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Abstract
A density functional theory (DFT) investigation on isomeric structures of lithium-iodide clusters, and stabilities as well as

electronic structure features of global equilibrium structures are reported. The relative energies and population values of

structural isomers for LinI (n = 1–8) clusters are obtained at the B3LYP/Lanl2dz and B3LYP/6-311G(d,p) theory levels.

The iodine atom prefers the apex position in the most stable structures within the coordination number two except Li6I and

Li8I clusters. The binding energies, dissociation energies, second-order energy differences, HOMO–LUMO gaps, ion-

ization and elimination energies of global minimum structures are calculated in order to get beneficial information about

the stability and electronic properties of LinI (n = 1–8) clusters. The results of relative energies affirm an odd–even

oscillation that LinI (n = 1, 3, 5, 7) clusters are more stable than neighboring clusters. The iodine atom also enhances the

stability order of pure lithium clusters while the cluster size grows up this stability decreases, and lithium-iodide clusters

become more reactive. The ionization and elimination energy results also show that LinI (n = 1–8) clusters can be classified

as superalkalies due to owing lower ionization energies than Li atom and the interaction between pure lithium clusters and

iodine atom can be realized as electrostatic bonding.
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Introduction

Small one halogen atom-doped lithium clusters, LinX

(n[ 1 and X = Cl, Br, F or I), are the subject of experi-

mental and theoretical cluster physic studies in the last

decade due to the possibility of their practical industrial

and scientific applications as in lithium-based batteries,

electrocatalysis, cooling systems, supersalts, non-linear

optical sensors, high pressure electrides, desiccants and

nanotubes [1–10]. It is well-known that the addition of an

impurity to pure-lithium clusters can lead to fundamental

changes in their structural geometries, stabilities, energet-

ics, electronic properties, magnetic properties, polarizabil-

ities, bonding natures and superatomic features [1–22]. In

general, halogens are used an impurity-doped atom, for

instance; LinCl [2, 5], LinBr [3, 14], LinF [4, 8, 15, 16] and

LinI [9, 17, 18] clusters. These clusters are called hyper-

metalated (hypervalent or hyperlithiated) molecules, are

thermodynamically stable due to a mix of covalent bonding

between lithium atoms in lithium cage, and electrostatic

bonding between anionic iodine atom and cationic lithium

cage [15, 23]. In addition, a halogen atom-doped lithium

clusters [2–5, 8, 15, 17] have lower ionization energies than

lithium atom (5.39 eV), so these structures are called

superalkali [24–26] and these clusters can have significant

non-linear optical properties [4, 23, 27].

Nowadays, computational methodologies especially

density functional theory (DFT) have played a crucial role

in the understanding of modeling, physical and chemical

properties of superalkali clusters, studying its different

components and their interactions [2, 3, 7–9, 11, 13, 17,

18, 27, 28]. Regarding the one iodine-doped lithium clus-

ters, a few systematic studies are reported. Veličković and

coworkers have experimentally investigated the ionization

energies of LinI (n = 2, 3) molecules by surface ionization

mass spectrometry [29]. Ðustebek et al. have calculated the

equilibrium geometries of ground-state forms for neutral

and positive charged LinI (n = 2–5) clusters and they have
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also analyzed experimental and theoretical ionization

energies of LinI (n = 2–6) [9, 18]. A theoretical study on

geometry and stability of small lithium-iodide LinI

(n = 2–6) clusters have researched by Milonavić and Jer-

osimić [17]. Botana et al. have examined the stability of

crystalline LinI (n = 2–5) compound at high pressure [7].

To expand our understanding of the physical and chemical

features of LinI (n = 1–8) clusters, we have performed a

systematic series of calculations to predict the isomeric

geometries, stabilities and electronic features using DFT

framework.

Computational Details

The potential energy surfaces of LinI (n = 1–8) clusters

were explored using the molecular cluster capabilities of

the ASCEC program [30] which contain an adapted version

of the Simulated Annealing optimization procedure. The

annealing algorithm [31–33] was used to generate candi-

date structures after random walks of Hartree–Fock (HF)

theory level in conjunction with the effective core potential

on the basis set of Los Alamos National Laboratory 2

Double-Zeta (LANL2DZ) for lithium and iodine atoms.

