkalis, an ab initio study on single-
and double-electron reductions of CO, was reported in 2018
(Srivastava, 2018).
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Complex formations and interactions
involved therein

To begin with the idea of superalkalis, complexes are
superalkalis with a lower IP than the corresponding alkali and
alkaline earth metals; Parida et al. reported work on the
computational ~ designing of aromatic  organometallic
superalkali complexes using the first principle calculations (see
Figure 5A) (Parida et al., 2018). A trigonal all-metal core coupled
with imidazole (IMD) and pyridine (Py) has been proposed
which facilitate the probable existence of a superalkali complex.
Low IEs (as compared to the Cesium atom) were found for the
organometallic complexes, Au;(IMD); and Aus(Py)s;, which
imitated the general features of a superalkali very well. All the
superalkali clusters revealed sp* hybridization, and therefore, a
planar geometry all along with the Au;* ring showed a “doubly
aromatic” character. The HOMO-LUMO gap value of the
Aus(Py)* species (4.11 eV) was found to be greater than that
of the Auz(IMD)* (3.84eV). As some of the organometallic
complexes were capable of showing good NLO features using
the static first-order hyper-polarizability calculations, it also
appeared that the characteristics of such Au-based complexes
are like the features of a superalkali. Such outcomes concluded
that various coinage metal-based superalkali complexes having
broad applications can be synthesized in the laboratory.

Combinations of aluminum trimer and two distinct forms of
the representative superatom clusters [(super) alkalis: M = F,
FLi,, OLi3, and NLiy; and (super) halogens: X = LiF,, BeF;, and
BF,)] were chosen, and the diverse structural, stability
(interactions involved in the Al;-M and Al;-X superatom
compounds), and electronic features were theoretically
explored by Yang et al. (2018) at the MP2/6-311+(3df) level
of theory. The Al;-M and Al;-X compounds (see Figure 5B)
showed different structures where point-to-side interactions
were seen between the Al; and X components of the Al;-X
compound, providing the most favorable bonding pattern while
the least preferable was face-to-face. In the case of Al;-M systems,
Al; favored interacting with the FLi, and Li (super) alkalis via its
ring plane, whereas it favored binding with NLi; and OLis
superalkalis over the Al-Al edge. Interestingly, the Al; moiety
of the Al;-X species acts as the cation (electron donor), whereas it
acts as an anion (electron acceptor) in the Al;-M compound
assured by the NPA approach. Enhanced CT was detected
between the Al; component and the super-atoms (M and X)
in both polar and nonpolar solvents. The HOMO-LUMO gap
values, BEs, and bond energies were calculated to be large which
confirmed the stability of such blended species (Al;-M and Al;-X
compounds) supported by strong interactions taking part
between the Al; and super-atoms (M/X). Importantly, the
solvent effect has an important role in the case of the Al;-M
(especially, the Al;-NLi;) compounds where it was found that
such species were better stabilized in the presence of the solvent
molecules, whereas the outcomes were not significant for the
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(A) Optimized geometries of the ligands and the Ausz-coupled complexes reproduced with permission from Parida et al. (2018); (B)
representative Als-M and Alz-X superatom compounds where M is a (super)alkali (M = Li, FLi,, OLis, and NLi4) and X is a superhalogen (X = F, LiF,, BeFs,
and BF,) reproduced from Yang et al. (2018) with permission from the Royal Society of Chemistry; (C) computed SOMO/HOMO 3D isosurfaces of the
superalkali K-15-crown-5, model (a) and superalkali—alkalide (K-15-crown-55)°*(Na)®>" with the alkalide in the axial reproduced from Riedel et al.
(2021) (c) and equatorial (d) positions with respect to the sandwich complex [as illustrated in the form of a cartoon (b)]; (D) optimized geometries for
(a) LizO and (b) LisS (top); cubic ABX3 perovskite structures with superalkali clusters occupying the A sites, Pb atoms occupying the B sites, and | atoms
occupying the X sites (bottom) adapted from Paduani and Rappe (2017) with permission from the Royal Society of Chemistry.

stability of the Al;-X compounds. Moreover, the Al;* ring
exhibited different aromatic characters (¢ and 7 aromaticity)
when associated with diverse superhalogen anions either in the
gas or in liquid phases.

