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Abstract 

Superatoms are atomic clusters with tailored size and composition that mimic the 

chemistry of atoms in the periodic table. However, unlike the atoms whose chemistry is 

governed by their valence electron orbitals, the chemistry of superatoms is governed by their 

highest occupied molecular orbitals. In addition, due to their large size and non-spherical 

geometry, superatoms can promote unusual reactions and serve as the building blocks of cluster 

assembled materials with properties very different from conventional materials. This perspective 

highlights the unique role of superatoms in chemical and material sciences by focusing on 

superhalogens, which not only possess electron affinities larger than those of halogens but also 

can be stable when multiply charged. We discuss how these unique features of superhalogens 

enable noble gas atoms like argon to form chemical bonds at room temperature and zinc to 

exhibit an oxidation state of +3. The advantages of using superhalogens in the synthesis of water-

resistant materials for solar cells, halogen-free electrolytes for solid-state batteries, and 

multiferroic materials are also discussed.  
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1. Introduction 

One of the most important contributions of chemistry to science and to mankind, for that 

matter, is the periodic table of elements. Developed by Mendeleev in 1869, it contains 118 

elements, of which 94 occur in nature. Although the periodic table is the source of all materials, 

it has limitations; not only is the number of naturally occurring elements fixed, but also some of 

these are scarce and expensive. Equally important, the chemistry of the atoms is governed by the 

valence electrons and the orbitals they occupy which cannot be easily altered. For example, the 

noble gas atoms are chemically inert because their outer s and p electron orbitals are full, making 

it difficult for them to donate, accept, or share an electron. The halogens atoms, on the other 

hand, lack one electron to achieve shell closure, making them readily accept an electron. They 

have large electron affinities and are chemically reactive. Alchemists have tried for ages to 

manipulate the chemistry of elements, without much success.  

In a seminal lecture entitled “There is plenty of room at the bottom” at the American 

Physical Society in 1959, Richard Feynman suggested that the properties of matter can change 

dramatically when reduced to nanometer length scale. Harnessing these properties, he argued, 

can usher a new era in materials science when nanomaterials can be synthesized and their 

potential for technological innovations explored. Considerable research over the past 30 years 

has not only revealed new phenomena in fundamental science at the nanoscale but also have 

validated Feynman’s vision for new technology.  

Atomic clusters with varying size and composition are the ultimate nanoparticles where 

every atom and every electron count. Much of the current understanding of the structure and 
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properties of atomic clusters has emerged over the past 50 years, due to the development of new 

synthesis and characterization techniques as well as improved theoretical and computational 

methods. Atomic clusters bridge our understanding between atoms, molecules, and bulk 

materials, making it possible to study the evolution of their structure and properties at the atomic 

scale. Given that the properties of clusters are size and composition specific and very different 

from their bulk, they can also be used as the building blocks of a new class of materials, called 

cluster-assembled materials.  

In this perspective, we discuss a class of atomic clusters called superatoms1,2, which 

mimic the chemistry of atoms in the periodic table, but have properties superior to those of atoms 

(see Table 1). Here, emphasis is placed on superhalogens3 that not only mimic the chemistry of 

halogens but also can remain stable when multiply charged, promoting reactions otherwise 

impossible using atoms. Also discussed is the role these superhalogens play in the design and 

synthesis of materials for energy harvesting and storage as well as multiferroic materials. The 

objective is to demonstrate that understanding superatomic chemistry can enable us to produce 

materials with unprecedented properties.4  

Table 1: Difference between atoms and superatoms 

Atoms Superatoms 

Number of atoms is fixed Number of superatoms is unlimited 

Small size Large size that can be varied 

Spherical shape Aspherical shape  

Chemistry is governed by atomic 

orbitals and is fixed 

Chemistry is governed by molecular orbitals and can be tailored by 

changing size and composition 
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Unstable when multiply charged With suitable choice of size and composition can be stable when 

multiply charged 

 

In section 2, we provide a brief introduction to superhalogens and their design, structure, 

and properties. The role of superhalogens in promoting unusual reactions such as enabling argon 

to form chemical bonds at room temperature and zinc to assume a +3-oxidation state is presented 

in Section 3. In Section 4, the use of superhalogens as building blocks of moisture-resistant 

hybrid perovskite solar cells, halogen-free electrolytes in Li-ion batteries, and multiferroic 

materials are discussed. Section 5 provides a summary of our conclusions and future outlook.  

