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Functionalized Nona-silicide [Si9R3] Zintl Clusters: A New Class of 
Superhalogens 
Swapan Sinha,a,c Puru Jena b and Santanab Giri* a

Superatoms, due to their various applications in redox and materials chemistry, have been a major topic of study in cluster 
science. Superhalogens constitute a special class of superatoms that mimic the chemistry of halogens and serve as building 
blocks of novel materials such as super and hyper salts, perovskite-based solar cells, solid-state electrolytes, as well as 
ferroelectric materials. These applications have led to a constant search for new class of superhalogens. In this study, using 
density functional theory, we show that recently synthesized [Si9{Si (tBu)2H)3}3] and [Si9{Si (TMS)3}3] Zintl clusters not only 
behave like halogens but also when functionalized with suitable ligands exhibit superhalogen characteristics. Frontier 
molecular orbitals (FMOs) analyses give insights into the electron-acceptor nature of the Zintl clusters. Additional bonding 
techniques such as energy density at bond critical point (BCP) and adaptive natural density partitioning (AdNDP) gives 
complementary information about the nature of bonding in Si-based Zintl clusters. The potential of these Zintl clusters in 
the synthesis of new electrolytes in Li-ion batteries is also investigated. 

INTRODUCTION

The origin of Zintl chemistry dates back to 1891 when a French 
scientist,  Alexandre Joannis mixed a pure solid alkali metal like 
sodium (Na) with the main group element lead (Pb)  in liquid 
ammonia and observed a deep green solution1, 2. At the time, 
no one knew what was actually happening in this particular 
reaction, although later many speculated that when an alkali 
metal is mixed with main group elements, it forms a highly 
reduceable chemical compound that mainly contains these 
main group elements. It was not until 1931 when Zintl and co-
workers3 confirmed the deep green solution to be Na4Pb9. 
Here, the  Pb9

4- cluster is surrounded by alkali metal atoms; 
hence, Na4Pb9 came to be known as the Zintl phase4 and Pb9

4--
like multi-anionic polyatomic clusters as Zintl clusters. The 
basic unit of the Zintl cluster can be written as XN

n- where X = 
Si, Ge, Sn, Pb, As, Sb, Bi; N = number of atoms and n is the 
number of negative charges. Among these, germanium based 
Zintl clusters are well known from both experimental and 
theoretical points of view, and their structural characteristics, 
stability, and functionalization have been studied5-12. 

However, Zintl clusters based on Si are not common, even 
though Si and Ge belong to the same group of elements. 
Although solid Zintl phase of A4Si4 [where A= alkali metal] 

exists, A4Si9 has not been discovered.  Sevov et al.13 had 
isolated compounds like Rb12Si17, where both Si44- and Si94- 
moieties exist in a 2:1 ratio14. Functionalization of Zintl clusters 
is a recent trend in cluster chemistry. For example, 
functionalization15-23 of nona-germanium based Zintl clusters is 
well established from its well-known Zintl phase (K4Ge9), but 
due to the absence of nonasilicide, functionalization of Zintl 
phase (A4Si9) has been challenging for an experimental 
chemist. Recently, the mono- and di-protonated nonasilicides 
(HSi93-, H2Si92-) were obtained from the A12Si17 [A= K, Rb] Zintl 
phase24, 25. In addition, analogous to protonation, silylation and 
stannylation have been carried out by Fassler et al.26, 27 and 
Zintl clusters [Si9R2]2-, [Si9R3]- [where R= SiH(tBu)3, SnCy3, Si 
(TMS)3] have been produced.
 