The hybrid Becke’s three-parameter exchange functional

accompanied by the Lee–Yang–Parr correlation functional

(B3LYP) with LANL2DZ basis set was used to optimize

and characterize the candidate isomers without any con-

straint by using analytical gradient method afforded by

ASCEC. All of the isomers were subjected to geometry

optimization procedure with following harmonic vibra-

tional mode calculation, the aim of which was to found the

presence of imaginary wavenumbers. The lack of imagi-

nary frequencies in the vibrational analysis shows that the

obtained structure corresponds to the local minima in

potential energy surface of related isomer. Further refine-

ment and characterization calculations of the located

minima were conducted by means of B3LYP theory level

in conjunction with all-electron 6-311G(d,p) basis set. The

DFT calculations of lithium-iodide clusters were carried

out using Gaussian 09 suite of programs [34]. Isomer

populations were estimated by standard Boltzmann distri-

bution analysis [35, 36]. The structural parameters of iso-

mers in neutral or charged lithium clusters were obtained

from previous studies [2, 11, 37–39] and were also tested

using B3LYP/Lanl2dz and B3LYP/6-311G(d,p) levels of

theory.

In order to testing the reliability of B3LYP/Lanl2dz and

B3LYP/6-311G(d,p) theory levels, some electronic prop-

erties of Li–I and Li–Li dimers were initially calculated.

The Li–I dimer equilibrium bond length, vibrational

wavenumbers, dipole moment and ionization energy were

calculated as 2.471 Å, 468 cm-1, 7.66 Debye and 8.53 eV

for B3LYP/Lanl2dz and 2.411 Å, 499 cm-1, 7.35 Debye

and 8.65 eV for B3LYP/6-311G(d,p), which are close the

experimental data of Li–I (2.392 Å, 498 cm-1, 7.43 Debye

and 8.44 ± 0.03 eV or 8.6 ± 0.3 eV) [40–43]. The

experimental bond length, vibrational wavenumbers and

ionization energy for Li2 molecule are 2.673 Å, 351 cm-1,

and 5.1127 eV [43–45]. The calculated values, 2.703 Å,

343 cm-1 and 5.299 eV for B3LYP/Lanl2dz and 2.705 Å,

343 cm-1 and 5.241 eV for B3LYP/6-311G(d,p) are also

in good agreement with the experimental values. As a

result, the levels of theory used in calculations are reliable

to describe electronic structure properties and chemical

stability of the LinI (n = 1–8) clusters when considering the

performance on our previous one halogen atom doped

lithium cluster studies [3, 8]. By comparing the computed

values with the experimental data of Li–I and Li–Li

dimers, it is found that the present results based on the

B3LYP/6-311G(d,p) method are more dependable than

B3LYP/Lanl2dz method.

Results and Discussion

Geometrical Structures

The equilibrium structures of optimized neutral stable iso-

mers of LinI (n = 2–8) clusters were obtained by using

B3LYP level of theory with Lanl2dz basis set, and the

illustrations of the obtained isomers are set out in Fig. 1.

Each isomer structures given in Fig. 1 hereafter are labeled

nm, in which n is the number of lithium atoms, a represent

the lowest energetically structure and b–f are denoted the

stability order of isomers for each cluster. The symmetry,

spin multiplicity, total electronic energy with zero point

energy, Gibbs free energy, relative energy, HOMO–LUMO

gap of lithium-iodide clusters and the population percent-

age for isomers of each cluster were calculated based on

the optimized geometries by using B3LYP level of theory

with Lanl2dz and 6-311G(d,p) basis sets are tabulated in

Tables 1 and 2. As can be seen from Tables 1 and 2, whole

examined isomeric structures have singlet or doublet

multiplicity.

The most stable isomer of Li2I cluster (2a) with 100%

population rate, has an isosceles triangle structure in C2v

group symmetry, where the iodine atom is at the apex

position. The average bond length of Li–I is calculated at

2.599 Å by B3LYP/6-311G(d,p) (I) and at 2.679 Å B3LYP/

Lanl2dz (II) theory level. The triangular co-structure hav-

ing the same symmetry is already reported for the Li2Cl,

Li2Br, Li2F and Li2I molecules [2, 3, 8, 9, 17, 46]. The

second low-lying isomer (2b) has a linear structure through

the iodine atom located externally, and is less stable by

0.517 eV (I and II). The population analysis results show
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Fig. 1 The stable isomers of LinI (n = 2–8) clusters; iodine atoms are in dark purple

