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We have theoretically predicted the formation of novel species by interaction of LiX, superhalogens with
Li, X superalkalies for X = F, Cl, Br & I. The resulting Li;X5 supersalts are found to be more stable than
traditional LiX salts. The chemical reactivity of LisX; is discussed with the help of various electronic
parameters and it is shown that they may possess the alkalide characteristics. The present report will pave
a way for experimentalists to design such novel species with pronounced properties.

Introduction

The fundamental understanding of the building blocks of
materials has been a field of continuous investigations due to
design and development of new compounds. The pioneering
work of Khanna and Jena proposed the atomic clusters of suitable
size and composition as superatoms which are able to mimic the
chemistry of atoms in the periodic table. These superatoms can
be considered as building blocks of novel materials with tailored
properties. Gutsev and Boldyrev introduced the terms
‘superhalogen’ and ‘superalkali’ for superatoms possessing
higher electron affinities than halogens and lower ionization
potentials than alkalies, respectively?.

These superatoms are designed, initially, by suitable combination
of highly electropositive (such as alkali metal) and highly
electronegative atoms (such as halogen). The superhalogen
properties of many species belonging to the formula of MXy,4,
where k is the formal valence of s block metal atom (M) and X is
halogen or oxygen, have been reported®®. Further investigations
used transition metal instead of s block metal and explored the
superhalogen behavior of a number of molecular species™. In
the similar lines, superalkali nature of various molecular species
has been investigated'**®.

In the present investigation, we have theoretically designed some
novel compounds by interacting LiX, superhalogens with Li,X
superalkalies for X = F, Cl, Br and |I. We have discussed the
structure and stability of resulting LisX5 supersalts and calculated
various parameters in order to explore their electronic properties.
Recently, the compounds with excess electrons, termed as
‘alkalides” have attracted considerable attention'®**°, owing to
their potential applications in chemical synthesis, catalysis,
nanodevices and functional materials. Alkalides are compounds
containing anionic alkali metals (e.g. Na~, K=, Rb™ or Cs")%°. The
excess electron in the alkali anion is loosely bound in space
because of the small electron affinity of alkali atoms. Room-
temperature stable alkalides such as K*(aza222)Na~ and K*
(aza222)K~ have already been synthesized. We have shown that
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Despite of enormous progress in the research of superatoms, a
few attempts have been made in their utilization for designing
supersalts with unique chemical properties. For instance, BF,-
NLi, supersalt has been reported to possess remarkable non-linear
optical properties® which are even more pronounced in case of
BLig-X supersalts for X = LiF,, BeF; and BF,?2. More recently,
some new supersalts have been predicted by using superhalogen
and superalkalies as building blocks?®. Thus present study is

expected to aid constructively in further studies on supersalts.

supersalts may also possess

Computational method

All calculations have been performed by second-order
perturbative approach of Moller and Plesset, MP2(FC) method?*.
This method has already been used in a previous study on
supersalts?. A double zeta type basis set, SDD is employed for
all atoms. Gaussian 09 set of programs® is used to perform all
computations and relevant graphics are generated with the help of
Gauss View 5.0 program?®.

Results and discussions
Superatomic properties of LiX, and Li,X species

We first discuss the structures of LiX, and Li,X species and their
superatomic properties. We have calculated IPs of Li,X species
by difference of energies between neutral Li,X and their cationic
counterpart. Similarly, the EAs of LiX, are calculated as the
energy difference between neutral species and their anions. Table
1 lists geometrical parameters as well as calculated IPs and EA
values.

All LiX, and Li,X species take bent C,, structure in which bond-
length, Li-X increases with the substitution of heavier halogen, X.
The bond-angle in Li,X decreases with heavier halogen but
increases in case of LiX,. The calculated IPs of Li,X species,
3.70-4.26 eV lower than IP of Li, 5.39 eV?, suggest their
superalkali behavior and the superhalogen nature of LiX, species
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are supported by their high EAs, 4.24-5.06 eV as compared to Cl,
namely 3.26 eV%. Thus Li,X and LiX, species indeed behave as

superatoms.

