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ABSTRACT: The structural properties, relative stabilities, electronic, and
thermodynamic properties, of Li+Nen (n = 1−20) clusters have been studied
based on a pairwise model and density functional theory (DFT) methods. In
the pairwise method, the potential energy surface considered interactions
between Li+Ne, Ne − Ne, and many-body term. For the DFT calculations,
the B3LYP functional combined with the 6−311 + + G (2d,2p) basis sets
has been employed. In both methods, the Li+Ne6 cluster demonstrated high
stability with an octahedral structure, where the Li+ cation was surrounded
by Ne atoms. Thus, the octahedral Li+Ne6 structure was considered to be the
core for larger cluster sizes. Relative stabilities were assessed based on
binding energies, second-order differences of energies, transition dipole
moment, and HOMO−LUMO energy gaps. Furthermore, thermodynamic
properties were calculated, revealing that the formation process of Li+Nen
clusters is endothermic and nonspontaneous.

■ INTRODUCTION
The chemistry of ionic species assumes particular prominence
in various contexts. Within the interstellar medium, extremely
high-energy particles (e.g., protons) can disrupt chemical
bonds or ionize species through direct collisions.1 Conversely,
within earth upper atmosphere, ionization processes may result
from ion−molecule collisions, but the predominant factors are
likely ultraviolet radiation and the influx of electrons and
protons from the sun.2 In contrast, the lower atmosphere of
our planet primarily experiences ionization due to galactic
cosmic rays (particularly in the stratosphere), natural radio-
activity (e.g., alpha radiation emitted by 222Rn), and γ rays
originating from soil and rocks.3 Furthermore, ion−molecule
chain reactions can lead to the formation of small ion
clusters4,5 with sufficiently long lifetimes (i.e., ∼1 min in the
lower atmosphere). These clusters facilitate the growth of
aggregates through ion-induced nucleation, ultimately leading
to the production of charged aerosols.6−9

Moreover, charged clusters serve as a vital link connecting
isolated gas-phase ions to solvated ions in solution, offering
valuable insights into the solvation phenomena. On another
front, ions within plasmas play pivotal roles in the creation of
nanoparticles10,11 and polymerization processes.12 Further-
more, the identification of neutral radical species through mass
spectrometry in plasmas proves effective when employing the
Li+-attachment ionization method,13 as demonstrated in the
study of fluorocarbon macromolecule growth in the down-
stream region of Ar/c-C4F8 plasmas.14

The gas-phase ion chemistry of noble gases, in general, and
the interactions between metallic cations and rare-gas atoms, in
particular, have undergone extensive theoretical and exper-
imental investigations.15−17 These interactions are primarily
governed by electrostatic forces involving the ion and the
induced dipole in the rare-gas, depending primarily on the
polarizability of the rare-gas as well as the charge and radius of
the ion.

Numerous experimental18−27 and theoretical28−37 inves-
tigations have focused on the gas-phase ion chemistry of noble
gases, particularly the interaction between metallic cations and
rare-gas atoms. The dominant factor in this interaction is the
electrostatic forces between the ion and the induced dipole in
the rare gas. Consequently, the polarizability of the rare gas as
well as the charge and radius of the ion plays a crucial role in
determining the nature of this interaction.

On the experimental side, the rapid development in
molecular beam techniques, combined with laser evaporation
techniques, has permitted the production of clusters for almost
every element in the periodic table as well as mixed clusters.
The alkali ions solvated in rare gas atoms are detected by using
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time-of-flight (TOF) mass spectrometry. The intensity
distribution of the spectrum reflects the stability of the
clusters. The distribution often exhibits an irregular size
dependence, and a few stronger peaks are found at specific
sizes rather than neighboring sizes. This indicates that the
clusters of those particular sizes are more stable than the
others. The cluster sizes corresponding to such stable
structures are referred to as magic numbers. The sequences
of the magic numbers found in the mass spectra serve as
fingerprints of the shell closure of geometric or electronic
structures or both. Therefore, the observed sequences of magic
numbers provide information about the geometric and
electronic structures of the clusters and thus on the interaction
potential among the constituents of the clusters.

Lüder and co-workers18 have performed time-of-flight
experiments to determine the mass spectra of clusters formed
by a metal ion (i.e., In+, Al+, and Na+) and rare-gas. Specifically,
for Na+Arn, the experimental results18 indicate the presence of
clusters with a particular stable icosahedral structure for n = 6,
8, 10, 13, 16, 20, 23, 25, 26, and 29 (the so-called “magic
numbers”). In contrast, the clusters where the ionic radius is
significantly less than the rare-gas atomic radius lead to a new
series of magic numbers that will convert into the icosahedral
number for high values of n.

