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ABSTRACT: The present study aims to generate the potential
energy curves (PECs) and spectroscopic constants for barium
alkaline earth (AE) atoms interacting with rare gas (RG) atoms
(He, Ne, Ar, Kr, and Xe). The study focuses on investigating the
van der Waals bonds that characterize the interactions between
alkaline-earth metals and RG atoms, with a specific emphasis on
employing the Tang and Toennies (TT) potential model, known
to accurately describe such interactions. The TT potential model
was employed in conjunction with combining rules to calculate its
parameters, which include dispersion coefficients C2n and Born−
Mayer constants A and b. Additionally, we have conducted high-
level ab initio calculations at the CCSD(T) level for all Ba−RG
ground states. Obtained PECs from both methods have been used
to evaluate the spectroscopic properties De, Re, ωe, Be, and ωeχe. Our findings reveal that the derived spectroscopic constants from
the TT model exhibit good agreement with the results obtained from CCSD(T) calculations and with other available theoretical
studies. Furthermore, to gain insights into the relative differences among AE−RG species, we calculated the κ parameter for AE−RG
and AE+−RG (AE = Sr, Ca, Mg, Ba; RG = He−Xe) complexes. It is found that except for the case of Ba−RG and Ba+−RG, the κ
values within the same series, AE−RG and AE+−RG, are remarkably close to each other.

1. INTRODUCTION
Recently, barium alkaline earth (AE)metals interacting with rare
gas (RG) atoms have attracted the interest of an important
number of researchers. This is due to its significant potential for
both fundamental research and practical applications. One
notable application is related to a crucial role played by matrix
isolation spectroscopy (MIS) in detecting single barium (Ba)
atoms in solid xenon (Xe) for the nEXO project.1 This
technique enables the unique identification of individual barium
atoms in a solid xenon matrix, which is essential for the nEXO
project’s goal of searching for neutrinoless double beta (0νββ)
decay with a high sensitivity.1,2 This significant application of
MIS has sparked interest in exploring the behavior of atomic
barium within inert gas matrices. Recently, a study utilizing two-
dimensional excitation−emission (2D-EE) spectroscopy and
absorption spectroscopy has been conducted to characterize the
luminescence of atomic barium isolated in krypton (Kr), argon
(Ar), and xenon (Xe) RG solids.3−5 This research has offered
detailed insights into the distinct sites occupied by atomic
barium in these RG hosts. Furthermore, investigation of barium
in He-nanodroplets,6,7 in solid and liquid helium,8 and isolated
on large RG clusters9,10 has provided insights into excited P
states forming bubbles in liquid helium or size exclusion effects,
compelling surface attachment on argon clusters.
In previous studies, a series of experiments have been

conducted to investigate atomic collision processes involving

barium and RG atoms. Measurements of pressure-broadening
effects on the barium atom have been reported in a series of
papers.11−13 Breckenridge and Merrow14 and Visticot et al.15

have conducted a spin-changing collision involving the barium
atom. Excitation transfer among low-lying excited states of the
Ba atom induced by collisions with RG atoms has been explored
by Ehrlacher and Huennekens,16 Vadla et al.,17 and Brust and
Gallagher.18 Namiotka et al.19 conducted experiments to
measure the diffusion of ground-state and lowest 3Dj
metastable-state barium atoms in a buffer gas. Smedley et al.20

have investigated the collisional deactivation of barium by noble
gases employing the wavelength-resolved fluorescence techni-
ques.
Knowledge of reliable interatomic potential energy curves

(PECs) for Ba−RG diatomic systems is crucial for under-
standing the results of the various mentioned experiments,
especially the calculations for the appropriate collisional cross
sections. Czuchaj et al.21 conducted pioneering investigations
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into these complexes, utilizing the pseudopotential approach to
integrate the two-electron Ba and eight (valence)-electron RG
descriptions. More recently, computations for Ba−Ar,22 Ba−
Xe,23 and Ba−Kr24 have followed a similar theoretical approach
with two electrons, revealing a significant deviation for the
ground state of Ba−Xe. Davis andMcCaffrey5 and Buchachenko
and Viehland25 have employed the CCSD(T) method to
calculate interaction potentials of Ba with Ar, Kr, and Xe and Ba,
Ba+, and Ba2+ interacting with RG atoms from He to Xe,
respectively. Recently, Xian et al.26 have used the CCSD(T)
theory with spin−orbit coupling (SOC) to study the
spectroscopic properties of the ground state of the diatomic
Ba−RG (RG = Kr, Xe, Rn).
Despite significant progress in modern computer techniques,