Table 1 lonization potential (IP) of Li,X and electron affinity (EA) of LiX; (in eV) along with their geometrical parameters?®

X

Li;X LiX;

Bond-length

Bond-angle

IP Bond-length Bond-angle EA

1.72
Cl 2.28
Br 2.46
| 2.70

5 21n A°, deg.

3.70
4.00
4.09
4.26

1.77
2.29
244
2.65

5.06
4.55
4.59
424

Interaction between Li,X and LiX, species

In order to study the interaction between Li,X and LiX, species,
we place these two units parallel to each other. After
optimization, we find a benzene shaped planar ring structure of

10 LisX3 as shown schematically in Fig. 1 for X = F. One can see
that the bonding in LisF3 takes place via two Li-F bonds. In Table
2, we have collected bond-length, Li-X and bond-angles for Li,X
and LiX, moieties in LizX3. The bond-length, Li-X in LisX; is
found to be average values of those in Li,X and LiX, species (see

15 Table 1). For X = F, the bond-angles are only increased by 6-12°
as compared to 120° those in benzene ring. The distortion from
ideal benzene ring increases with the substitution of heavier
halogens. The equilibrium structures of LizX3 can be seen in Fig.
2 for X = ClI, Br and I. The changes in bond-angles of Li,X and

20 LiX, moieties follow the same trend as already observed from
Table 1. For X =1, the deviation in bond-angle from benzene
structure is increased by about 25°.
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35 Fig.1 Interaction between LiF, superhalogen and Li,F superalkali leading
to the formation of LisF; ring structure.

Table 2 The binding energy (AE) and HOMO-LUMO gap (Eqzp) Of LizX3 (all in €V) along with their geometrical parameters?

X Li-X L LiX, L LiX AE Egep

F 1.74 126.8 132.2 8.76 14.32

Cl 2.28 138.0 107.9 6.18 12.22

Br 2.45 139.6 102.3 5.50 11.20

| 2.67 145.8 95.3 475 10.20
2In A® deg.
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LiyCls

Li3Bf3

Tiisly

Fig.2 Equilibrium geometries of LisX3 supersalts predicted at MP2/SDD method for X = Cl, Brand I.

Normal mode calculations performed on Li;X5; provide all real

frequencies. Thus they correspond to at least a local minimum in
s the potential energy surface, implying they are all kinetically
stable. In order to further analyze the thermodynamic stabilities
of LisX; we have calculated the energy gap (Egp) between
highest occupied molecular orbital (HOMO) and lowest
unoccupied MO (LUMO). This energy can be used to compare
relative chemical stability of LizX; as well. The calculated Eg,
values are given in Table 2. The energy gap of LizXj5 lies between
10.2-14.3 eV which is very large as compared to that of fullerene
cage, namely 1.6 eV. These larger gaps may offer the enormous
thermodynamic stability to LizXs, thereby, indicating the
possibility of existence of Li;X; at a wide range of temperatures.
The energy gap of LisF3, 14.3 eV is slightly smaller than 15.9 eV
in LiF, but very large as compared to 4.3 eV in Li,F. This implies
that Li,F moiety is significantly stabilized by interaction with
LiF,. The same calculation returns the energy gap value of 12.2
eV in LiF, a traditional salt which is smaller than that of non-
traditional LisF3. Thus, LisX3; species are expected to be
thermodynamically more stable as compared to traditional LiX
salts. With the substitution of heavier halogens, however, this
stability tends to decrease and LizX5 species become chemically
more reactive.
The interaction energies (AE) between LiX; and Li,X moieties of
LizX; are calculated at the MP2/SDD level. We have used the
counterpoise (CP) procedure®®*® to eliminate the basis set
superposition error (BSSE) effect as given below

AE = Epg(Xag)—Ea(Xas)—Es(Xag)

where the same basis set, Xag, has been employed for the

calculations of energies of the complex (Eag) as well as its

constituting units (E and Eg).

Table 2 also lists BSSE corrected AE values of Li;X3 species for
s X = F, Cl, Br and I. The interaction energies follow the same
trend as that of the energy gap, that is, decrease as we move down
in the halogen group. This is consistent with fact that the
electronegative nature of elements decreases on moving down in
a group in the periodic table. The interaction energy of LisFs,
8.76 eV is larger than the binding energy of LiF, namely 5.20 eV
calculated at the same level of theory. This may suggest that the
interaction between LiF, and Li,F superatoms is stronger than
that between Li and F atoms which is a consequence of low IP
and high EA of Li,F and LiF, as compared to Li and F,
respectively.