2. Superatoms and Superhalogens  

Two of the early experiments that led to the concept of superatoms are due to Knight5, 

Castleman6, and coworkers. Knight et al. observed that Na clusters containing 2, 8, 20, 40, --- 

atoms have conspicuous peaks in the mass spectra. Assuming that Na clusters are free electron-

like as is their bulk, the authors used a spherical jellium model to characterize their electronic 

structure and showed that the enhanced stability of clusters containing 2, 8, 20, 40, --- Na atoms 

is due to electronic shell closure 1S2, 1S2 1P6, 1S2 1P6 1D10 2S2, 1S2 1P6 1D10 2S2 1F14 2P6 … 

Castleman and coworkers6 subsequently observed that Al13
- cluster is chemically unreactive 

towards oxygen. Knowing that Al is trivalent and bulk Al is a free electron-like metal, the 

authors explained the chemistry of Al13
-, which has 40 electrons, to be due to electron shell 

closure. Consequently, the neutral Al13 cluster, which has 39 electrons, should behave like a 

halogen atom as it too needs one extra electron for shell closure. Even though clusters do not 

have spherical geometry, calculations based on density functional theory with B3LYP hybrid 
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functional for exchange-correlation potential and Def-2tzvp basis set shows that the molecular 

orbitals have the same symmetry as given by the simple jellium model (see Fig. 1).  

 

 

Figure 1: Frontier occupied molecular orbital diagram of neutral Al13 cluster. The blue and red 
lines represent the energy levels corresponding to spin up and spin down electrons, respectively. 
The light pink sphere represents the Al atoms.  Red and green regions are the electron density 
clouds forming 1S, IP, ID, 2S, 2P, and 1F shells. 

 

The electron affinity of Al13 was later found to be 3.6 eV7,8, which is very close to that of 

the Cl atom. That Al13 has the same chemistry as that of Cl was further revealed when Bowen 

and coworkers9 showed KAl13 to be a salt-like molecule. Accordingly, the Al13 cluster can be 

viewed as a superatom mimicking the chemistry of halogens. Numerous papers dealing with 

superatoms and their chemistry have since been published. We refer the readers to a recent 
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review article 4 by Jena and Sun for details. In the following, we focus only on one class of 

superatoms called superhalogens.  

In fact, the word “superhalogen” was coined by Gutsev and Boldyrev3 much earlier, in 

1981. According to these authors, superhalogens have the formula MXk+1, where M is a metal 

atom of valence k, surrounded by k+1 halogen atoms, X. The authors showed that the electron 

affinity (i.e., the energy gained when an extra electron is added) of the superhalogen cluster is 

larger than that of a halogen atom. This is because the added electron gets distributed over k+1 

halogen atoms, reducing electron-electron repulsion. The first experimental confirmation of 

superhalogens was due to Wang and coworkers10. Much of the early work on superhalogens 

focused on non-transition metal atoms with low atomic numbers and was guided by the octet 

rule. Theoretical prediction and experimental confirmation that a transition metal-based cluster, 

MnO4 is a superhalogen was made by Gutsev et al.11 Li et al. and Pyykko and Runenberg12,13 

later showed that all-metal superhalogens can also be designed using the 18-electron rule. 

Subsequent works done in Jena’s group expanded the scope of superhalogens by using Huckel’s 

rule for aromatic systems14 and Wade-Mingos rule for borane-based systems.15 Superhalogens 

can now be designed and synthesized without using a single metal atom and/or a single halogen 

atom. Superhaogens that defy electron counting rules have also been suggested16. In addition, the 

electron affinity of clusters can be further increased by using superhalogens, instead of halogen 

atoms, as building blocks. These are referred to as hyperhalogens17. In the following, we discuss 

some of the unusual chemistry of superhalogens and the materials they can produce. 

2.1 Stable Multi-anion Clusters 

 Most atoms in the periodic table can take an extra electron, with chlorine having the 

largest electron affinity of any element in the periodic table. However, no atom can retain two 
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extra electrons due to the strong electron-electron repulsion; the second added electron is ejected 

spontaneously.  On the contrary, a cluster can retain two or more extra electrons if it is large or it 

has a unique composition. Such clusters are useful as they can promote unusual reactions, which 

will be demonstrated in the following. A particular cluster of interest here is icosahedral 

dodecaborate anion, B12H12
2-. With a diameter of 3.91 Å, B12H12

2- is a stable dianion with the 

first and second electron bound by 4.56 eV and 0.9 eV, respectively. This extraordinary stability 

was explained by Wade and Mingos18–21 in terms of the polyhedral skeletal electron pair theory 

(PSEPT) that requires n+1 pairs of electrons where n is the number of vertices in the 

icosahedron. Thus, with n=12, B12H12 requires (12+1) x 2 = 26 electrons. Note that a BH pair has 

4 electrons, two of which are involved in each B-H bond. Thus, there are 24 electrons available 

for cage binding, but 26 are needed for stability, according to the above rule. Hence, B12H12
2- is 

stable as a dianion. Zhao et al. 22  hypothesized that the stability of B12H12
2- could be further 

increased by replacing H by CN, thus, satisfying multiple electron-counting rules, 

simultaneously. The geometry of B12(CN)12
2- remains icosahedral (see Fig. 2). Note that CN is a 

pseudo-halogen that needs an extra electron for octet shell closure and has an electron affinity of 