Table 1 The isomer, symmetry,

spin multiplicity (multi), total

energy with zero point energy

(ET), relative energy (DE),

HOMO–LUMO gap (gapHL),

Gibbs free energy (DG), relative

Gibbs free energy (dDG) and

the population value (Ni) for the

stable isomeric structures of

lithium-iodide clusters (I)

Clusters Isomers Sym Multi ET (a.u) DE (eV) gapHL (eV) DG (a.u.) dDG (eV) Ni (%)

Li I 1a C!v 1 - 18.980 0.000 4.036 - 19.003 0.000 100.00

Li2I 2a C2v 2 - 26.502 0.000 1.954 - 26.530 0.000 100.00

2b C!v 2 - 26.483 0.517 2.337 - 26.513 0.463 0.00

Li3I 3a C2v 1 - 34.041 0.000 2.476 - 34.071 0.000 100.00

3b C3v 1 - 34.020 0.571 1.966 - 34.051 0.544 0.00

3c C2v 1 - 33.999 1.143 0.873 - 34.032 1.061 0.00

Li4I 4a Cs 2 - 41.556 0.000 1.674 - 41.590 0.000 99.50

4b C1 2 - 41.550 0.163 1.253 - 41.585 0.136 0.50

4c Cs 2 - 41.514 1.143 1.039 - 41.553 1.007 0.00

Li5I 5a C2v 1 -49.087 0.000 2.178 - 49.123 0.000 100.00

5b Cs 1 - 49.080 0.190 1.466 - 49.115 0.218 0.00

5c C2v 1 - 49.074 0.354 1.639 - 49.111 0.327 0.00

Li6I 6a Cs 2 - 56.609 0.000 1.381 - 56.646 0.000 98.33

6b C1 2 - 56.602 0.190 1.395 - 56.641 0.136 0.49

6c C1 2 - 56.602 0.190 1.414 - 56.641 0.136 0.49

6d Cs 2 - 56.602 0.190 1.405 - 56.641 0.136 0.49

6e Cs 2 - 56.598 0.299 1.415 - 56.640 0.163 0.20

Li7I 7a C2v 1 - 64.143 0.000 1.584 - 64.182 0.000 73.15

7b Cs 1 - 64.142 0.027 1.647 - 64.181 0.027 25.75

7c C3v 1 - 64.140 0.082 2.037 - 64.178 0.109 1.10

7d C1 1 - 64.124 0.517 1.572 - 64.169 0.354 0.00

Li8I 8a Cs 2 - 71.667 0.000 1.320 - 71.710 0.000 65.06

8b C1 2 - 71.666 0.027 1.332 - 71.709 0.027 22.90

8c Cs 2 - 71.665 0.054 1.319 - 71.708 0.054 8.07

8d C2v 2 - 71.664 0.082 1.269 - 71.707 0.081 2.86

8e C1 2 - 71.663 0.109 1.294 - 71.706 0.109 0.98

8f C1 2 - 71.662 0.136 1.256 - 71.704 0.163 0.13
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that the 2b structure should be very difficult to occur

spontaneously in Li2I cluster. The lowest energetically

isomer structure (3a) of Li3I cluster has a planar rhombus

structure having the iodine atom is at the top position

within C2v group symmetry. The average bond length of

Li–I is obtained at 2.607 Å (I) and 2.684 Å (II), and this

isomeric structure with 100% population value is also

obtained as a ground-state for Li3X (X = Cl, Br, F and I)

clusters [2, 3, 8, 17, 18]. The second low-lying isomer (3b)

turns into a tetrahedral structure and is less stable by

0.599 eV (I) or 0.571 eV (II) than 3a isomer. The last low-

lying isomer (3c) for this cluster turned out to be a planar

structure in C2v group symmetry, and lies about 1.253 eV

(I) and 1.143 eV (II) above 3a isomer. However, 3c isomer

is found first-order transition states on the potential energy

surface (PES) of Li3I cluster in the computation at B3LYP/

6-311G(d,p) level of theory. In agreement with previous

reports of one halogen atom doped lithium clusters

[2, 3, 8, 17], a capped planar rhombus structure 4a in Cs

symmetry is predicted to be the global minimum for Li4I

cluster along with 99.83% (I) and 99.50% (II) population

value, and the Li–I average bond length is found 2.605 Å

(I) and 2.672 Å (II). The second stable isomer 4b in C1

structure and third stable isomer 4c in Cs structure are

higher than isomer 4a by 0.136 eV (I), 0.163 eV (II) and

1.264 eV (I), 1.143 eV (II). The calculated population

value of 4b structure (0.17% for I and 0.50% for II) showed

that it may be found in a trace amount in Li4F cluster.