In this paper, we study silicon-based organo-Zintl clusters 
(Si9R3) and find some of these to have superhalogen character, 
i.e., their electron affinities (EA) are higher than that of 
halogens, e.g., chlorine (Cl) atom with EA = 3.6 eV. The 
existence of superhalogens28, 29 was first predicted by Gutsev 
and Boldyrev in 1981 and later experimentally confirmed by 
Wang et al.30, 31. Although several types of superhalogens are 
now available in the literature32-38, silicon-based Zintl 
superhalogens have not yet been reported. Here, we show 
that functionalized nonasilicide Zintl cluster can be a potential 
superhalogen candidate, having oxidizing properties. It is well 
known that the Si94- has a reducing character i.e., it releases 
electrons and transforms into Si93- and Si92- 39. Thus, it is a 
challenging task to design a nonasilicide Zintl cluster having 
oxidizing/superhalogen character. 
Note that electronegative ligands such as -CF3, -CN, -BO, -NO2 
etc can be used to functionalize clusters to enhance their 
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electron affinities and hence create superhalogens33, 40-42. 
From the previous study, it has been established that 
functionalized germanium Zintl cluster Ge9R3 (R= -CF3, -CN, -
NO2 group) act as superhalogen33. Further, clusters like 
icosahedral dodecaborate anion, B12H12

2- is found to be a more 
stable dianion when -H is replaced by -CN i.e., B12(CN)12

2-  40, 41, 

43. In this work, we have also taken these electron-withdrawing 
ligands to see if Si9R3 (where R= -CF3, -CN, -NO2) clusters could 
be superhalogens. Note that Si94- contains 40 electrons [(4 e- × 
9 = 36 electrons of Si) + (4 extra electrons) = 40] and, according 
to the jellium model, could be very stable. We hypothesized 
that a cluster like Si9R3 (where R= -CF3, -CN, -NO2) would 
contain 39 electrons and hence could mimic the properties of 
halogens as one extra electron is needed to stabilize [Si9R3]. 
The question remains: would Si9R3 have a high electron 
affinity? We set out to see if this indeed is the case.

COMPUTATIONAL DETAILS
First, the ground state geometry of bare Si94- was obtained by 
using density functional theory with B3LYP44 functional and 
two different basis sets [SDD and 6-311+G(d,p)]45, 46. 
Vibrational frequency analyses were performed at the same 
level of computation. The results suggest that the bare silicon 
cluster resides on the local minimum of the potential energy 
surface. Next, we computed the geometry of experimentally 
observed nonasilicide clusters [Si9{Si (tBu)2H)3}3], [Si9{Si 
(TMS)3}3]. As these are large structures, we used only the SDD 
basis set. For other functionalized Si9R3 clusters, we used the 
6-311+G (d, p) basis sets. The possible superhalogen nature of 
these clusters is studied by calculating the electron affinity 
(EA) and vertical detachment energy (VDE). The former is the 
energy difference between the ground states of both the 
anion and the neutral while the latter is the energy difference 
between the ground state of the anion and the corresponding 
neutral having the anion geometry. To get more accurate 
energy values and to validate our computational procedure, 
we further used large basis sets like def2tzvp and MP2-level of 
theory. The nature of bonding between the ligand and the 
Zintl cluster core is studied using Bader’s Quantum theory of 
atoms in the molecule (QTAIM) approach47, 48. This is 
illustrated by the gradient map of the electron density with 
bond paths and bond critical points. All calculations are done 
using Gaussian 09 and Multiwfn program packages49, 50.

RESULTS AND DISCUSSION
We begin with the geometry of the Si94- core cluster, which is 
then functionalized to study the possibility of creating new 
superhalogens. The calculated geometry given in Fig. 1 is 
found to have a D3h point group symmetry. The NBO charge 
analysis in Fig. 1 shows that the Si atoms situated at each of 
the three capped positions (3,6,8) carry charges of -0.57, which 
are more negative than that on the other Si atoms. This 
indicates that capped sites are ideal for ligand 
functionalization, which is consistent with experiment18. The 

important bond distances are also given in this figure. The 
distances from the capped Si (3, 6, 8) connected to the nearest 
Si atoms (1,2,4,5,7,9) are similar, namely, 2.52 Å. The distances 
between Si atoms marked 1-5, 2-4, 9-7 are also the same, 
namely 2.54 Å. Small changes in bond distances are observed 
for atoms marked 1-2 and 4-5. It is noticed that the Si-Si bond 
length in Si94- cluster is notably higher than the Si-Si bond 
lengths in the well-known silicene [ buckled state (2.247 Å) and 
flat state (2.226 Å)] and other silicon-based compounds51, 52. 
This is due to the negative charge on the Si atom in Si94- cluster 
which results in the increased bond length.  
.