While determining the structure of clusters can be
challenging through experimental means, it is primarily
inferred from the analysis of cluster properties such as stability
and spectroscopy (both vibrational and electronic). Theoreti-
cal studies, on the other hand, offer a direct means to ascertain
geometries and associated stabilities while also enabling the
simulation of cluster properties such as spectroscopy,
dynamics, and thermodynamics. Among these theoretical
approaches, ab initio calculations stand out as the preferred
methods for investigating van der Waals interactions. These
calculations can be based on perturbative methods such as
MP2 or MP4, or they can utilize more advanced coupled-
cluster (CC) approaches.

Ab initio calculations, whether based on perturbative
methods such as MP2 or MP4 or employing coupled-cluster
(CC) approaches, are the methods of choice for investigating
van der Waals molecular clusters. These methods have the
ability to incorporate dispersion forces for small clusters.
However, it is important to note that when dealing with large
ones they can be computationally demanding, often requiring
substantial computational time.

The solvation of Li+ with molecular solvents has been
addressed by various methods,28−30,39−55,57−60 while similar
studies involving rare-gas atoms are scarce in the literature.
However, Froudakis et al.20 have performed mass spectra
experiments on Li+Nen, Li+Arn, and Li+Krn clusters. Addition-
ally, they have also carried out MP2 calculations for the small
size Li+Nen and Li+Arn clusters, while molecular dynamics
quenching minimization has been used for the larger Li+Arn
structures. It is apparent from this work20 that magic numbers
arise for n = 4 and n = 6 irrespective of the rare-gas atom, and n
= 34 for clusters with argon or krypton as solvents; less
pronounced, but always reproducible peaks appear in the mass
spectra at n = 14 and 16 for all systems.

Recently, the low energy configurations of Li+Arn (n = 2−
10) clusters have been optimized by Prudente et al.38 using the
MP2 method with a quadruple-ζ basis set. They found good
agreement with those reported by Boatz et al.36 Later, alkali
metals in helium matrices were investigated by Marinetti et

al.,47 employing a combination of classical energy minimization
techniques and an exact quantum diffusion Monte Carlo
(DMC) method.

More recently, Ben Hadj Ayed et al.48 have studied the
structure and stability of Na+Nen using the DFT level of theory
and the pairwise method. In such work, the authors fitted the
numerical potential of Ahlrichs et al.85 data for Na+Ne to
obtain new analytic potentials. Furthermore, they have used
the basin-hopping method75−77 to locate the putative global
minima of Na+Nen (n = 1−16) clusters and confirmed the
preference of positive metal ions to occupy a position in the
center of the cluster when solvated with rare-gas atoms.48 The
structural properties and relative stabilities of the Na+Nen
clusters, with n = 1−16, have been reoptimized by density
functional theory (DFT) methods combined with the
augmented aug − cc − pVTZ basis sets. For both methods,
the high stability is obtained for Na+Ne12 cluster with an
icosahedral structure, and the 12 Ne atoms complete the first
solvation shell around the Na+ cation.

In the present study, we want to investigate the structure,
relative stability, and electronic and thermodynamic properties
of the Li+Nen clusters. To achieve this aim, we have performed
ab initio calculations for Li+Ne and Ne2, which allows for the
construction of a new analytical potential surface for the Li+Nen
clusters that include many-body (V3B) interaction. The
methodology followed in this work is detailed in section II,
where we also describe the pairwise potential model and DFT
calculations employed for the global geometry optimization of
clusters. In section III, we present the structure for Li+Nen and
discuss the relative stabilities and electronic and thermody-
namic properties. Finally, the main conclusions are summar-
ized in section 4.

II. COMPUTATIONAL METHODS
II.1. Pairwise Method. In this study, we constructed an

analytical potential energy surface (PES) for the Li+Nen
clusters. The developed PES incorporates various components,
including the core−core interaction energy (V Li+Ne(Ri)), the
interactions between Ne atoms (VNe−Ne(rij)), and the many-
body term (V3B). These components are combined in the
following summation:

= + +
= = <

+V V R V r V( ) ( )
i

n

Li Ne i
j

n

i j

n

Btot
1 1

Ne Ne ij 3

To model the analytical Li+Nen PES, we have performed
coupled cluster calculations including single and double
excitations plus triple excitations calculated with perturbation
theory CCSD(T) for the Li+Ne and Ne − Ne diatomic species
in their ground electronic states. All these single-point
calculations have been carried out with the Molpro,60 using
the aug − cc − pVn (n = D, T, Q,5, and 6) Z basis set56 for
both Li and Ne atoms.