However, the similar state may not be observed about the

formation of 4c structure. This structure is also observed as

third-order transition state in the frequency calculation at

B3LYP/6-311G(d,p) theory level. One halogen atom doped

Table 2 The isomer, symmetry, spin multiplicity (multi), total

energy with zero point energy (ET), relative energy (DE), HOMO–

LUMO gap (gapHL), Gibbs free energy (DG), relative Gibbs free

energy (dDG) and the population value (Ni) for the stable isomeric

structures of lithium-iodide clusters (II)

Clusters Isomers Sym Multi ET (a.u) DE (eV) gapHL (eV) DG (a.u.) dDG (eV) Ni (%)

Li I 1a C!v 1 - 6927.134 0.000 4.300 - 6927.157 0.000 100.00

Li2I 2a C2v 2 - 6934.657 0.000 1.961 - 6934.685 0.000 100.00

2b C!v 2 - 6934.636 0.571 2.335 - 6934.665 0.544 0.00

Li3I 3a C2v 1 - 6942.196 0.000 2.483 - 6942.226 0.000 100.00

3b C3v 1 - 6942.174 0.599 1.913 - 6942.203 0.626 0.00

3c C2v 1* - 6942.150 1.253 0.847 - 6942.181 1.211 0.00

Li4I 4a Cs 2 - 6949.711 0.000 1.665 - 6949.745 0.000 99.83

4b C1 2 - 6949.706 0.136 1.303 - 6949.739 0.163 0.17

4c Cs 2* - 6949.665 1.264 1.172 - 6949.698 1.285 0.00

Li5I 5a C2v 1 - 6957.242 0.000 2.179 - 6957.278 0.000 99.83

5b Cs 1 - 6957.237 0.136 1.466 - 6957.272 0.163 0.17

5c C2v 1 - 6957.231 0.299 1.646 - 6957.267 0.299 0.00

Li6I 6a Cs 2 - 6964.767 0.000 1.399 - 6964.804 0.000 98.47

6b C1 2 - 6964.760 0.190 1.401 - 6964.799 0.136 0.49

6c C1 2 - 6964.760 0.190 1.431 - 6964.799 0.136 0.49

6d Cs 2 - 6964.760 0.190 1.409 - 6964.799 0.136 0.49

6e Cs 2 - 6964.755 0.327 1.402 - 6964.797 0.190 0.06

Li7I 7a C2v 1 - 6972.303 0.000 1.592 - 6972.341 0.000 73.47

7b Cs 1 - 6972.301 0.054 1.638 - 6972.340 0.027 25.47

7c C3v 1 - 6972.299 0.109 2.013 - 6972.337 0.109 1.06

7d C1 1 - 6972.282 0.571 1.547 - 6972.326 0.408 0.00

Li8I 8a Cs 2 - 6979.829 0.000 1.333 - 6979.871 0.000 65.92

8b C1 2 - 6979.826 0.082 1.348 - 6979.870 0.027 23.04

8c Cs 2 - 6979.826 0.082 1.324 - 6979.869 0.054 7.92

8d C2v 2 - 6979.826 0.082 1.278 - 6979.868 0.082 2.75

8e C1 2 - 6979.823 0.163 1.310 - 6979.866 0.136 0.33

8f C1 2 - 6979.822 0.190 1.281 - 6979.864 0.190 0.04

Star (*) is for the n-order transition state
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hexaatomic cluster in neutral states have been investigated

in previous studies [2, 3, 8, 17, 18]. In this studies, Li5X

(X = Cl, Br, F and I) clusters have two or four stable iso-

mers. In the most stable isomers, the halogen atom is at the

apex position having 2D geometry conformation excluding

Li5F. Our results confirmed that lowest-energy isomer (5a)