Fig. 1 Ground-state geometry of Si94- with NBO charges on each silicon atom.

The cluster contains 40 electrons, sufficient to close the jellium 
electronic shells. The electronic configuration of Si94- according 
to jellium shell model is 1S2 1P6 1D10 2S2 1F4 2P2 1F6 2P2 1F4 
2P2. The schematic representation of jellium model is given in 

Fig 2. 

Fig. 2 Jellium electronic shell configuration of Si94-.

To study the superhalogen properties of Si-based Zintl clusters, 
we start with the experimentally synthesized cluster [Si9{Si 
(tBu)2H)3}3], [Si9{Si (TMS)3}3]. The optimized geometries of 
these anionic clusters are given in Fig. 3. The calculated 
structural parameters match well with the crystallographic 
data.
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The anions contain 40 electrons (4×9=36 electrons on Si 
atoms, 1×3=3 electrons on ligands, and 1 electron due to the 
added negative charge). The stability of these anions can be 
explained in terms of the jellium electronic shell closure 
model. The schematic representation of jellium model along 
with electronic configuration of [Si9{Si (TMS)3}3]- is given in Fig. 
4 and rest are given in the supporting information Fig S1-S2. 
The electronic configuration of [Si9{Si (TMS)3}3]- according to 
jellium electronic shell closure model is 1S2 1P6 1D8 2P4 1D2 2P2 
1F10 2S2 1F4.

Fig. 3 Ground state geometries of [Si9{Si (tBu)2H)3}3]- and [Si9{Si (TMS)3}3]-. 

Fig. 4 Jellium electronic shell configuration of the [Si9{Si (TMS)3}3]-.

The calculated vertical detachment energies (VDE) of these 
clusters are given in Table 1. They lie in the range of 3.4-3.6 eV, 
which are very similar to the electron affinities of halogens 
(EA=3.06 - 3.61 eV). Thus, these Si-based Zintl clusters mimic 
the chemistry of halogens and ligand plays an important role in 
this regard. We wondered if a proper choice of ligands could 
lead to a Si-based Zintl superhalogen cluster.  

Table 1: Experimental (exp) and calculated (cal) Si-Si exo-bond length (in Å), calculated 
vertical detachment energy (VDE) of experimentally synthesized Zintl cluster using 
B3LYP/SDD, B3LYP/6-311+G (d, p) level of theory.

Vertical 
detachment energy 

(eV)

Average (cal) Exo 
Si-Si bond length 

(Å)

Cluster Averag
e (exp) 
Exo Si-
Si bond 
length 

(Å) B3LYP
/SDD

B3LYP
/6-

311+G 
(d, p)

B3LYP
/SDD

B3LYP/6-
311+G (d, 

p)

Si9{Si (TMS)3}3 2.35 2.38 2.37 3.55 3.48

Si9{Si (tBu)2H)3}3 2.36 2.39 2.36 3.51 3.55

Superhalogen Character

We designed four Zintl clusters functionalized with -CH3, -CF3, -
CN, and -NO2 ligands. Here, -CH3 is as an electron-donating 
group while -CF3, -CN, and -NO2 are electron-withdrawing 
groups. Corresponding optimized geometries of [Si9(CH3)3]-, 
[Si9(CF3)3]-, [Si9(CN)3]-, and [Si9(NO2)3]- anions are given in Fig. 
5. To see the changes in the core structure upon ligand 
substitution, we compare the bond distances of Si atoms 
between the naked (Si94- ) and the ligated clusters (Si9R3

-). The 
bond distances between the capped Si (3, 6, 8) connected to 
the nearest Si atoms (1,2,4,5,7,9) are reduced by 0.09 Å. The 
other bond distances are found to be marginally increased 
compared to those in the Si94- cluster. No marked change in 
the geometry of the core is seen and this observation is 
independent of the nature of the ligand. 

Fig. 5 Ground state anionic geometries of [Si9(CH3)3]-, [Si9(CF3)3]-, [Si9(CN)3]- and 
[Si9(NO2)3]-. Each atom is represented by different colours as indicated.