As it has been conventionally considered that the anionic
alkali metals in the solution possess a gas-like and unperturbed
nature recently, Barrett et al. reported experimental and
theoretical findings on superalkali-akalide interaction-related
studies which assisted ion pairing in alkalide solutions in
solvents having low polarity (Riedel et al, 2021). The
experimental evidence (based on coherent neutron scattering,
dielectric ~ spectroscopy, and  concentration-dependent
macroscopic ionic conductivity) of the observation and
influence of ion pairing of alkalides in the solution agreed
with each other. Furthermore, to understand the structural,
stability, and electronic features, the DFT studies for a range
of possible superalkali-alkalide complexes chosen as models were

carried out in the framework of ab initio simulations, including

Frontiers in Chemistry

the superalkalis and superalkali dimers where such species were
revealed to play the dominant role in the solution. The visualized
singly occupied molecular orbital (SOMO)/HOMO 3D
isosurface maps of the superalkali K-15-crown-5, model (a),
superalkali—alkalide (K-15-crown-5,)%"(Na)®>" associated with
the alkalide in the axial (c), and equatorial (d) sites
concerning the sandwich complex are exemplified in the form
of a cartoon (b) as shown in Figure 5C. The conformational
flexibility of the alkalide systems measured by the temperature-
dependent alkali metal NMR spectra appeared to show both
reversible perturbation and thermally triggered demonstrating a
complex replacement mechanism for the ion-paired moieties.
The outcomes of their research work facilitated a picture of
alkalide moieties acting as a gas-like ion in the solution and
attached a great significance to the interactions of the alkalide
with its complex counteraction (superalkali) which could be
chemically regulated and established by contemplating the
interactions between the superalkali and alkalides.
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Recently (in 2021), to synthesize aromatic trinuclear Cu(I)-
NHC complexes constructed from superalkali ligands as a
building block, a variety of NHC (N-heterocyclic carbene)
ligands based on imidazole and benz-imidazole have been
computationally designed by Giri et al. Six different ligands
were chosen based on the pyridazine, pyrimidine, and
pyrazine acting as the skeletons (Parida et al, 2019).
According to the outcomes of the calculated vertical electron
affinity, all of the ligands chosen in this work seem to be of the
superalkali kind of molecule which has excellent NLO properties.
The Cu(I)@NHC complexes were formed by the NHC ligands
consisting of trinuclear Cu; as the central moiety. From the
contribution of canonical molecular orbitals toward the
computed nucleus independent chemical shift (NICS) values,
the trinuclear Cuj ring appeared to show high o- and low n-
aromaticity. Depending on the various ligand environments, the
aromatic features were altered along with other reactivity
parameters such as electrophilicity and hardness. According to
their theoretical findings, a more reactive and less aromatic
complex can be produced by the pyrazine-based NHC ligand
as opposed to pyridazine and pyrimidine-based NHCs. Like the
BH3 molecule, the inspected super-atomic clusters exhibit sp?
hybridization based on the natural localized molecular orbitals
(LMOs). Very interestingly, the UV-Vis spectrum calculations
using the first principle study in the acetonitrile solvent showed a
blue shift. It is believed that such modeled and theoretically
explored complexes can be simply synthesized and utilized as
catalysts in advanced synthetic chemistry.