having a trigonal prism with the iodine atom at the top

position is turned out as the ground state of Li5I cluster

among the other two isomers (5b and 5c). The predicted

population value of 5a structure indicated that 5b and 5c

isomeric structures may not be existed in Li5I cluster. The

average Li–I bond length is also calculated as 2.605 Å

(I) and 2.665 Å (II). As for the Li6I cluster, five isomers

were obtained. The ground state of Li6I cluster is 6a isomer

with pyramidal geometric structure. The iodine atom is at

the apex position in Cs symmetry as in the other LinX

(X = Cl, Br, F) clusters [2, 3, 8, 17] and the average bond

length of Li–I is 2.748 Å (I) and 2.834 Å (II). The next

lowest energy isomers are 6b–6d structures, the iodine

atom acts as an anionic atom with cationic boat form of

Li6
? cluster [37, 39], which are only 0.19 eV (I and II)

higher in energy. The last low-lying isomer, 6e, has a

planar structure with the iodine atom is externally bounded

in Cs symmetry and is 0.327 eV (I) or 0.299 eV (II) less

stable than 6a structure. The population analysis confirm

that 6a structure which has 98% value, is the lowest-en-

ergetically structure of Li6I cluster. However, the other

isomers may be found with very low probability in Li6I

cluster. The Li7I cluster has the pyramidal prism in C2v

group symmetry (7a) as a lowest energy structure with the

iodine atom at the top position that was obtained through

replacing lithium atom by iodine atom on the ground state

geometry of pyramidal structure Li8 cluster [37, 47, 48].

The average bond length of Li–I is 2.627 Å (I) and 2.693 Å

(II). The second and third low-lying isomers, 7b in Cs

symmetry and 7c in C3v symmetry, have pyramidal geo-

metric structure with the iodine atom at the apex, are less

stable by 0.054 eV (I), 0.027 eV (II) and 0.109 eV (I),

0.082 eV (II), respectively. The 7b isomer of Li7I cluster

obtained with the stochastic procedure and B3LYP/aug-cc-

pVTZ (PP) method were also reported as the lowest-lying

structural form by Milovanovic et al. [17]. The fourth low-

lying isomer (7d) has a planar structure and is higher in

energy than the lowest energy structure by 0.571 eV (I) or

0.517 eV (II). The calculated population value of 7a isomer

shows that this geometric form is the ground state of Li7I

cluster and 7b geometric structure may be found in 1/4

ratio in this cluster. A doping of halogen atom to the Li9
cluster results in an antiprism as the lowest energy structure

for Li8X (X = Cl, Br, F, I) clusters [2, 3, 8, 17]. The most

stable isomer has a 3D structure with the iodine atom at

apex in Cs symmetry, and the average bond length of Li–I

is 2.748 Å (I) or 2.831 Å (II). The other local minima

isomers, 8b-8f, have pyramidal geometric structures where

the iodine atom is always at the top. The other isomers are

less stable than the global minimum structure 8a in the

range of 0.082 eV to 0.190 eV (I) and 0.027 eV to

0.136 eV (II). The population analysis value for 8a and 8b

isomers of Li8I cluster are 65% and 23% indicates that 8a is

the most stable structure and the other isomers (excluding

8b isomer) have a very low probability of existence in Li8I

cluster. The most stable structure of Li8I cluster were also

obtained with the stochastic procedure and B3LYP/aug-cc-

pVTZ (PP) method by Milovanovic et al. [17].

The average bond length of Li–I of most stable isomers

for all clusters is given in Fig. 2. The Li–I average bond

lengths are similar in lithium-iodide clusters except for Li6I

and Li8I due to the coordination of the iodine atom. The

iodine atom is 3-coordinated with lithium atoms in Li6I and

Li8I whereas the coordination number is two for the rest of

clusters. For this reason, the average bond length of Li–I is

increasing through the coordination number of iodine atom.

Stabilities and Electronic Properties

The relative stabilities of LinI (n = 1–8) clusters can be

examined on the basis of the binding energy per atom (Eb),

dissociation energy (DE), second-order energy difference

(D2E) as well as HOMO–LUMO gap (gapHL) considering

the global minimum structures.