ab initio calculations on weakly bound van der Waals systems
continue to challenge computational chemists. Therefore,
developing models to address these weak interactions continues
to offer an interesting alternative. The Tang and Toennies (TT)
model potential27 is widely used to handle van der Waals
diatomic systems. It has been employed effectively to interpret
the interactions among all 21 possible combinations of
homogeneous and heterogeneous pairs of RG atoms28 and
group 2 (Mg2, Ca2, Sr2, and Ba2) pairs.

29−32 Furthermore, by
employing this model and well-established sets of combining
rules, the parameters C6, C8, C10, A, and b for mixed pairs X−RG
(X = Hg, Zn Sr, Ca, Mg; RG = He−Xe)30,31,33−35 were
determined from the parameters of homonuclear dimers X2 and
RG2.
Given the success of the TT model potential in previous

studies, where it was effectively applied in generating
homonuclear dimers of rare gas (RG2)

27,36−39 and barium
Ba2,

32 as well as its effectiveness with a specific set of combining
rules for generating interactions involving heterogeneous X−RG
pairs,30,31,33−35 we hypothesize that this model, along with the
same set of combining rules, can accurately describe the van der
Waals interactions within the Ba−RG complexes (RG = He−
Xe). In the current work, the TT potential model27 will be
employed in conjunction with combining rules to calculate its
parameters, including dispersion coefficients and Born−Mayer
constants. Additionally, as most of the ab initio results used for
comparison are relatively old, alongside the used TT model, we
have conducted high-level ab initio calculations at the
(CCSD(T)) level of theory for all Ba−RG ground states,
employing extensive basis sets.
This manuscript is structured as follows: Section 2 delves into

the TT model and the combining-rules approach, which are
employed to generate short- and long-range parameters (A, b,
C6, C8, and C10) for Ba−RG complexes. The results are
presented and discussed in Section 3, where we conduct a
comparative analysis of the spectroscopic constants De, Re, ωe,
Be, and ωeχe with previous existing studies and the present ab
initio calculations. Section 4 is dedicated to the exploration of κ
parameters for AE−RG and AE+−RG (AE = Sr, Ca, Mg, Ba; RG
= He−Xe) complexes.

2. METHOD
2.1. Model Potential. Tang and Toennies model potential

(TT), originally proposed in 1984 by Tang and Toennies,27 is
widely regarded as the most suitable model for describing van
der Waals interactions of the X−RG type, where X represents
AE and RG represents noble gas. This study focuses on
examining Ba−RG (barium−rare gas) interactions. It represents
an extension of the initial study proposed by one of these

authors40 in 1973. In the earlier model, the Born−Mayer
repulsive potential41 [A exp(−bR)] with parameters derived
from self-consistent field calculations is added to the first three
terms of the asymptotically (R → ∞) correct ab initio
dispersion.
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Despite its straightforward nature, this model proves to be
highly effective in accurately describing the experimental
potentials for RG dimers. To account for the impact of charge
overlap on the dispersion interaction within the attractive
component, Tang and Toennies introduced the f 2n(bR)
damping function into the long-range dispersion terms.27

Consequently, eq 1 is modified as follows
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where R is the internuclear distance, A and b are the parameters
governing the Born−Mayer repulsive potential,41 andC2n are the
dispersion coefficients. The function f 2n(bR), as described in eq
3, serves as the radial-dependent damping function for
individual dispersion coefficients C2n.
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It is worth noting that the coefficient b is the same as the short-
range parameter in the Born−Mayer repulsion. This similarity
arises from the fact that both the repulsion and dispersion
damping functions stem from the overlap of wave functions.
The subsequent section is devoted to presenting the

combining rules approach, which will be employed to determine
the potential for mixed systems ij based on the known
parameters of the homonuclear systems ii and jj. These
parameters will be utilized within the Tang and Toennies
model to accurately predict the potential for heteronuclear
combinations of barium−rare gas dimers.
2.2. Combining Rules. 2.2.1. Combining Rules for A and