Moreover, all the ab initio energies have been extrapolated
to the complete basis set (CBS) limit using a two-parameter
expression,57−59 applied to the total energy as follows:

= +E En CBS
A
n3 . Here, n = 4 and 5 correspond to the AVQZ

and AV5Z basis sets, respectively. En represents the computed
total energy corresponding to the specific basis set, ECBS is the
CBS extrapolated energy, and A is a fitting parameter. The
energies obtained from the AVQZ and AV5Z basis set
calculations were used for the extrapolation process.
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The calculated spectroscopic parameters for the Li+Ne and
Ne − Ne using the CCSD (T) method and different bases are
summarized in Table 1 and compared with available
theoretical62,64,69,70 and experimental work.61,63,65−67 From
Table 1, it can be observed that our values for the X1Σ+ states
for Li+Ne and Ne − Ne dimers can be considered in excellent
agreement with the experimental values.61,67 The calculated
potential curves of the ground states of the Li+Ne and Ne − Ne
systems have a minimum of 988.46 and 28.62 cm−1 situated at
2.066 and 3.102 Å, respectively, whereas a well of 989.83 cm−1

is observed at 2.07 Å for Li+Ne and 28.5 cm−1 at 3.091 Å for
Ne − Ne dimer by the experimental work.61,67 However,
comparing our results of Li+Ne and Ne − Ne systems to the
theoretical results,62,64,69,70 we observe a good agreement.

In order to achieve accurate interactions within Li+Nen
clusters, we employ a standard least-square fit procedure to
interpolate the CCSD(T)/CBS[Q5] numerical potentials for
Li+Ne and CCSD(T)/AV6Z for Ne − Ne.

For Li+Ne, the CCSD(T)/CBS[Q5] numerical potential was
fitted by using the Tang and Toennies (TT)68 analytical form.
In the (TT) model, we added a short-range repulsive Born−
Mayer potential Ae−bR (with A = 66.1408 hartree and b =
2.49829 a0−1) to a long-range attractive potential C

R
C
R

C
R

6
6

8
8

10
10

(with C6 = 8.77624 a06, C8 = 13.5153 a08, and C10 = −102.028
a010), along with the polarization contribution:

R
1
2

Ne
4 (with αNe

= 2.664a03).
70 For the Ne − Ne interaction, the Lennard-Jones

(LJ)71 model potential is utilized as follows:
= [ ]V R( ) 4 ( ) ( )

R R(LJ)
12 6

Table 1. Spectroscopy Parameters for Li+Ne and Ne−Ne Using the CCSD (T) Method and the aug−cc−pVn (n = Q,5 and 6) Z
Basis Sets and CBS Extrapolation

method and basis sets (Li/Ne) Re(Å) De(cm−1) ωe(cm−1) ωeχe(cm−1) Be(cm−1) references

Li+Ne
CCSD(T)/AVDZ 2.131 829.97 196.02 11.57 0.718853 this work
CCSD(T)/AVTZ 2.088 951.84 212.55 11.86 0.748766 this work
CCSD(T)/AVQZ 2.062 979.26 225.28 12.95 0.767024 this work
CCSD(T)/AV5Z 2.064 983.76 224.64 12.82 0.766281 this work
CCSD(T)/CBS[Q5] 2.066 988.46 224.35 12.73 0.764865 this work
mobilities 2.07 989.83 229.00 14.7 61
scattering 2.110 1065.24 62
EXRHF3 2.045 1000.96 64
CCSD(T) + CP 2.064 1006.89 70
Ne − Ne
CCSD(T)/AV5Z 3.099 30.16 28.51 6.73 0.173968 this work
CCSD(T)/AV6Z 3.102 28.62 27.79 6.74 0.173634 this work
CCSD(T)/CBS [56] 3.105 26.50 26.94 6.84 0.173272 this work
exp 3.091 28.5 28.5 67
f itting 3.098 28.62 69

Figure 1. Potential energy curves for the Li+Ne interaction: CCSD(T)/CBS[Q5] ab initio calculation and Tang and Toennies (TT) analytical
potential.
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where ε and σ represent, respectively, the well depth and the
equilibrium distance of the Ne2. These quantities are ε =
1.3340210−4 hartree and σ = 5.212a0.

Figures 1 and 2 present a comparison of the (TT) and (LJ)
analytical potentials with the CCSD(T)/CBS[Q5] and
CCSD(T)/AV6Z energies for Li+Ne and Ne − Ne, respectively.
The findings depicted in these figures provide clear evidence
that both the (TT) and the (LJ) analytical potentials effectively
reproduce the energies computed using ab initio methods. To
assess the accuracy of our fitting process, we calculated the
root-mean-square (RMS) error72,73 using the following

expression: = V V
N

( )k
Np

k
fit

k
ab initio

p

1
2

, where Np, represents the

number of ab initio points. Vk
fit and Vk

ab−initio correspond to
the analytical and numerical potentials, respectively. The (TT)
and (LJ) potentials yield reasonable RMS values of 2.25 × 10−5

and 7.88 × 10−6 cm−1, respectively.
The final term in the total energy, denoted as V3B, accounts

for the many-body effects.74 In this study, we employed the
expression introduced in ref 74. to incorporate this
contribution. The expression can be written as follows:
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where α = 2.664 a03
70 represents the polarizability of Ne, the ri

and rj are the Ne − Li+ distances, and rij represents the Ne − Ne

distance. Moreover, gn(ri) is defined as =g r( )n i
f r

r

( )n i

i
n , where

f n(ri) corresponds to the damping function described in ref 74:

= = !f r br( ) 1 exp( )n i i k
n br

k0
( )i

k

, with b taking the values of
2.3751a0−1 and 2.44785 a0−1 for the Li+Ne and Ne − Ne
interaction, respectively.

The basin-hopping global optimization method developed
by Wales and Doye75−77 was employed for the geometry
optimization process. This algorithm has demonstrated
remarkable efficiency, allowing for the discovery of global
minima and other low-lying minima, even in challenging
scenarios. The basin-hopping approach involves transforming
the potential energy surface into a sequence of terraces by
quenching structures generated through extensive Monte Carlo
moves using local minimization. At any given point R in the
configuration space, the energy corresponds to that of the
nearest local minimum obtained through a local optimization
initiated from that specific point. The transformed energy can
be expressed as V̌ (R) = minlV (R). Here, R represents a vector
representing a point in the configuration space, and minl
denotes the outcome of the local minimization. By employing
Monte Carlo sampling on-the-fly with the transformed
potential energy surface, the anticipated global minimum can
be obtained. For each cluster size n, random displacements of
all atoms were attempted with a magnitude of 7.5a0. The basin-
hopping simulation was conducted at a temperature of 100 K.
Each run involved attempting 105 Monte Carlo steps,
accompanied by conjugate gradient local minimizations.

II.2. DFT Calculations. The DFT calculations are
considered powerful tools for studying the structural and
electronic properties of molecular clusters. The most stable
geometries of the Li+Nen (n = 1−20) clusters have been fully
optimized using (DFT) theory and we have chosen the B3LYP
functional, which incorporates Becke’s exchange and Lee−
Yang−Parr correlations and the 6−311 + + G(2d,2p)) basis
set. All calculations are performed using the Gaussian 09
program79 and Avogadro as a visualization package.

Figure 2. Potential energy curves for the Ne − Ne interaction: CCSD(T)/aug − cc − PV6Z ab initio calculation and Lennard-Jones (LJ) analytical
potential.
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Before optimization, we employed a basin-hopping approach
to search for the lowest-energy structures of Li+Nen (n = 1−20)
clusters.

In order to determine the reliability of our DFT calculations,
some test calculations are carried out on Li+Ne and Ne − Ne
dimers, employing various methods, including M062X/6-311,
MP2, B3PW91, B3P86, and B3LYP along with different basis
sets. The calculated Li+Ne and Ne − Ne bond lengths and
available experimental data are listed in Table 2. It is evident
that when compared to these other methods, the B3LYP
method combined with the 6−311 + + G(2d,2p) basis set
accurately reproduces the Li+Nen clusters.

III. RESULTS AND DISCUSSION
III.1. Geometric Structure. The low-lying energy

structures of Li+Nen (n = 2−20) clusters were calculated
using both the pairwise model and the DFT/B3LYP − 6−311
+ + G(2d,2p) method in order to determine the global
minimum structures. The Li+Ne and Ne − Ne bond lengths in
each cluster are regrouped in Table 3. For the Li+Ne dimer, Li+
and Ne are distant by 2.058 and 2.061 Å for the pairwise and
DFT methods, respectively. We may observe that, in the
pairwise model and DFT results, the Li+Ne and Ne − Ne bond
lengths of Li+−Nen are similar to some little discrepancies. We
must also mention that the distance values for the Li+−Ne and
Ne − Ne tend to increase after the DFT reoptimization
compared to the pairwise model results.

To see the difference between the pair model structure and
DFT structure, we have computed a root-mean-square distance
(RMSD) using the following expression:80

=

+ +
n

x x y y z z

RMSD
1

( ) ( ) ( )
i

iA iB iA iB iA iB
2 2 2

The RMSD between the two structures, A and B, is
calculated as the root-mean-square difference of their
respective x, y, and z coordinates.

Figure 3 illustrates the optimized geometries obtained from
these calculations. For n = 2, it is worth noting that the lowest-
energy structures of the Li+Ne2 clusters obtained through both
pairwise and DFT/B3LYP methods exhibit notable feature.
The coordination of the second Ne to Li+ results in the
formation of a linear D∞ complex, as depicted in Figures 3 and
4. In this linear geometry, the characteristics of the Li+Ne bond
are nearly identical to those observed in the Li+Ne dimer. This
implies that the bond stabilization through covalent forces
surpasses the potential energetic gain resulting from the Ne −
Ne attraction.