The binding energy per atom calculations allow us to

discuss the energetic and relative stability of the clusters as

a function of the number of lithium atoms. The Eb for

doped clusters is defined as Eb[LinI]=(nE[Li]? E[I] - E

[LinI])/(n ? 1), where n is the total number of lithium atom

and E is the total molecular energy including the zero-point

energy for the cluster, lithium and dopant atoms. The size

dependence of Eb is shown as a function of the number of

lithium atoms for Lin and LinI clusters at Fig. 3. As seen

from this figure, there is a quite clear distinction in the

behavior of Eb for the ground state of pure lithium clusters

Fig. 2 The Li–I average bond length for LinI (n = 1–8) clusters
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and lithium-iodide clusters. The dopant in lithium-iodide

clusters leads to enhancing the stability of the host clusters

because of having significantly higher binding energies per

atom than pure lithium clusters. One also noticed that when

the cluster size grows up, the Eb of host clusters increases

smoothly up to n = 7 and then increases slowly [3, 17].

However, Eb of the lowest-energy lithium-iodide clusters

decreased as the size n increased, but after n = 6 the

decrease became smaller and stable. This decrease trend in

the Eb explores that although iodine impurity doping can

enhance the stabilities of lithium clusters, the effect is

becoming weaker as successive Li atoms are added to a I

atom. This is because that the I atom prefers sitting at a

surface site to the center of the structures of LinI clusters as

shown in Fig. 1. The similar feature of binding energy

curves is also observed in the small pure lithium clusters

doped with one bromine [3] or one iodine atom [17].

In order to determine better outcomes for the relative

stabilities of the clusters, we were calculated the dissoci-

ation energy, DE[LinI]= E[Lin-1I]? E[Li] - E[LinI] and

the second-order energy difference, D2E[LinI]= E[Lin?1-

I]? E[Lin-1I] - 2E[LinI]. Here, E[X] is the total energy of

the X cluster with n lithium atoms. In general, a maximum

signal in the dissociation energy and a correspondent

maximum signal in the second-order energy difference

prove out the stability of the cluster. The dissociation

energy (DE) and second-order energy difference (D2E) of

LinI (n = 1–8) clusters is plotted as function of the number

of lithium atoms in Fig. 4 and Fig. 5. The peaks are cor-

respond to the higher stability to neighboring clusters.

From both figures, the electron pairing effect and odd–even

oscillation pattern are clearly observed in the studied range.

From the observed oscillation, LiI, Li3I, Li5I and Li7I

clusters are more stable than Li2I, Li4I, Li6I and Li8I

clusters. Thus, closed shell clusters (low-spin multiplicity)

are more stable than neighboring open shell clusters (high-

spin multiplicity). The LinI (n = 2–6) clusters are also

confirmed to be thermodynamically stable toward dissoci-

ation [9, 17, 18].

The energy difference between the HOMO and LUMO

molecular orbitals is referred to as energy gap, which is an

important parameter that can determine the chemical sta-

bility of clusters [3, 49]. High chemical stable clusters have

a large HOMO–LUMO gap, and low chemical stable clus-

ters have a small HOMO–LUMO gap. The HOMO–LUMO

gaps are given for the ground state structures of LinI

(n = 1–8) and Lin (n = 2–9) clusters in Fig. 6. The higher

chemical stability of Lin (n = 2–9) clusters appears at even-

numbered clusters and the highest peaks of Li2 and Li8
clusters characterize the magic numbers [2, 3]. For the one

iodine atom doped clusters, the results exhibit odd–even

oscillations indicating that the even-numbered clusters are

relatively higher chemical stability than the neighboring

odd-numbered clusters. The reason of these oscillation

patterns is due to the closed shell clusters are generally

more stable than open shell clusters. This pattern is also in

agreement with the result of second-order energy differ-

ences and the dissociation energy.

Fig. 3 The binding energy per atom of LinI (n = 1–8) and Lin
(n = 2–9) clusters

Fig. 4 The dissociation energy for LinI (n = 1–8) clusters

Fig. 5 The second-order energy difference variation of LinI (n = 1–7)

clusters
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In order to getting more information about the stability

of LinI clusters, ionization energies (IE), elimination

energies (EEs) of I atom, LiI molecule and I- anion were

investigated. The IEs of Lin and LinI clusters were com-

puted as the difference in total electronic energy with zero

point energy of neutral and cationic global local minimum

structures. The EEs of I, LiI and I- in LinI clusters were

also computed as

EE I½ � ¼ E Lin½ � þ E I½ � � E LinI½ �; EE LiI½ �
¼ E Lin�1½ � þ E LiI½ � � E LinI½ �

and EE I�½ � ¼ E Liþn
� �

þ E I�½ � � E LinI½ �

where E[X] represents the total electronic energy of

respective species including zero point energy correction.