3.82 eV.  Indeed, the calculated electron affinities22 of the first and second electron of 

B12(CN)12
2- are found to be 8.62 eV and 5.33 eV, respectively. Recently, the extraordinary 

stability of B12(CN)12
2- has been confirmed experimentally23 and the measured second electron 

affinity of 5.55 eV agrees well with the predicted value, making B12(CN)12
2- the most stable 

dianion observed in nature.  Subsequent works by Jena and his group24–27 have shown that 

clusters can be designed to hold up to 4 extra electrons without fragmentation or spontaneous 

electron emission. For example, the first, second, third, and fourth electron affinities of 
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BeB23(CN)23
4- are 9.10 eV, 6.32 eV, 4.08 eV, and 0.94 eV, respectively. In the following, we 

discuss the unusual chemistry such stable multi-anion complexes can promote. 

 

Figure 2 The geometry of B12(CN)12
2− . Adapted with permission from ref 4.  

 

3. Superhalogens promoting unusual reactions   

In the following, we give two examples of superatoms that enable reactions otherwise 

impossible with atoms; multiply charged negative ion clusters binding noble gas atom argon at 

room temperature and Zn having an oxidation state of +3. 

3.1 Binding Ar at room temperature 

Noble gas atoms, due to their closed s2 p6 orbitals, possess high ionization potentials and 

vanishing electron affinities. Consequently, these electrons do not participate in chemical 

reactions, and noble gas atoms are chemically inert. Nearly a century ago, Pauling28 suggested 

that Xe and Kr, due to their large size, could be polarized and form stable compounds. In 1962, 

Bartlett29 synthesized the first stable compound of Xe+[PtF6]-. Several compounds of Xe and Kr 

have since been synthesized30–32. But, making argon to form a stable compound at room 

temperature remained a challenge. HArF33 is the only neutral Ar-containing compound that has 
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been isolated in a low-temperature matrix. Here, the Ar atom forms an “insertion compound” 

where the HAr moiety carries a positive charge and F carries compensating negative charge. 

Samanta34 showed that the binding of Ar, as well as charge transfer to HAr, can be enhanced if F 

is replaced by a superhalogen, Y, such as BO2 and BF4. However, the binding energy is still 

small and Ar forming a stable compound with at room temperature remained a desired goal.  

Recently, Mayer et al.23 studied the interaction of Ar with B12(CN)11
- cluster. Recall that 

B12(CN)12 can gain 13.95 eV energy by accepting two electrons while the electron affinity of 

PtF6 is only 8.0 eV. Secondly, once a CN moiety is removed from B12(CN)12
2-, the B atom on the 

icosahedral cage remains positively charged while the entire B12(CN)11
- cluster carries a negative 

charge. Thus, B12(CN)11
- is a unique cluster where a positive charge on B and a negative charge 

on the entire cluster cage (see Fig. 3) creates an electric field capable of polarizing an Ar atom. 

Indeed, Mayer et al. showed that Ar is bound to B12(CN)11
- at room temperature with a binding 

energy of 0.63 eV.  Zhou et al. have shown that the binding of Ar can not only be further 

enhanced by removing a second CN- moiety from B12(CN)11
- but also B12(CN)10 can bind two Ar 

atoms.  
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Fig.3 (A) Schematic representation of the interaction of a noble gas atom with  electrophilic 
anion [B12X11]− . Adapted with permission from ref 23.  

 

3.2 Zn in +3 oxidation state 

The oxidation state of an element is the number of electrons it can lose in a chemical 

reaction. While elements with low atomic numbers have a single oxidation state, transition metal 

elements with unfilled d-shells exhibit multiple oxidation states. Consider, for example, Zn and 

Hg; both belong to the same Group 12 element. Yet,  Zn, with an outer electron configuration of 

4s2 3d10, has an oxidation state of +2 while Hg, due to relativistic effects, exhibits oxidation 

states of +2, +3, and+435–38. Attempts39,40 have been made to see if Zn can exhibit an oxidation 

state of +3 if interacted with electronegative species such as F, BO2, and AuF6, whose electron 

affinities are 3.4 eV, 4.5 eV, and 8.4 eV, respectively. Note that for Zn to exhibit an oxidation 

state of +3, it not only needs to bind to three monovalent species with significant binding energy, 

but also have its 3d electrons explicitly participate in bonding. Although Zn(AuF6)3 was found to 

be a stable cluster, the binding energy is still very small and no direct participation of Zn’s 3d 

electrons was noticed. Since it takes 39.7 eV to detach three electrons from Zn, one has to find 

suitable super electrophilic reagents.  