The structures obtained for Li+Ne3 using the pairwise
method and DFT/B3LYP exhibit a pyramidal arrangement,
with the Li+ ion positioned at the summit. All three R (Li+Ne)
distances are measured at 2.06 Å, while the Ne − Ne bonds
differ from each other and exhibit behavior similar to that of
Li+Rg3 (Rg = He, Kr, and Xe) clusters.78 It is worth mentioning
that the equilibrium bond distances, R (Li+Ne) and R (Ne −
Ne), are shorter than those of R (Li+Xe) and R (Xe − Xe)
dimers, yet longer than those of (Li+He) and R (He − He)
dimers. This observation can be attributed to the higher
polarizability of xenon (αXe = 27.66 a03)

78 and the lower
polarizability of helium (αHe = 1.38a03

78) compared to the neon
atom (αNe = 2.664 a03 [70]).

From n = 3 to n = 6, it is important to note that the structure
of the Li+Nen clusters remain unchanged when examined using
both pairwise and DFT methods, indicating a consistent
growth pattern around the lithium cation.

The Li+Ne4 cation adopts a highly symmetrical tetrahedral
structure. The bond between Li+ and Ne is slightly longer
compared to the bonds observed in smaller clusters.
Furthermore, in smaller clusters ranging from n = 2 to 4, the
Ne − Ne distances are considerably longer compared to the
bond length in the Ne2 dimer. This suggests that interligand

Table 2. Bond Length (R) of the Li+Ne and Ne − Ne
Dimersa

methods/basis sets R(Li+Ne) R(Ne − Ne)

B3LYP/6−311+ + G(d, p) 2.0967 3.2089
B3LYP/6−311+ + G(d) 2.0967 3.2099
B3LYP/6−31+ + G(d) 2.1086 3.2159
B3LYP/6−311G 2.0433 2.6743
B3LYP/6−311+ + G(2d, 2p) 2.0612 3.2000
M062X −311+ + G(2d, 2p) 2.0911 3.0859
MP2/6−311+ + G(2d, 2p) 2.0868 3.2225
BLYP/6−311+ + G(2d, 2p) 2.0873 3.3806
B3PW91/6−311+ + G(2d, 2p) 2.1388 3.6374
B3P86/6−311+ + G(2d, 2p) 2.1183 3.8924
M06HF/6−311+ + G(2d, 2p) 2.0907 2.8302
experimental values 2.0761 3.10067

aAll values are in Å.

Table 3. Structural Parameters (in Å) of the Li+Nen Clusters Obtained Using the Pairwise Model and Density Functional
Theory (DFT) Methods

pairwise model DFT

n symmetry R (Li+Ne) R (Ne − Ne) R (Li+Ne) R (Ne − Ne) RMSD

1 C∞v 2.058 2.061 1.219
2 D∞h 2.058 3.122 2.038 4.075 0.932
3 C3v 2.058 3.122 2.072 3.951, 3.299 1.069
4 Td 2.010 3.283 2.084 3.404 1.715
5 C4v 2.078, 2.128 2.999,3.097, 4.242 2.112, 2.129 4.238, 3.137, 2.968 0.262
6 Oh 2.147 3.037, 4.295 2.164 3.061, 4.332, 3.059 0.365
7 Cs 2.138, 2.156, 3.736 3.033, 3.055, 4.294 2.157 3.092, 3.053, 4.330, 5.317 0.437
8 2.129, 2.192, 3.635 2.976, 3.017, 3.376, 4.258,4.975 2.192, 2.133, 3.638 2.973, 3.019, 3.074, 4.982, 5.331, 0.943
9 2.122, 2.156, 3.677 3.048, 3.122, 4.166, 4.298, 5.295 2.157, 2.187, 3.738 3.064, 3.138, 4.197, 4.332, 5.337, 0.173
10 2.137, 2.148, 2.168, 3.022, 3.041, 3.065, 3.097, 4.289, 4.357, 4.953, 5.309 2.171, 2.144, 3.731 3.033, 3.085, 3.114, 4.359, 5.292 1.062

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05238
ACS Omega 2023, 8, 41438−41450

41442

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


interactions play a relatively minor role in the formation of
these structures.