In order to discuss the nature of interaction between LiX, and
Li,X moieties in Li;X3, we have performed natural population
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analysis (NPA) on LisF;. The calculated partial charge on Li,F
moiety is found to be +0.89 e which is close to unity. This not

so only suggests that the interaction between Li,F and LiF, is ionic
but also the fact that LisF5 can be regarded as a supersalt.

Electronic properties and alkalide characteristics of LizX3
supersalts

The electronic parameters of LizX3 supersalts are calculated by
ss orbital vertical method (OVM). Note that the validity of
Koopmans’ approximation, upon which OVM rests, is limited to
unrelaxed orbitals. It considers neither orbital relaxation effects
nor electron correlation effectively. These effects cause to shift
HOMO eigen-values up and LUMO eigen-values down from
e Negative ionization potentials and negative electron affinities
respectively®>**. Thus our calculated ionization potentials (1) and
electron affinities (A) by OVM are unlikely to be exact. Other
parameters viz. absolute electronegativity (y), chemical hardness
(n) and electrophilicity () are calculated by finite difference
65 approximations®-%¢,

LiF

LigF3

Fig.3 HOMO (lower row) and LUMO (upper row) surfaces of LisF; and
LiF with an isovalue of 0.002. The red represents electron poor region
and green corresponds to the region of excess electron.
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Table 3 Various electronic parameters? of LizX; calculated at MP2/SDD level.

X I = —Enomo A =—Erumo x="%(+A) n="(-A) o=/
F 13.64 -0.68 6.48 7.16 5.86
Cl 11.53 -0.70 5.42 6.12 4.80
Br 10.69 -0.51 5.09 5.60 4.62
| 9.75 0.45 5.10 4.65 5.60

2IneV.

Table 3 lists various electronic parameters for LisX3 supersalts
calculated at MP2/SDD level. The large | and low A values of
LizX3 supersalts may further suggest their stabilities against
subtraction and addition of an extra electron, respectively. Note
the higher ionization potential of LisX3 as compared to that of
LiX which is, for instance, 9.57 eV and 8.7 eV for X = Cl and Br,
respectively®*®.  The chemical reactivity of LizXs supersalts
increases with the heavier halogens as reflected by decrease in
their energy gap (see Table 2). In case of protonation reaction,
absolute electronegativity inversely correlates with the proton
affinity. Thus decrease in y values may indicate the
corresponding increase in their proton affinities. The increase in
reactivity of LizX3 is further established by the decrease in the
chemical hardness with the substitution of heavier halogen.

The frontier molecular orbitals, HOMO and LUMO, are mainly
responsible for chemical reactions or interactions with other
species. In Fig. 3, we plot HOMO and LUMO surfaces of LisF3
supersalt. For comparison, the same for LiF molecule are also
plotted. In present color grading scheme, the red represents
positively charged region and green corresponds to negatively
charged surface with an isovalue of 0.02. From Fig. 3, it is
evident that the HOMO of LisF3 consists of 2p orbitals of two F
atoms just as the HOMO of LiF which is formed by 2p atomic
orbital of F. The transition HOMO—-LUMO in LiF represents a
complete electron transfer from Li to F atom. On the other hand,
the same in LisF; shows an electron transfer to Li, allowing it to
possess an excess electron. This excess electron is loosely bound
in space due to small EA of Li atom. This implies that LisF3
supersalt possesses alkalide characteristics. Thus it may be
possible to design new types of alkalides considering Li in LisX3
supersalts as a source of excess electrons.

Conclusions

We have shown that the interaction between Li,X superalkalies
and LiX; superhalogens leads to the formation of Li;X3 supersalts
for X = F, Cl, Br and I. The binding energy and HOMO-LUMO
energy gap of these supersalts suggest their enhanced stability.
The chemical reactivity of LizX3 increases with the substitution
of heavier X. Finally, we have proposed that these LisXj
supersalts may possess alkalide characteristics due to excess
electron on Li.
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The picture depicts the formation of Li; X3 by interaction between LiX; and Li,X for X =F,
Cl, Brand L.