The IEs of pure lithium clusters and lithium-iodide clusters

and EEs of lithium-iodide clusters were calculated by

means of B3LYP/Lanl2dz (I) and B3LYP/6-311G(d,p) (II)

theory levels are listed in Tables 3 and 4, respectively. The

neutral and cationic global minimum structures of LinI

(n = 2–8) clusters are also given in Fig. 7.

The IEs of one iodine atom doped lithium clusters and

pure lithium clusters are in very good agreement with the

corresponding experimental data [9, 17, 18, 37, 50]. As can

be seen from Table 3 and Table 4, IE values of Lin and LinI

clusters are also lower than IE value of Li atom (5.392 eV)

[25, 51]. Therefore, both clusters can be classified as

superalkalies due to owing lower ionization energies than

Li atom.

The EE results showed that LinI clusters are

stable against dissociation of I atom, LiI molecule and I-

anion owing to having positive values. The positive values

of EE[I] and EE[I-] eliminations are about four times and

about six times greater than the value of EE[LiI] further

suggest that LinI (n = 2–8) clusters can be realized by the

electrostatic interaction of Lin clusters with I atom or

preferably Lin
? - I- species.

Atomic charges of the most stable isomers for LinI
(0,?1)

(n = 2–8) clusters were analyzed by natural bond orbital

(NBO) method at the B3LYP/6-311G(d,p) level. Tables 5

and 6 present the natural bond orbital (NBO) charges of

ground-state LinI (n = 2–8) clusters and ground-state LinI
?

(n = 2–8). The atom numeration to identify Li atoms is

shown in Fig. 7. As shown in Tables 5 and 6, it can be

clearly seen that the iodine atom in neutral lithium-iodide

clusters and in cationic lithium-iodide clusters possesses

the negative charge, which are in the range of - 0.69e to

- 0.57e and - 0.82e to - 0.53e, respectively. Except Li6I

and Li8I clusters where the iodide atom has coordination

number three with the inner (nearest to the central of I)

lithium atoms, the charge of iodine atom in LinI
(0,?1)

(n = 2–8) clusters has a small decrease trend with the

increasing of cluster size. Similar situation was observed

by Ivanic et al. for LinX (n = 3 and 5; X = F or Cl) clusters

Fig. 6 The HOMO–LUMO gap of LinI (n = 1–8) and Lin (n = 2–9)

clusters

Table 3 Ionization energies

(IEs) and elimination energies

(EEs) of the lowest structures of

lithium-iodide clusters (I)

Isomers IE (eV) Isomers IE (eV) EE (eV)

Calculated Experimental Calculated Experimentald I LiI I-

Li 5.601 5.392a Li I 8.525 8.440, 8.600 3.445 0.000 6.067

Li2 5.252 5.140b, 5.113a Li2I 4.652 4.690 3.380 0.849 5.700

Li3 4.214 4.350c, 4.080a Li3I 5.187 5.140 4.161 1.247 5.480

Li4 4.539 4.700a, 4.310b Li4I 4.434 4.860 3.746 1.374 5.427

Li5 4.128 4.020a Li5I 4.654 4.620 4.050 1.395 5.347

Li6 4.233 4.200a Li6I 4.249 4.960 3.678 1.454 5.158

Li7 3.955 3.940a Li7I 4.512 – 3.680 1.408 4.913

Li8 4.173 4.160a Li8I 4.191 – 3.536 1.139 5.006

aRef. [37]
bRef. [50]
cRef. [14]
dRef. [17]
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[52] and by Milovanovic et al. for LinI
(0,?1) (n = 2–6)

clusters [17]. The lithium atoms have positive net charge in

the LinI (n = 2–4) and LinI
? (n = 2–5) clusters. The

bonding in LinX (n[ 1, X = halogen atom) clusters could

be described as electrostatic interaction between negatively

charged X-ion and positively charged lithium cage

[9, 17, 18, 23, 52]. However, lithium atom/atoms which is/

are the center of Lin moiety in the other neutral or cationic

Fig. 7 The ground-state structures of LinI (n = 2–8) and LinI? (n = 2–8) clusters; iodine atoms are in dark purple and lithium atoms are