The Li+Ne5 cluster exhibits a highly symmetric configuration
with C4v symmetry, where four neon atoms form a square
shape, and an additional atom is positioned along the C4 axis.
With the addition of another neon atom to the Li+Ne5 cluster,
the Li+Ne6 cluster demonstrates a very stable cluster
corresponding to an octahedral geometry (square bipyramid)
with an Oh symmetry, with the Li ion located at the center. In
this cluster, the neon atoms are located at 2.15 Å from the
central lithium ion. We again note that in this size range
optimization tends to maximize the number of Li+Ne and Ne −
Ne interactions at optimal distances in the first solvation shell.
Moreover, in the Li+Ne5 and Li+Ne6 clusters, the Li+Ne bond
distances increase due to the reduction in ligand−ligand
contacts. The two largest clusters, Li+Ne5 and Li+Ne6, are

notably influenced by Ne − Ne interactions as a consequence
of limited space around the central metal cation. The Li+Ne7,
Li+Ne8, Li+Ne9, Li+Ne10 conformer preserves the core structure
of Li+Ne6 by adding respectively one, two, and three neon
atoms on these faces.

For n ≥ 10, the structures of Li+Nen differ from the
Li+Nencomplexes formed with n values ranging from 2 to 6. In
the case of Li+Nen (n = 2−6) complexes, they exhibit a
distinctive arrangement with two shells: one consisting of 2
neon atoms, which are formed as two distinguished shells (2 +
5) leading to shell closing for 7 neon atoms. However, in the
lowest-energy structures of Li+Nen clusters for n ≥ 10, the
formation pattern continues to revolve around a square
bipyramid geometry. It can be observed that the neon atoms
progressively cover the lithium cation, resulting in a decrease in
the attractive effects of Ne − Ne interactions.

Figure 3. Global minimum structures for Li+Nen clusters (n = 2−20) determined using the pairwise model potential and the B3LYP/6−311 + + G
(2d,2p) level of theory.
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III.2. Relative Stabilities. The prediction of relative
stability in clusters of different sizes, such as Li+Nen, can be
accomplished by calculating the averaged binding energies
eb(n), fragmentation energies Ef(n), and second-order differ-
ence of energies Δ2E(n); these quantities are defined by the
following formulas:

=
[ + ]

+

+ +
e n

nE Ne E Li E Li Ne
n

( )
( ) ( ) ( )

1b
n

= ++ +E n E Li Ne E Ne E Li Ne( ) ( ) ( ) ( )f n n1

= + ++ +
+

+E n E Li Ne E Li Ne E Li Ne( ) 2 ( ) ( ) ( )n n n2 1 1

where E(Li+Nen−1), E(Ne), E(Li+Nen), and E(Li+Nen+1) denote
the total energy of the Li+Nen−1, Ne, Li+Nen, and Li+Nen+1
clusters, respectively.

Equations 5 and 6 display the calculated values of eb(n),
Ef(n), and Δ2E(n) for the lowest-energy Li+Nen (n = 1−20)
clusters employing both pairwise model and DFT calculations.
First, the graphs representing the averaged binding energies for
both the pairwise model and DFT method exhibit a similar
trend that depends on the cluster size. Second, the eb(n) values
obtained from the pairwise model are larger than those from
the DFT calculation. Additionally, when n = 6, a distinct peak
is observed, indicating that Li+Ne6 clusters are relatively more
stable than their neighboring clusters. Moreover, the averaged
binding energy progressively decreases as the cluster size

Figure 4. Size dependence of the binding energy eb(n) of the lowest energy structures for Li+Nen clusters using the pairwise model potential and the
B3LYP/6−311 + + G (2d,2p) level of theory.

Figure 5. Size dependence of the fragmentation energy ef(n)of the lowest-energy structures for Li+Nenclusters using the pairwise model potential
and the B3LYP/6−311 + + G (2d,2p) level of theory.
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increases. This behavior can be attributed to the dominance of
the Li+Ne interaction, which is considerably stronger than that
of the newly formed Ne − Ne bonds. These variations align
with the findings reported by Dhiflaoui et al.78,81−83 for similar
heterogeneous systems.84

Another important factor for examining cluster stability is
the fragmentation energy, denoted as Ef(n). Figure 5 illustrates
the variation of fragmentation energies as a function of cluster
size by using both the pairwise model and DFT methods.
Notably, the curves obtained from both methods exhibit a
similar trend. It can be observed that Li+Ne6 and Li+Ne14
clusters display higher fragmentation energies compared to
those of their neighboring clusters, indicating their heightened

stability. Consequently, these clusters are significantly resistant
to fragmentation and exhibit lower reactivity.

The consideration of neighboring clusters, relative stability,
is better accomplished by calculating second-order difference
of energies Δ2E(n). This quantity is very useful to identify the
so-called “magic numbers” that are usually compared with
experimental mass spectrum intensities. Figure 7 represent Δ2E
as a function of n. It is clear in this figure that high stability
peaks arise at n = 6 for both the pairwise model and DFT/
B3LYP method. Other less pronounced peaks that arise for
larger clusters are n = 8, 12, 14, 16, and 17 for pairwise model
and 4, 6, 8, 10, 12, 14, and 16 for DFT/B3LYP. The special
stability at n = 6 coincide with those observed by Froudakis et

Figure 6. Size dependence of the second order energy difference Δ2E(n) of the lowest-energy structures for Li+Nen clusters using the pairwise
model potential and the B3LYP/6−311 + + G (2d,2p) level of theory.