[Si9{Si (TMS)3}3]-[Si9{Si (tBu)2H)3}3]-

Si

C

H

[Si9(CH3)3]- [Si9(CF3)3]-

[Si9(CN)3]- [Si9(NO2)3]-

[Si
9
R

3
]-

Si

C

H

F

N

O
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Table 2: Calculated vertical detachment energy (VDE) and electron affinity (EA) [within 
brackets] of Zintl systems at the B3LYP/6-311+G (d, p), MP2/6-311+G (d, p), 
B3LYP/def2tzvp level of theory.

Vertical Detachment Energy (Electron 
Affinity) in eV unit

Cluster/ligand VDE of 
individual 

ligands B3LYP/6-
311+G (d, 

p)

B3LYP/def2tzvp MP2/6-
311+G 
(d, p)

Si9(CH3)3/CH3 -0.078 3.101 
(2.830)

2.958 3.008

Si9(CF3)3/CF3 -0.889 4.349 
(4.039)

4.137 4.199

Si9(CN)3/CN 4.076 4.522 
(4.287)

4.382 4.711

Si9(NO2)3/NO2 2.956 4.697 
(4.436)

4.494 4.339

To study their superhalogen character, we calculated the 
vertical detachment energies (VDE). The results are given in 
Table 2. Note that the VDE values range from 3 eV to 4.7 eV. 
The results are insensitive to different basis sets and treatment 
of exchange-correlation potential. With the exception of 
[Si9(CH3)3] where -CH3 is an electron-donating ligand, the 
remaining Zintl clusters are all superhalogens, with the VDE 
values of [Si9(CF3)3], [Si9(CN)3], and [Si9(NO2)3] clusters being 
4.349, 4.522 and 4.697 eV, respectively, at the B3LYP/6-311+G 
(d, p) level of theory. We have also calculated the electron 
affinity (EA) of these modelled clusters using the same level of 
theory [see Table 2 value within brackets]. Note that the VDE 
and EA values are rather close to each other reflecting that 
there is little change in the geometry when an electron is 
detached from the anion. All the EA values are larger than 4 eV 
and have a similar trend as the VDEs. As VDE and EA values are 
higher than that of the halogen atoms, the corresponding 
clusters can be considered as superhalogens. The reason is 
that the electron-withdrawing ligands withdraw electrons from 
the Zintl core, making it electron-deficient and hence leading 
to high VDE values.

Frontier Molecular Orbitals (FMOs) Analysis

To understand the origin of the superhalogen behaviour of the 
Zintl clusters, we examine their electronic structures, 
beginning with the FMOs analysis in Fig. 6.  The extra electron 
is expected to attach to the singly occupied molecular orbital 
(SOMO). Thus, it can reveal the variation of the VDE in Zintl 
systems. We see that the SOMO energies of [Si9(CF3)3], 
[Si9(CN)3], and [Si9(NO2)3] clusters are lower than that of the 
[Si9(CH3)3] cluster, which indicates that the electron-
withdrawing ligands are lowering the SOMO energy levels, 
making the Zintl clusters better electron acceptors.

Fig. 6 Molecular orbital energy diagram near the SOMO, LUMO (in eV) of the studied 
Zintl clusters. The color code for different coloured atoms are same as Figure 5.

Bonding Analysis

Next, we study the bonding characteristics of the studied 
clusters by analyzing the contour gradient map of the electron 
density along with the bond path, bond critical points,  
Adaptive Natural Density Partitioning (AdNDP) analysis, and 
electron localization function (ELF) study. 