b. In the context of determining the short-range Born−Mayer
repulsive coefficients A and b for a mixed system ij, there exist
several rules42−45 that facilitate their calculation based on the
parameters of two known systems ii and jj. In the present study,
the i and j indices stand for the parameters of AE and RG
homonuclear dimers. Among these rules, the four equations
(eqs 30−33 in ref 45) tested by Böhm−Ahlrichs45 are
commonly used. It is important to note that despite variations
in the results obtained from each equation, all of them have
proven to be valuable. As combining rules rely on empirical
reasoning, the method’s reliability is ultimately assessed by its
ability to accurately predict potential interactions between pairs
of atoms.
In this study, we have adopted a specific set of combining

rules, detailed below, which are related to eq 31 in ref 45. We
anticipate that these rules are the most suitable for all AE−RG
interactions. Our choice is substantiated by the work conducted
by Yang and co-workers30 and Yin and co-workers,31 as well as
our previous research.34 This approach has demonstrated great
success when applied to interactions involving magnesium,
calcium, and strontium with RG atoms.30,31,34
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Table 1 presents the values of parameters A and b for the
barium−rare gas complexes, which were obtained using data
from barium32 and RG28 dimers provided in Table 2, employing
the combining rules approach.
2.2.2. Combining Rules for C6, C8, and C10. For C6, C8, and

C10, the combining rules rely on the principles of the Casimir−
Polder theory for dispersion coefficients. This theory involves
deriving dispersion coefficients from the various terms arising in
the multipole expansion of the perturbation operator, as
outlined in the Casimir−Polder theory of dispersion coef-
ficients.46,47

=C C (1, 1)ij
6 (5)

= +C C C(1, 2) (2, 1)ij ij
8 (6)

= + +C C C C(1, 3) (2, 2) (3, 1)ij ij ij
10 (7)

where Cij(1, 2), Cij(2, 2), and Cij(1, 3) represent, respectively,
the dipole−dipole, the dipole−quadrupole, the quadrupole−
quadrupole, and the dipole−octupole interaction. Each of these
terms Cij(l1, l2) is precisely defined by the following exact
formula46−48
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where (i )l
i
1

and (i )l
j
2

are the dynamic multipole polar-
izabilities of atoms i and j at the frequency ω, respectively. It
should be noted that this expression involves an integral across
imaginary frequencies, representing the product of the dynamic
polarizabilities of the interacting atoms. This formulation
simplifies the initial two-centered problem into a one-centered
problem, which entails evaluating the frequency-dependent
polarizabilities. To approximate the dynamic dipole polar-
izability αl(iω), a one-term approximant proposed by Tang
[αl(iω)] should be introduced49
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We note that αl is the static polarizability αl(0) and Ωl is the
effective energy. Using this approximation and the well-known
mathematical identity50
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For many systems, the static polarizability αl(0) is available.
To compute the required effective energy value Ωl, we employ
the formula for the homonuclear dipole−dipole interaction.
Consequently, eq 11 simplifies to eq 15

= =C C (1, 1)
3
4

( )i ii i i
6 1

2
1 (15)

where the single index i represents the homonuclear dimer. This
results in the following expression

= C
4
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2 6
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According to Tang’s theorem,49 the approximant [α1i (iω)]
with thisΩ1

i must intersect α1i (iω) once and only once beside ω
= 0. Therefore, the combining rule obtained by substituting eq
16 into 11 yields very precise coefficients

Table 1. Potential Parameters of Ba−RG Derived from Combining Rulesa

system C6 C8 C10 A b

Ba−Ar 371.650081 30,554.2512 2,844,308.72 280.839492 1.30070469
Ba−He 48.0676549 3572.93879 319,663.418 66.5025112 1.38659845
Ba−Kr 550.781072 46,696.3446 4,377,717.63 296.200878 1.26475191
Ba−Ne 93.6513311 7106.58825 650,104.266 145.007931 1.37732076
Ba−Xe 876.222568 76,948.8778 6,970,832.43 316.732884 1.21940532

aAll values are in au.