As pointed out above, recently, several clusters have been identified as being stable in 

multiply charged states22–27 and as much as 20 eV can be gained by adding three extra electrons. 

Fang et al.41 studied the interaction of Zn with super electrophilic clusters BeB11(CN)12
3- and 

BeB23(CN)22
3- whose first, second, and third electron affinities are 8.44 eV, 4.76 eV, 2.65 eV, 

and 8.86 eV, 6.38 eV, 3.25 eV, respectively. In addition, the total energy gained in adding the 

three electrons (EA1 + EA2 + EA3) is 18.49 eV for BeB23(CN)22 and 15.85 eV for BeB11(CN)12, 

making these clusters extraordinary electrophiles. Geometries of these clusters are given in Fig. 
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4A and 4B. Corresponding geometries of Zn interacting with BeB11(CN)12 and BeB23(CN)22 are 

given in Fig. 4C and Fig. 4D, respectively. 

 

 

Fig. 4 Equilibrium geometries of (A) BeB11(CN)12
3-, (B) BeB23(CN)22

3-, (C) neutral 
ZnBeB11(CN)12 and (D) neutral ZnBeB23(CN)22. Boron, carbon, nitrogen, beryllium, and zinc 
atoms are in green, grey, blue, orange, and cyan, respectively. Adapted with permission from ref. 
41. 

 

Note that Zn binds to three N atoms. In addition, the Zn-N bond lengths in these clusters range 

between 1.94 Å to 2.01 Å and are smaller than those in the known compounds. The binding 

energies Eb of the ZnY [Y = BeB11(CN)12, BeB23(CN)22] complexes are calculated using the 

formula,  

Eb = -[E(ZnY) – E(Zn) – E(Y)]. 

Here, E is the total energy of the respective clusters. Eb’s for Zn BeB11(CN)12 and Zn 

BeB23(CN)22 are 6.33 eV and 7.04 eV, respectively. In comparison, Zn(AuF6)3 is stable40 against 
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dissociation to Zn(AuF6)2 + ½Au2F10 + ½F2 by only +0.26 eV at the DFT/B3LYP level of 

theory. Note that the above binding energies of ZnY are larger than the 3.91 eV binding energy 

of Zn in the ZnO dimer where Zn has an oxidation state of +2. According to the natural bond 

orbital (NBO) charge analysis, the charges on Zn in ZnBeB11(CN)12 and ZnBeB23(CN)22 are 1.3 

times more positive than that of Zn in the ZnO dimer. The large binding energies, as well as the 

large positive charge associated with Zn in these clusters, indicate that the bonding of Zn in these 

super electrophilic species is fundamentally different from that in the known compounds where 

Zn is in the +2-oxidation state. 

Further evidence that Zn is in a +3-oxidation state is obtained by analyzing the partial 

density of states, projected crystal Hamiltonian population, electron localization function, and 

energy decomposition. The charge density differences, calculated by subtracting the charge 

densities of the Zn atom and the electrophilic clusters from the total charge density of the zinc-

bonded cluster are shown in Fig. 5. In both cases, the charge densities are positive around the 

middle of the Zn-N bonds and negative in areas surrounding Zn and N atoms. These suggest that 

both ionic and covalent types of bonding are prevalent in the interaction between Zn and N.  

 

Fig. 5 Charge density difference for ZnBeB23(CN)22 (Left) and ZnBeB11(CN)12 (Right). The top 
and bottom panel shows the CDD along the N-Zn-N bond in 2D and 3D, respectively. Adapted 
with permission from Ref. 41. 
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Explicit participation of Zn(d) electrons with N(p) and N(s) electrons can also be seen 

from the partial densities of states (DoS) in Fig. 6. Further analysis of the electron localization 

function and energy decomposition complement the results above, i.e., Zn behaves as if it has an 

oxidation state of +3.  

 

 

Fig. 6 (Top panel) Partial charge density for spin-up and spin-down electrons with an isovalue of 
0.002 e/Bohr3 in yellow and 0.06 e/Bohr3 in red and (bottom panel) Crystal Hamiltonian 
population analysis for ZnBeB23(CN)22 and ZnBeB11(CN)12. Here, positive and negative values 
correspond to the bonding and antibonding state, respectively. The insets show the partial charge 
density of all the bonding states for the three Zn-N bonds. Adapted with permission from Ref. 
41. 