Figure 7. Dipole moment of Li+Nen clusters as a function of cluster size obtained at the B3LYP/6−311 + + G(2d,2p) level of theory.
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al.20 in their mass spectra experiments on Li+Nen clusters. In
their study, the authors refer also to the clusters for n = 14 and
16 as having particular stability. Although such peaks are also
present for both pairwise model and DFT/B3LYP, they are not
particularly prominent (e.g., Li+Ne8).

III.3. Dipolar and Electronic Properties. a. Transition
Dipole Moment. To understand the interatomic interactions
and study the electrostatic and optical properties of the Li+Nen
clusters, it is crucial to determine the dipolar properties. The
DFT approach is considered as an interesting method for

accurately determining these properties, unlike other quantum
methods that face numerous challenges in this regard.48 The
dipole moment of the Li+Nen complexes, as a function of
cluster size, was computed by using the DFT method and is
illustrated in Figure 7. It is evident from the figure that all
Li+Nen clusters exhibit a polar character, except for n = 2, 3, 4,
5, and 6, which possess a very weak dipole moment close to
zero. The Li+Ne cluster exhibits the highest dipole moment (μ
= 8.29 D), and subsequently, the dipole moment fluctuates
irregularly with the number of neon atoms. Clusters with a

Figure 8. HOMO and LUMO iso-surfaces diagrams of the Li+Nen clusters obtained at the B3LYP/6−311 + + G(2d,2p) level of theory.
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large dipole moment display a high degree of charge
separation.48 Based on Figure 7, the Li+Ne6 cluster exhibits
small values of dipole moment (μ = 4.110−4 Debye), indicating
low charge separation due to its high stability.
b. Frontier Molecular Orbitals HOMO and LUMO. In order

to understand the interaction processes occurring within
Li+Nen clusters, the HOMO (highest occupied molecular
orbital) and LUMO (lowest unoccupied molecular orbital)
energies were computed for the most stable clusters with n
ranging from 1 to 20. The results are presented in Figure 8,
where the blue and red colors represent the negative and
positive regions, respectively. As can be seen from this figure,
the LUMO energy is higher than the HOMO energy in van der
Waals Li+Nen clusters, which can be explained by the nature of
the bonding in these systems. In addition, in a Li+Nen cluster,
the HOMO is the highest energy level that is occupied by
electrons, while the LUMO is the lowest energy level that is
unoccupied. Since the intermolecular interactions are weak, the
energy required to remove an electron from the HOMO and
promote it to the LUMO (creating a charged species) is
relatively high.86 Furthermore, in van der Waals clusters, the
electrons are more delocalized compared with the correspond-
ing LUMO orbitals. This delocalization leads to a lower energy
for the HOMO orbital87

The size-dependence curves of HOMO−LUMO gaps of
clusters Li+Nen (n = 1−20) are shown in Figure 9. It can be
observed that these gaps exhibit oscillating behavior, similar to
the fragmentation energies and second-order difference of
energies. Unlike covalent or ionic systems, weak intramolecular
bonding in Li+Nen clusters lead to wider energy gaps between
the occupied and unoccupied orbitals. Specifically, the
HOMO−LUMO gaps of the Li+Ne6 cluster are larger
compared with neighboring clusters, indicating its superior
chemical stability. This observation is consistent with the
analysis based on the binding energies (eb) of the Li+Ne6
clusters. Thus, the larger HOMO−LUMO gaps in the Li+Ne6
cluster imply a higher energy requirement for electron
excitation and fragmentation, highlighting its heightened
chemical stability.

III.4. Thermodynamic Properties. The thermodynamic
properties of Li+Nen (n = 1−20) clusters such as binding
enthalpy (ΔHb), binding entropy (ΔSb), and Gibbs free energy
(ΔGb) were computed at 298.15 K. The calculated values of
ΔHb, ΔSb and ΔGb have been summarized in Table 4.

The binding enthalpy is computed from

= + +H E Li Ne E Li nE Ne( ) ( ) ( )b c n c c

where Ec(Li+Nen), Ec(Li+), and Ec(Ne) are the sum of
electronic energy and thermal enthalpy correction of each
Li+Nen and Ne species.

Figure 9. HOMO−LUMO gap (Eg) of Li+Nen clusters obtained at the B3LYP/6−311 + + G(2d,2p) level of theory.