Table 2. Theoretical Parameters of Ba−RG Used in the Present Worka

system α1 α2 α3 C6 C8 C10 A b

He−He 1.383 2.443 10.603 1.461 14.11 183.6 41.96 2.523
Ne−Ne 2.66 6.42 30.4 6.383 90.34 1536 199.5 2.458
Ar−Ar 11.1 52.4 490 64.30 1623 49,060 748.3 2.031
Kr−Kr 16.7 92.7 793 129.6 4187 155,500 832.4 1.865
Xe−Xe 27.3 170 2016 285.9 12,810 619,800 951.8 1.681
Ba−Ba 272.1 8900 206,000 5160 772,000 101,400,000 105.4 0.9567

aAll values are in au.
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Tang demonstrated the validity of this approach using a select
set of representative interactions.49 Applying the same under-
lying principle, precise combining rules for C8 and C10 can be
derived.51 In homonuclear interactions, Ci(l1, l2) = Ci(l2, l1).
With C8i = 2Cii(1, 2), the effective energy Ω2

i can be computed
using eq 12
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i from eq 13, we get
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Utilizing the homonuclear dispersion coefficient C6i , C8i , C10i
and the polarizabilities α1i , α2i , α3i allows us to determine the three
effective energiesΩ1

i ,Ω2
i ,Ω3

i . Subsequently, we can calculate the
heteronuclear coefficients C6ij, C8ij and C10ij using eqs 5−7.
In this study, we apply the aforementioned expressions to

compute the dispersion coefficients for the heteronuclear Ba−
RG systems. For homonuclear RG pairs, we obtain the necessary
values of C6i , C8i , C10i from ref 28 and the polarizabilities α1i , α2i , α3i
from ref 51. Meanwhile, for the barium pairs, we take the
polarizabilities and dispersion coefficients from ref 52. All the
essential coefficients are provided in Table 2. The resulting
dispersion coefficients C6, C8, and C10 for Ba−RG, obtained
through the combining rules approach, are summarized in Table
1.
2.3. Reduced Potential and Spectroscopic Constants.

Five parameters, A, b, C6, C8, and C10, are good enough to
describe the potential energy of Ba−RG employing the TT
model provided by eq 2. Once the PECs of the Ba−RG systems
are derived, their equilibrium distances and well depths are easily
extracted.
For diatomic molecules, the energy of vibrotational levels is

expressed by the following equation
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The Yij coefficients are the widely recognized Dunham
coefficients,53 and the ωe, Be, and ωeχe spectroscopic constants
are linked to these coefficients by the following relationships

Y10 e (22)

Y20 e e (23)

Y B01 e (24)

where ωe is the classical frequency, ωeχe is the anharmonicity,
and Be is the vibrotational coupling constant. The precise
expressions for Y10, Y20, and Y11 are provided by Dunham.

54

To calculate the unknown spectroscopic constants and
explore the shape of the potentials, it is suitable to represent
the interaction potential V(R) in a reduced form.

If
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Expanding the U(x) function around Re, the equilibrium
distance, in a power series relative to x (where x = R/Re), allows
us to express the spectroscopic parameters in terms of the
following coefficients

= + + +
+
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The coefficients an of the power series expansion are
determined as follows
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Hence, we can express the following three dimensionless
quantities in terms of the expansion coefficients an

54,55
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become in terms of atomic units
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The reduced mass μ and the equilibrium distance Re are
expressed in atomic units; 1 amu = 1822.8me, where me is the
mass of the electron which is equal to one in atomic units.
To evaluate U(2)(1), U(3)(1), and U(4)(1), we should define

=U x
U x

x
( )

d ( )
d

n
n
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At the equilibrium distance x = 1, the reduced potential

provides us with two conditions
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Using these derivatives, we can determine the an. Therefore,
from eqs 31 to 34, the spectroscopic constants (ωe,ωeχe, and Be)
can be easily derived using De, Re, a0, a1, and a2.
2.4. Ab Initio Calculation. In addition to the used TT

model potential, we conducted ab initio calculations for all Ba−
RG pairs using the coupled cluster method with double and
triple excitations (CCSD(T)), along with appropriate basis sets.
For the atoms He, Ne, Ar, and Kr, we employed the standard
aug-cc-pV5Z56−60 and aug-cc-pV6Z basis sets.56−58,61,62 For the
Xe atom, the basis set employed was the standard ECP +
valence,63,64 ECP28MDF-aV5Z. In the case of the barium (Ba)
atom, the dhf-TZVPP pseudo potential65−68 along with its
corresponding basis set was used in the calculations for Ba−He,
Ba−Ne, and Ba−Kr. For Ba−Ar and Ba−Xe, an ECP46MDF
pseudopotential basis set63,68 was utilized.
All calculations were conducted using the MOLPRO 2010

quantum chemistry package.69 These calculations were
performed with rigorous convergence criteria involving large
basis sets and pseudopotentials, which ensured a high degree of
accuracy in determining the electronic structure and properties
of these diatomic molecules. To achieve a higher level of
accuracy, strict convergence criteria were applied, including a

Figure 1. Van der Waals potentials for Ba−RG (RG = He, Ne, Ar, Kr, Xe) ground states obtained by using CCSD(T) and the TT potential model.