The influence of variations in the ionicity of CT and bonding
mechanism on the geometrical and electronic features of novel
lead-based halide perovskites formed by introducing the
superalkali species was reported by Paduani and Rappe in
2017 with the employment of the scalar relativistic DFT
approach (Paduani and Rappe, 2017). In this work, the
authors used two superalkalis such as Li;O [see Figure 5Da]
and Li3S [see Figure 5Db] which were replaced by the Cs atoms in
the CsPbl; having a cubic structure which were detected to be
slightly tetragonally distorted, and the band gap values of both
superalkali-based species were much lower than that of the cubic
CsPbl;. The in silico-based outcomes facilitated encouraging
performance which can have applications in optoelectronics,
infrared (IR)
thermoelectrics. They found that the incorporation of suitable

for instance, as long-wave sensors and
superalkali species at the cationic A-positions in the ABX;-type
(CsPbl;) structure can have the capability to tune the band gap of
such species. Smaller band gaps (mainly occurring from the
effective hybridization between the Pb and Li s-states at the top of
the valence band) for the minimum-energy (i.e., equilibrium)
crystal structures of both the [Li;S]Pbl; and [Li;O]Pbl;
compounds were analyzed as 0.41 eV (indirect) and 0.36 eV
(direct), correspondingly, where the latter is slightly larger
than the former. The [Li;O]Pbl; compound was hoped to be

more resistant to water exposure which was confirmed by the
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cluster calculations. In comparison to the CsPbI3 species, harsh
alterations can be seen in the shape of both valance and
conduction bands when the chemical environment was
changed in the case of the Pb-halide perovskite structure.
Because of the construction of the delocalized energy states,
additional electronic states near the Fermi level were formed
by introducing the superalkali cations. Such studies have the
capability to crease the excitation diffusion length at a longer
wavelength and promote hole mobility. Berry-phase simulations
demonstrate considerable spontaneous polarization in both
[Li;O]Pbl; and [Li;S]Pbl; having non-
centrosymmetric structures (lacking inversion symmetry) and

novel materials

thus, allow this material to be used in communications,
ferroelectrics, and remote sensing in a prolonged spectrum
region.

Taking a quick glimpse at a different type of superalkali
cation, a series of interesting computational experiments on the
structural, stability/energetics, and electronic feature analyses of
some new series of interesting non-metallic superalkali cations
such as chain-shaped F H, ;" species, OxHyy 1" clusters, and
N,Hj,.1 " species were reported by Srivastava (2019a), Srivastava
(2019d), and Srivastava (2019c¢).

Concluding remarks and future
perspectives

The recent advances in the theoretical development,
characterization, and first-time use of superalkalis are outlined
in this review. In this report, we have made an effort to provide a
general overview of modeling/design and characterization
(theoretically) of superalkalis and their applications including
sharing predictions for their future growth in the hopes of
pointing designers in the right direction as they continue to
create and use these special species. Efforts have been made to
unveil the potential of some novel superalkali cations (Li;") and
CeLis type species for capturing and storing CO,/N, molecules.
The first-order hyperpolarizability-based NLO response properties
of many new computationally designed superalkali-based
materials (for example, fullerenes such as mixed-superalkali-
doped Bj,N;, and B;,P;, nanoclusters having good UV
transparency and novel inorganic aromatic mixed-valent
superalkali CaN3Ca as an alkali-earth-based high sensitivity
multi-state NLO molecular switch, and novel lead-based halide
perovskites formed by introducing the superalkali species) which
can, indeed, be used as a new kind of electronic nanodevice for
designing hi-tech NLO materials have been unraveled in this
review. Understanding the mere interactions of alkalides in a
solution, as well as in the gas phase where the potential to
influence how such systems can be extended and applied in the
future, is also highlighted in this survey. Understanding earned
from this report will, indeed, assist in the discovery of novel
superalkalis and will enrich the library’s arsenal of supersalts.
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Although, based on this review, we can predict the
forthcoming directions at the industrial level, there are still
tasks to better understand the fascinating features of
superalkalis and their characteristics to be measured
precisely in the fields of inorganic, organic, and material
chemistry. We are hopeful that further experiments, as
well as theoretical investigations, will be capable of
developing the present strategies and contributing to our
the
grabbing features of a variety of already synthesized and

future sights in better understanding attention-

designed/modeled novel superalkalis or related species.
Moreover, the reported model complexes (as building new
materials) in this report will be advantageous, and these may
pave alternative pathways for experimentally rewarding

applications and can have potential uses in advanced
synthetic chemistry as catalysts.
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