 

 

To show that the superatomic chemistry of BeB11(CN)12 and BeB23(CN)22 electrophiles is 

clearly different from that of atomic chemistry, we compare the above results with ZnN hetero 
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dimer. Note that the N atom needs three extra electrons to satisfy its octet shell closure, just as 

BeB11(CN)12 and BeB23(CN)22 need three extra electrons to satisfy the Wade-Mingos rule. In 

ZnN, however, Zn is an oxidation state of +2 as its 3d electrons do not take part in chemical 

bonding. Furthermore, ZnN’s binding energy of 2.31 eV is about a factor of three smaller than 

that in ZnBeB23(CN)22 and ZnBeB11(CN)12. Energy decomposition analysis of ZnN compared to 

that in ZnBeB11(CN)12 and ZnBeB23(CN)22 shows that the magnitudes of the electrostatic 

interaction (∆Eele) and electron exchange interaction (∆Eex) in ZnBeB11(CN)12 are much greater 

than those in ZnN dimer, suggesting a greater extent of charge transfer from Zn to N in the 

former.  

   

4. Superhalogens as building blocks of materials 

Superatoms can be used as building blocks of materials whose properties can be very 

different from materials built from atoms with similar chemistry. This is because the superatoms 

have a larger size and aspherical symmetry than the atoms whose chemistry they mimic. Here, 

we illustrate this difference by focusing on superhalogens as building blocks of halogen-free 

electrolytes in Li-ion batteries, moisture-resistant hybrid perovskites for solar cells, and 

multiferroic materials.  

4.1 Solid electrolytes for Li-ion batteries 

In Table 2, we list some of the current electrolytes in Li-ion batteries. These are complex 

salts with Li as the cation and AsF6, BF4, PF6, FePO4, LiClO4, N(SO2F)2, and N(SO2CF3)2 as the 

anions. Because of their large size and electron affinity, these anions can be viewed as 

superhalogens.42 Most of these electrolytes contain halogen atoms that are toxic and corrosive. 

Hence, there is interest in developing halogen-free electrolytes. Note that BH4, with an electron 
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affinity of 4.50 eV, is a superhalogen that is halogen-free. LiBH4 is a superionic conductor, but 

only at high temperature (~390 K). Noting that CB11H12 is a superhalogen which is larger than 

BH4 and also has a larger electron affinity of 5.99 eV, Giri et al.42 studied the potential of 

LiCB11H12 as a halogen-free electrolyte. They suggested that for an ideal electrolyte, the energy, 

ΔE, to dissociate the electrolyte into a Li cation and superhalogen anion [ΔE = −{E(LiX) − 

E(Li+) − E(X−)}], as well as its binding energy with H2O [Eb = −{E(LiXH2O) − E(LiX) − 

E(H2O)}], should be small. They computed ΔE and Eb for LiCB11H12 and compared these values 

with electrolytes used in Li-ion batteries. The results are summarized in Table 2.  

 

Table 2. Vertical Detachment Energies (VDEs), Energies to Dissociate the Li Salt into Individual 
Ions (ΔE), and Binding Affinity (Eb) to H2O of Currently Used and Predicted Electrolytes. 
Adapted with permission from Ref. 42. 
 
Negative ions         VDE in eV       ΔE in eV          Eb in eV 

[AsF6]−   8.91   5.65   1.09 

[BF4]−    7.66   6.08   1.41 

[PF6]−    8.55   5.73   1.07 

[FePO4]−   4.32   7.38   1.04 

[ClO4]−   5.83   5.96   1.02 

[N(SO2F)2]−              6.89   5.82   1.02 

[N(SO2CF3)2]−  7.01   6.01   0.99 

NO3    4.22   6.53   0.96 

BH4    4.50   6.62   0.92 

B3H8    4.72  6.25   0.93 

CB11H12   5.99   5.08   1.08 

 

Note that the energy to dissociate LiC11H12 into individual ion components is the smallest among 

all the electrolytes. Its affinity towards water, on the other hand, is at par with other electrolytes. 
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The authors suggested that LiC11H12 could be an ideal halogen-free electrolyte for Li-ion 

batteries. Subsequent experiments have confirmed this prediction43,44.  

Li-rich antiperovskites (LiRAP) with formula Li3OX (X=halogen) are another class of 

promising solid-state electrolytes45 for Li-ion batteries. These materials exhibit high room-

temperature ionic conductivity, low activation energy, large electrochemical stability window 

(ESW), low electronic conductivity, and excellent electrochemical stability against lithium metal 

anode. In addition, they can be further functionalized by replacing halogens with superhalogens 

such as BH4 and BF4. Due to their larger size, superhalogen-based LiRAP provides increased 

channel space for Li-ions to migrate, and due to their non-spherical geometry, rotational motion 

alters the potential energy landscape, possibly lowering the activation barrier. Both these factors 

enhance the ionic conductivity. Fang and Jena46 studied the crystal structure, stability, and ionic 

conductivity of Li3OY and Li3SY (Y=BH4, AlH4, BF4) and LiRAPs with mixed halogen and 

superhalogens. They showed that superhalogen-based LiRAPs can indeed exhibit enhanced ionic 

conductivity. The crystal structure, phonon frequencies, electron density of states radial 

distribution function, and ionic conductivity are shown in Fig. 7.  Because of their positive 

phonon frequencies, these materials are lattice-dynamically stable. The formation energy of 