Table 4. Calculated Binding Enthalpy (ΔHb), Entropy
(ΔSb), Gibbs Free Energy (ΔGb), and Variation of Thermal
Enthalpy Correction (Δhb) of Li+Nen Clusters Obtained at
the DFT Level and Theory

number of
Ne atoms

ΔHb
(kcal mol−1)

Δhb
(kcal mol−1)

ΔSb
(kcal mol−1 K−1)

ΔGb
(kcal mol−1)

1 −6.02 0.39 −0.015 1.42
2 −6.51 0.27 −0.03 2.21
3 −10.13 0.27 −0.05 5.22
4 −12.94 0.81 −0.07 9.43
5 −15.08 1.27 −0.09 14.46
6 −17.30 1.79 −0.12 19.21
7 −15.47 2.22 −0.14 27.16
8 −15.62 2.72 −0.16 33.52
9 −15.78 3.19 −0.18 39.89
10 −16.30 2.73 −0.21 46.70
11 −15.86 4.16 −0.22 52.32
12 −13.66 4.62 −0.25 61.36
13 −13.49 5.10 −0.27 67.39
14 −15.33 2.79 −0.29 71.27
15 −13.73 6.07 −0.31 80.24
16 −14.41 5.56 −0.33 86.56
17 −13.92 7.00 −0.35 93.00
18 −15.23 5.59 −0.38 100.10
19 −16.08 2.58 −0.41 107.78
20 −13.46 2.30 −0.44 117.73
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To find out if the formation reactions of Li+Nen, clusters
from Li and Ne atoms is exothermic or not, we calculate Δhb
from

= + +h h Ne Li h Li nh Ne( ) ( ) ( )b n

where h(Li+Nen) is the thermal correction to enthalpy for
Li+Nen clusters. The values of Δhb are collected in Table 4. We
note from the table that the formation reactions of Li+Nen
clusters are endothermic processes for all sizes of the Li+Nen
cluster.

The binding entropy energy is calculated from

= + +S S Li Ne S Li nS Ne( ) ( ) ( )b n

where S(Li+Nen), S(Li+), and S(Ne) are the entropy values of
Li+Nen, Li+, and Ne species. From Table 4, ΔSb values decrease
with the increases in the cluster sizes. This shows that the
Li+Nen complexes have an ordered structure.

The binding ΔGb Gibbs free energy is calculated from

=G H T Sb b b

where T is the temperature in Kelvin (T = 298.15). It is noted
that all ΔGbvalues are positive for the Li+Nen clusters,
indicating the nonspontaneous nature of the formation
process.

IV. CONCLUSIONS
In this study, we investigate the structure, stability, electronic,
and thermodynamic properties of Li+Nen, using both a pairwise
additive potential model and the density functional theory
(DFT). To determine the interactions between Li+ and Ne, as
well as the Ne − Ne interactions within the pairwise model, ab
initio calculations are performed using the CCSD(T) method
with the aug − cc − pVn (n = D, T, Q,5, or 6) Z basis sets. The
resulting energies are subsequently corrected using the CBS
approach. Furthermore, the ab initio CCSD(T)/CBS[Q5] and
CCSD(T)/aug − cc − pV6Z methods are utilized to fit the
core−core Li+Ne potential using the analytical form proposed
by Tang and Toennies (TT), while the Ne − Ne interaction is
described by the Lennard-Jones (LJ) potential. Additionally,
we incorporate the induced many-body effect (V3B) to improve
the description of the potential energy surface of Li+Nen
clusters. The potential energy surface of all clusters is explored
using a basin-hopping method.

For all Li+Nen (n = 1−20) clusters, we reoptimized these
geometries by using the ab initio DFT method. The Li+Nen
clusters obtained from pairwise model potential had good
agreement with the corresponding ones optimized at the DFT
level. In contrast, the comparison between the two methods
displays systematically the same structures with a small
difference.

The stability of Li+Nen clusters is evaluated based on several
factors, including binding energy, fragmentation energy,
second-order derivative energy, and the HOMO−LUMO
energy gap. As a result, it is determined that the octahedral
structure of Li+Ne6 represents the most stable cluster. Our
results indicate the presence of clusters with a particularly
stable icosahedral structure for n = 4, 6, 8, 12, 14, 16, and 17
(the so-called “magic numbers”). These structures exhibited
good agreement with the time-of-flight (TOF) experiments of
Froudakis et al.20 This comparison between theoretical and
experimental results helps validate the accuracy of theoretical
models and provides a means to refine and improve these

models. Additionally, the results demonstrate that all Li+Nen
clusters exhibit polar character.

Furthermore, thermodynamic properties such as binding
enthalpy, entropy, and Gibbs free energy were calculated.
These calculations indicate that the formation of Li+Nen
clusters is an endothermic process and is nonspontaneous in
nature.

The geometric structure of the Li+−Nen clusters will be
utilized for reduced density gradient analysis (RDG) in future
studies.
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