Gradient map of electron density with bond paths and bond 
critical points
To determine if the bonding between the ligands and the Si9 
core is ionic or covalent, we first study the gradient map of the 
electron density with bond paths and bond critical points in 
Fig. 7 and Fig. 8, respectively. The brown solid lines indicate 
bond pathways, and the solid bold blue lines that separate the 
atomic nuclei show zero-flux molecular plane surfaces. Bond 
critical points (3, -1) which are represented by the light blue 
spheres are points where the bond path and zero-flux surfaces 
cross. Ring critical points (3, +1) and cage critical points (3, +3) 
are represented in orange and green spheres, respectively. 
Here, a negative value of the Laplacian (2ρ (r) < 0) at BCP 
corresponds to the covalent nature of the bond, while a 
positive value of the Laplacian (2ρ (r) > 0) shows the non-
covalent (ionic/polar) nature of the bond. Like Laplacian 
electron density, energy density (H) values also tell us about 
the nature of the bond, where negative and positive values of 
energy density (H/BCP) correspond to covalent and ionic 
nature, respectively. 
From Fig. 7, we see that the BCPs (3, -1) between Si-Si in [Si9{Si 
(tBu)2H)3}3]- and [Si9{Si (TMS)3}3]- suggest the existence of a 
chemical bond between Zintl core and the ligands. The values 
of the Laplacian of electron density (2ρ) and energy density 
(H) values at BCP (3, -1) between three Si-Si bonds are given in 
Table S1. The Laplacian of electron density (2ρ) and energy 
density (H) values at BCP (3, -1) between three Si-Si bonds are 
negative, which indicates the covalent nature of the Si-Si bond 
in these systems. 
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Fig. 7 Contour plot of the Laplacian of the electron density along with bond path and 
bond critical points of [Si9{Si (tBu)2H)3}3]- and [Si9{Si (TMS)3}3]- on the XY plane.

In [Si9(CF3)3]-, [Si9(CN)3]- and [Si9(NO2)3]- clusters, we also 
observe the BCP (3, -1) between the Zintl core and the ligands. 
The corresponding Laplacian (2ρ) and energy density (H) 
values at BCP (3, -1) between core and ligands are positive and 
negative, respectively. The results are given in Table S2 and 
indicate the bonding to be between covalent and ionic.

Fig. 8 Contour plot of the Laplacian of the electron density along with bond path and 
bond critical points of [Si9(CF3)3]-, [Si9(CN)3]- and [Si9(NO2)3]- on the XY plane.

AdNDP analysis
To overcome the limitation of the Laplacian (2ρ) and energy 
density (H) rules in describing the nature of bonding, we 
further carry out the adaptive natural density partitioning 
(AdNDP)53-58 analysis using the Multiwfn program50. Based on 
the NBO (Natural Bonding Orbital) theory, AdNDP is a newly 
developed computational algorithm, which can entirely explain 
the bonding nature of the molecules, i.e, N-centre-2 electron 
bond [Nc-2e bond] (where N= number of centers). Thus, the 
AdNDP analysis tells us about how many centers are involved 
to make a two-electron bond.  
For the experimentally realized systems, we found 2c-2e bond 
with high 1.98ǀeǀ occupation numbers, which is depicted in Fig. 
9. The high occupancy indicates that both the core and the 
ligands share one electron and make 2c-2e bond, which 
confirms the covalent nature of the bond between the silicon 
cluster and the ligands.
In the clusters we have designed, 2c-2e bond exists between 
the substituted Si atom and central atom of the ligands with 
1.99 ǀeǀ occupation number. The 2c-2e bond AdNDP of 
[Si9(CF3)3]- is given in Fig. 10 and others are given in the 
Supporting Information Fig. S3. The high occupation number 

indicates that both the Zintl core and ligands are sharing 
electrons to make a 2c-2e bond. 

Fig. 9 AdNDP study of the [Si9{Si (tBu)2H)3}3]- and [Si9{Si (TMS)3}3]- with occupation 
number of 1.98 |e|.

Fig. 10 AdNDP study of the [Si9(CF3)3]- with occupation number of 1.99 |e|.

In-depth bonding analyses of Si9 cluster is further illustrated by 
the electron localization function (ELF) study59. The 
corresponding results are given in Fig. 11 and Fig S4. It clearly 
indicates that there is a strong electron localization between 
Si9 core and the Ligand, which confirms the covalent nature of 
bond between Si9 core and the ligand. 

Fig. 11 Cut of plane ELF plot of [Si9(CF3)3]-, [Si9(CN)3]- and [Si9(NO2)3]-.