Li3SBF4 calculated for the reaction LiBF4 + Li2S → Li3SBF4 is 39.4 meV/atom. This is 

significantly lower than 58.8 meV/atom for the reaction LiBH4 + Li2O → Li3OBH4 and 

comparable to that of 25.8 meV/atom for the reaction LiBr + Li2O → Li3OBr. In addition, the 

energy band gap of Li3SBF4 is 8.5 eV, which is larger than that of Li3SAlH4 (5.0 eV), Li3OBH4, 

(7.0 eV) and Li3OA (A = halogen). As the bandgap provides a measure of the electrochemical 

stability window, Li3SBF4 has the potential to be an ideal electrolyte. The melting point of 
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Li3SBF4 above 600K and its linear thermal expansion coefficient of 0.6×10−5/K add further 

advantages to this material. The calculated room temperature (RT) conductivity of Li3SBF4, 

namely, 1.0×10−2 S/cm, is much larger than the experimentally observed RT conductivity of 

Li3OCl, namely, 0.85 × 10−3 S/cm, and is comparable to that of the organic liquid electrolyte 

used in practical batteries. The superionic conductivity can be further increased to 1.9 × 10−2 

S/cm by partially replacing BF4
- with Cl-. Note that Li3S and Li3O are superalkalis as they have 

one more electron than needed for shell closing. Thus, Li3SBF4 can be considered as a 

“supersalt” surpassing the properties of conventional salts.   

 

 

 

Figure 7. (A) Optimized unit cell of Li3SBF4, with Li, S, B, and F in blue, yellow, gray, and 
green, respectively. (B) Phonon spectra of the studied super-LRAP. (C) Partial DoS. With the 
Fermi level  set to zero. (D) Radial distribution functions of Li3SBF4. (E) Estimated range of 
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ratio between the ionic conductivity of Li3SBF4 and Li3OBH4 at room temperature. Adapted with 
permission from ref 46.  
  

4.2 Moisture-resistant hybrid perovskites solar cells 

Superhalogens can also play a role in improving the material properties of organic-

inorganic hybrid perovskites A+(MX3)- solar cells [A = CH3NH3, HC(NH2)2; M=Pb, Sn, Ge; 

X=Cl, Br, I] whose efficiency in the last 10 years has increased from about 3% to over 20%. 

They are easy to synthesize and have excellent light emission properties and tunable bandgaps. 47 

In Fig. 8, we show the lattice structure48 of A+(PbI3)-. However, these materials degrade fast 

when exposed to intense light or moisture. To understand the sensitivity of these materials 

towards H2O, Fang and Jena49 realized that the geometry of the organic cation CH3NH3 in the 

perovskite is the same as that in the gas phase. In addition, the ionization potential of CH3NH3, 

namely 4.13 eV, is smaller than that of an alkali atom and, hence, it can be regarded as a 

superalkali. Similarly, the inorganic anion, PbI3 can also be regarded as a superhalogen and, thus, 

CH3NH3PbI3 is a supersalt.   
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Figure 8 Crystal structure of CH3NH3PbX3 perovskites (X = I, Br, and/or Cl). Adapted with 
permission from Ref. 48.  

 

To understand the cause of perovskite’s sensitivity to moisture and to suggest ways to alleviate 

this problem, the authors used a cluster model to simulate the interaction of CH3NH3PbI3 cluster 

with water. In Fig. 9, we show the molecular dynamics simulation of the interaction between 

CH3NH3PbI3 and H2O. As the water molecule enters into the bond between CH3NH3
+ and PbI3

-, 

H+ pointing towards I- results in the formation of HI while OH- attracts H+ from CH3NH3
+ to 

form H2O and CH3NH2. As HI and CH3NH2 are volatile, this leaves the system with PbI2 and one 

less hybrid perovskite moiety. The process continues until all that is left is H2O and PbI2.  

 

Figure 9. Degradation mechanism of CH3NH3PbI3 exposed to moisture. The ball-and-stick plots 
(Pb, lead black; I, purple; N, cyan; C, black; O, red; H, pink) in the circles demonstrate the 
process in sequence as indicated by the arrows. Adapted with permission from Ref. 49. 
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 To mitigate this problem, Hong and Jena replaced halogen I in PbI3 with BH4 

superhalogen and studied the interaction of H2O with CH3NH3Pb(BH4)3 cluster. Note that the 

size of BH4 is similar to that of I. Thus, replacing I with BH4 would not compromise the stability 

of the modified perovskite. The advantage of replacing I by BH4 is that while I- carries the extra 

electron, it is distributed over four H atoms of BH4, thus reducing the attraction between Hδ+ and 

Hδ-.  Indeed, the hybrid perovskites consisting of hyperhalogens [Ge/Sn(BH4)3] show 

significantly reduced (about 20%) binding energy with the water molecule, as compared to the 

materials with superhalogens [Ge/SnX3] (X = halogen). Note that Schouwink et al. 50 have 

successfully replaced halogens in perovskites with BH4 and synthesized more than 30 new 

perovskite crystals. 