numbered

Table 5 Natural bond orbital

(NBO) charge of ground-state

LinI (n = 2–8) clusters

Cluster I Li-1 Li-2 Li-3 Li-4 Li-5 Li-6 Li-7 Li-8

Li2I - 0.692 0.346 0.346

Li3I - 0.654 0.291 0.291 0.072

Li4I - 0.646 0.377 0.099 0.030 0.141

Li5I - 0.634 0.218 0.218 0.178 - 0.159 0.178

Li6I - 0.567 0.216 - 0.248 0.216 0.331 - 0.279 0.331

Li7I - 0.629 0.357 0.357 - 0.524 0.347 - 0.524 0.347 0.269

Li8I - 0.608 0.376 0.290 0.376 - 0.755 0.246 - 0.755 0.436 0.392

The Li atoms bonding to iodine atom denoted are in bold

Table 4 Ionization energies

(IEs) and elimination energies

(EEs) of the lowest structures of

lithium-iodide clusters (II)

Isomers IE (eV) Isomers IE (eV) EE (eV)

Calculated Experimental Calculated Experimentald I LiI I-

Li 5.616 5.392a Li I 8.652 8.440, 8.600 3.741 0.000 8.820

Li2 5.241 5.140b, 5.113a Li2I 4.621 4.690 3.730 0.872 8.435

Li3 4.214 4.350c, 4.080a Li3I 5.170 5.140 4.522 1.293 8.200

Li4 4.539 4.700a, 4.310b Li4I 4.294 4.860 4.105 1.422 8.107

Li5 4.130 4.020a Li5I 4.510 4.620 4.392 1.453 7.986

Li6 4.245 4.200a Li6I 4.081 4.960 4.120 1.558 7.828

Li7 3.957 3.940a Li7I 4.461 – 4.167 1.582 7.588

Li8 4.166 4.160a Li8I 4.135 – 4.083 1.377 7.713

aRef. [37]
bRef. [50]
cRef. [14]
dRef. [17]
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lithium-iodide clusters have negative net charge. The rea-

son of this charge distribution in LinI (n = 5–8) and LinI
?

(n = 6–8) clusters could be due to the symmetries of

clusters.

Conclusion

The global minimum structures of LinI (n = 2–5) clusters

are in two-dimension geometry configuration, and the

geometry transition takes place from two-dimension to

three-dimension at Li6I cluster. The dopant iodine atom is

at the apex position in lowest or low-lying structures except

3c, 4c and 7d isomers. The average bond length of Li–I in

the structures depends on the coordination number of

iodine atom. The iodine atom has a coordination number of

two with similar average bond length, but the iodine atom

of Li6I and Li8I with a coordination number of three has a

longer bond length. Regarding the binding energy per

atom, we have found that the LinI (n = 2–8) clusters are

higher than the pure lithium clusters, however, they

decrease with the increase of the lithium atom number

(volume of molecular bulk) contrary to the case of Lin
clusters. For this reason, small iodine-doped lithium clus-

ters have higher stability than the pure lithium clusters. On

the other hand, the binding energy per atom of LinI

(n = 2–8) clusters have smaller value than LinX (X = Cl,

Br, F and n = 2–8) clusters. From the point of view of

dissociation energy, second order energy difference and

HOMO–LUMO gap calculations show that a typical odd–

even oscillation. The LinI (n = 1, 3, 5, 7) clusters are more

stable than the LinI (n = 2, 4, 6, 8), however, LiI is the

most stable than the other clusters. The results of ionization

and elimination energy point out that LinI (n = 2–8) clus-

ters belong to the class of superalkali due to having lower

ionization energies than lithium atom. The electrostatic

interaction between the pure small lithium cluster and the

effect of iodine atom can be thought of forming between a

positive lithium cage and a iodine anion.
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(2017). Structure and stability of small lithium-chloride Lin-

Clm
(0,1?) (n C m, n = 1–6, m = 1–3) clusters. Phys. Chem. Chem.

Phys. 19, 30481–30497.

6. A. K. Srivastava and N. Misra (2016). Remarkable NLO

responses of hyperalkalized species: the size effect and atomic

number dependence. New J. Chem. 40, 5467–5472.

7. J. Botana, J. Brgoch, C. Hou, and M. Miao (2016). Iodine anions

beyond -1: formation of LinI (n = 2–5) and its interaction with

quasiatoms. Inorg. Chem. 55, 9377–9382.
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