[Si9(CF3)3]- [Si9(CN)3]- [Si9(NO2)3]-
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Possible electrolytes in Li-ion batteries 
As silicon-based Zintl clusters studied here are stable as a 
monoanion, we study their potential to serve as negative ion 
components of electrolytes in Li-ion batteries.  From previous 
studies32, it was predicted and later confirmed60, 61  that 
CB11H12

- is an effective halogen-free electrolyte for Li-ion 
batteries. One of the relevant quantities that determine the 
effectiveness of an electrolyte is the energy it takes to 
dissociate the electrolyte salt into individual ions.  Thus, we 
calculated the Li-ion binding energy in the Si-based Zintl 
clusters. The ground state geometries of these systems are 
given in the Supporting Information (Fig. S5, S6). The 
corresponding binding energies and molar volumes of 
individual systems are given in Table 3. The Li-ion binding 
energy of Si9R3Li is calculated using the formula ΔELi+ = 
[{E(Si9R3Li)} – {E(Si9R3

-) + E(Li+)}]. 

Note that the Li-ion binding energies of the synthesized [Si9{Si 
(TMS)3}3]-, [Si9{Si (tBu)2H)3}3]- and our modelled systems are 
lower than that of LiCB11H12, showing the potential of the Si-
based Zintl anions as building blocks of electrolytes. We have 
also calculated the Li-binding energy in solvent phase. As 
carbonates are commonly used as organic solvent in Li-ion 
batteries, we have considered dimethyl carbonate (DMC) as a 
solvent. The calculated solvent phase Li-ion binding energy i.e., 
ΔELi+ (eV) values are also given in Table 3. The negative binding 
energy values suggest that the Li loosely binds with Si clusters 
which results easy Li-ion conduction. 

Table 3: The calculated Li-ion binding energy i.e., ΔELi+ (eV) of earlier reported and our studied systems.

ΔELi+ (in eV)Anions
Molar Volume

(cm3 mol-1)
B3LYP/SDD B3LYP/6-311+G(d,p) wB97XD/6-311+G(d,p) wB97XD/6-311+G(d,p) in 

solvent phase (DMC)

PF6 (reported) 46.62 - - -5.73 -

AsF6 (reported) 58.17 - - -5.65 -

CB11H12 (reported) 126.78 - - -5.08 -

[Si9{Si (TMS)3}3] 790.96 -5.22 -5.21 -5.22 -2.11

[Si9{Si (tBu)2H)3}3] 617.74 -5.31 -5.27 -5.22 -1.10

[Si9(CF3)3] 250.01 -4.86 -4.86 -4.82 -1.02

[Si9(CN)3] 287.16 -4.21 -4.35 -4.30 -0.87

[Si9(NO2)3] 250.51 -4.01 -4.22 -4.15 -0.75

CONCLUSIONS
Zintl ions composed of Ge and Pb are common but those 
based on the same group Si are rare. Recent synthesis of Zintl 
ions based on Si such as Si9R3 [ R= Si (TMS)3, Si (tBu)2H)3] 
motivated us to study if these ions with a suitable choice of 
ligands could be candidates for superhalogens. Using density 
functional theory (DFT) with hybrid functional for exchange-
correlation potential and Gaussian basis sets, we found that 
although the electron affinities of the synthesized Zintl ions are 
close to that of the halogens, they are not superhalogens. To 
study the effect of ligands on the electronegative properties of 
Si-based Zintl ions, we chose two different kinds of ligands -
CH3 that donates electrons, and -CF3, -CN, -NO2 ligands that 
accept electrons.  Functionalized nona-silicide Zintl clusters 
(Si9R3) [R= -CF3, -CN, -NO2] are all found to have vertical 
detachment energies and electron affinities above 4 eV and 
hence are all superhalogens. Electronic structure analysis 
based on HOMO and LUMO orbitals, bond paths, bond critical 
points, and AdNDP showed that the bonding between the 
ligand and the Si94- core is predominantly covalent. Further, 

both the ligand and the core share one electron to make a 2c-
2e bond. The potential of these Si-based Zintl anions in 
forming electrolytes in Li-ion batteries is studied by calculating 
the energy to dissociate Li(Si9R3) [R= -CF3, -CN, -NO2] into Li 
cations and Zintl anions. The results show that these binding 
energies are less than that in LiCB11H12 which is already proven 
to be a good electrolyte for Li-ion batteries. Our study expands 
the scope of superhalogens and, hence, their potential for 
applications. 
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