 

4.3 Ferroelectric materials 

Ferroelectric materials are dielectric materials in which polarization remains permanently 

even after the applied electric field is removed and the direction of the dipole moment can be 

switched by applying an electric field. Because of their many technological applications, there is 

a great deal of interest in finding efficient ferroelectric materials composed of earth-abundant 

and non-toxic elements. Perovskites such as PbTiO3 are among the prevalent ferroelectric 

materials. As pointed out earlier, perovskites can be modified by replacing the cationic and 

anionic components by superalkali cations and/or superhalogen anions, respectively. Here, the 

large electron affinity of the superhalogens and low ionization energy of the superalkalis may 

enhance the amount of charge transfer and their large size may increase the charge transfer 

distance. Both factors would lead to giving rise to higher dipole moments. The aspherical 
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geometry may also break centro-symmetry. Thus, a combination of these factors may enable 

superatoms to be ideal building blocks of a new generation of ferroelectric materials with 

improved properties. Here, we discuss these possibilities by considering superatom-based zero-, 

one, two- and three-dimensional ferroelectric materials. 

4.3.1 Zero-dimensional functionalized C60 fullerene 

C60 fullerene51 is a well-known cluster that has been synthesized in bulk quantities and 

retains its structure when assembled. Composed of 12 pentagons and 20 hexagons, C60 is non-

polar. However, C60 can be made into a polar molecule by functionalization with dopants, 

ligands, or endohedral atoms. Several M@C60 endohedral complexes have been synthesized52–58. 

The endohedral metal atom, M can occupy the center site or the off-center site if its radius is 

smaller than that of the C60 cluster. In the latter case, the site above the center of a hexagon is 

lower in energy than the site over the center of the pentagon. The polarization is switched when 

the M ion hops to adjacent hexagonal or pentagonal rings along the inner wall of the C60 cage. 

Wu and coworkers59 studied the hopping from hexagon-to-hexagon and hexagon-to-pentagon 

and found that the barrier for the former is lower in energy compared with that of the latter. For 

applications, the ideal range of the switching barrier has been estimated to be approximately 

between 0.1 to 1 eV. This is large enough to prevent quantum tunneling while moderate enough 

for hexagon-to-pentagon switching.59 The switching pathway of M from one hexagon to an 

adjacent one using the NEB method is shown in Fig. 10(a)60. In M@C60, the switching barriers 

are 0.02 eV, 0.40 eV, and 0.23 eV for M=Li, Fe, and Mn, respectively. While the barrier in 

Li@C60 can be easily overcome by thermal fluctuation under ambient conditions, those for 

Fe@C60 and Mn@C60 are within the desirable range. Because Mn and Fe ions carry a magnetic 

moment of 3 and 2 µB, respectively, these metallofullerenes are multiferroic.  
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Figure 10. Ferroelectric switching pathway of (a) isolated M@C60 fixed on the substrate, and (b) 
M@C60 intercalated between two graphene layers, with a C5 ring in pink to mark the rotation. 
The polarization directions are denoted by red arrows. Grey and green spheres denote carbon and 
transition metal atoms, respectively. Adapted with permission from Ref. 60 

 

   4.3.2 One-dimensional Nanowires and Two-dimensional functionalized graphene 

       Ferrocene, Fe(C5H5)2, and molecular sandwich nanowire (SNW) are one-dimensional 

systems. The former is composed of a Fe atom sandwiched tween two Cp (C5H5) rings while the 

latter is a one-dimensional chain with formula MnXn+1 where n number of transition metal atoms 

M are sandwiched between (n+1) Cp or Bz (C6H6) rings X61–63. Note that seven-decker V7(Bz)8 

sandwich nanowire has been successfully synthesized in the laboratory. These pristine SNWs are 

all non-polar. When the H atoms in the Cp or Bz rings are replaced by superhalogen -OH, the 

hydroxyl groups form into hydrogen-bonded chains, resulting in polarization along the SNW 
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direction. As shown in Fig. 11(a), this polarization can be switched by an applied electric field64. 

For example, in a fully hydroxylized MnCp SNWs 3D crystal where SNWs are connected by 

hydrogen bonds, a polarization of 23.0 µC/cm2 is obtained. This is larger than the polarization in 

croconic acid (21 µC/cm2) at room temperature. 

 

Figure 11. Ferroelectric switching of hydroxylized (a) transition-metal molecular sandwich 
nanowires, (b) graphene, and (c) graphene nanoribbons (GNR). Grey, red, white, and purple 
spheres denote C, O, H, and transition metal atoms, respectively. Adapted with permission from 
Ref. 60 
 

 

A two-dimensional (2D) van der Waals ferroelectrics can be constructed by 

functionalizing graphene65 with superhalogens. Note that functionalization of graphene results in 

a non-polar system when all the carbon atoms are saturated with atomic hydrogen/fluorine. 

However, if the hydrogen/fluorine atoms on one side are substituted by hydroxyl groups, as 
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shown in Fig.11(b), a 2D hydrogen-bonded network with an in-plane polarization of 41.1µC/cm2 

can be formed due to symmetry-breaking by the dipoles of -OH. The polarization can be further 

increased to 43.7µC/cm2 by replacing the hydrogen atoms in a semi-hydrogenated graphone by -

OH groups and stacking these layers on top of each other. The polarization can be switched 

through the rotation of -OH by an external electric field. One-dimensional ferroelectricity can 

also be formed when the zigzag-edges of graphene nanoribbons (GNR) are decorated with -OH 

groups that form hydrogen bonds with adjacent -OH groups, giving rise to a spontaneous 

polarization. As shown in Fig. 11(c), the displacements of a proton are switchable through the 

rotation of -OH bond along the direction of GNR. 

  4.3.3 Three-dimensional Supersalts 

Typical salts such as alkali halides are binary systems that crystalize into rock salt (RS) 

or Cesium Chloride (CsCl) structures. Due to directionless ionic bonding interactions, these 

structures are all non-polar and centro-symmetric. As mentioned before, materials with mixed 

ionic-covalent bonding such as BaTiO3 and PbTiO3 are well-known perovskite ferroelectrics66. 

Supersalts composed of superalkali cations and superhalogens anions could become polar due to 

their inherent anisotropy that breaks centro-symmetry. If such breaking can induce switchable 

polarization, highly ionic ferroelectrics may be formed67. Recently, Wu and coworkers68 used  

PH4 superalkali and BCl4 superhalogen to construct a supersalt PH4BCl4 (Fig. 12(a)). The 

ground-state structure of PH4BCl4, displayed in Fig. 12(b), is a distorted zinc-blende (dZB) 

structure that is non-centrosymmetric where both PH4 and BCl4 ions retain their pristine forms. 

The authors carried out an extensive search for similar NH4MX4/PH4MX4 supersalts (M=Al and 

B and X=Cl, Br) and found that the ground state structures of these materials have dZB type 

structure with a slightly different relative angle between the cation tetrahedra and anion 
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tetrahedra. More importantly, PH4FeBr4 is found to possess a dZB ground state structure where 

magnetism, ferroelectricity, and ferroelasticity are all coupled, making it a long-sought 

“triferroic” material.69  

 
 

Figure 12. (a) Zinc-blende structure, superalkali cations and superhalogen anions, (b) geometric 
structures of supersalts NH4MX4/PH4MX4. Adapted with permission from Ref. 68.  
 

5. Conclusions and Future Outlook 

 In summary, we have demonstrated that the size and composition of an atomic cluster can 

be tailored to mimic the chemistry of atoms in the periodic table. These are referred to as 

superatoms.  While the emphasis in this perspective is on superhalogens and superalkalis, 

clusters can be designed to mimic the chemistry of chalcogens and pnictogens. Because of their 

large size and aspherical geometry, superatoms have unusual properties. In particular, we 

highlighted superhalogens that are stable when multiply charged and how these species promote 

unusual reactions not possible through conventional chemistry. For example, noble gas atom Ar 

can form chemical bonds with the super-electrophilic species at room temperature, and group 12 
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metal atom Zn can exhibit an oxidation state of +3. Also discussed is the use of superatoms as 

building blocks of materials with desired properties.  Examples of such cluster-based materials 

include solar cells, electrolytes in Li-ion batteries, and multiferroic materials. These results offer 

exciting possibilities where clusters not only can bridge our understanding of how properties 

evolve one atom at a time but also how their unique size and composition-specific properties can 

be leveraged to create materials with desired properties.  

 

Figure 13. Three-dimensional periodic table with superatoms mimicking the chemistry of 
halogens and alkalis. Examples are those of superalkalis designed using the octet rule and 
superhalogens designed using different electron counting rules; Al13

– and Al20 (jellium rule), 
MnCl3, and PtF6 (octet rule), WSi12 (18 electron rule), and Al4H6 (Wade-Mingos rule). Adapted 
with permission from ref. 4. 
 

Superatoms can thus be used to create a new three-dimensional periodic table (see Fig. 13) where 

they form the third dimension. Unlike the conventional periodic table that is limited by the 

naturally occurring elements, the third dimension of the new periodic table, in principle, will 

have no such limits. While the future is hard to predict, we may someday realize the alchemists’ 

dream.   
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