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

https://doi.org/10.1021/acsomega.3c08696
ACS Omega 2024, 9, 32407−32417

32411

https://pubs.acs.org/doi/10.1021/acsomega.3c08696?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08696?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08696?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08696?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


10−14 Eh threshold for energy convergence, a threshold of 10−8

for orbital convergence, and a threshold of 10−7 for CI vector
convergence. The resulting PECs are presented in Figure 1. To
facilitate a relative comparison of the well depth and equilibrium
distance, these curves were adjusted so that their final point was
set to zero Eh. Table 3 summarizes the spectroscopic constants.

3. RESULTS AND DISCUSSION
3.1. PECs and Spectroscopic Parameters. Figure 1

illustrates the PECs for Ba−RG (RG = He−Xe) resulting from
both the ab initio CCSD(T) calculation (the detailed potential
energy data are provided in the Supporting Information) and the
TT model potential, considering dispersion series up to nmax = 5
and employing parameters from Table 1. It is noted that both
results display a similar trend in the potential well depth (De),
which consistently increases as the size of the rare gas atoms
increases from He to Xe. Additionally, a comparison of the
displayed TT PECs of Ba−RG with those of Ca−RG, Sr−RG,
and Mg−RG, generated with the same method and displayed in
Figure 3 of ref 30, Figure 3a of ref 31, and Figure 1 of ref 34,
respectively, reveals similar behavior in the potential well depth.
The associated equilibrium position (Re(Å) = 5.45, 5.58, 5.61,
5.63, 5.70) increases very little from one system to another.
On the other hand, it can be seen from Figure 1 that the TT

model potentials effectively describe the long-range portion of
the ab initio CCSD(T)PECs. However, their performance
weakens considerably on the repulsive inner wall. This behavior
can be attributed to the TT formalism itself. The long-range
portion is very reliable because the dispersion coefficients are
computed by using the well-established combining rules. In
contrast, the repulsive part relies on a simple Born−Mayer

potential [A exp(−bR)] added to the attractive potential. Tang
et al.31 recognize that the combining rules of eq 4 for the Born−
Mayer parameters are not as precise, a fact starkly evident on
comparison with the high-level CCSD(T) results. Regarding the
potential well region, better agreement is observed between the
TT and the present CCSD(T) curves for Ba−Ar, Ba−Kr, and
Ba−Xe, while noticeable differences are observed for Ba−He
and modest agreement is observed for Ba−Ne. This discrepancy
can be attributed to the weak binding of Ba−Ne and, especially,
Ba−He, which poses a challenge for both TT and CCSD(T).
A comparison of the derived spectroscopic constants De, Re,

ωe, Be, and ωeχe from TT potential, with both present ab initio
CCSD(T) and previous theoretical determinations, is provided
in Table 3. Inspection of these results reveals that the
interactions within the Ba−RG complexes (RG = He−Xe) are
characterized by very weak binding. This observation aligns with
the well-established understanding of the ground state’s weakly
bound nature in atom−rare gas pairs.73 Furthermore, the depth
of the potentials increases as the RG atomic mass rises, a
consequence of the growing polarizability of noble gas atoms
from He to Xe. The Ne/He, Ar/Ne, Kr/Ar, and Xe/Kr
polarizability ratios are, 1.93, 4.15, 1.53, and 1.61, respectively;
the corresponding ratios of the DeRe4 values are 1.77, 3.82, 1.18,
and 1.495. They are consistent with the d

R2 4 term known as the
leading term in the interaction energy at Re. Therefore, the
charge-induced dipole interaction seems to be dominant at the
equilibrium distance, Re. Additionally, the equilibrium distance
increases gradually from one complex to another as the RG’s
atomic number rises.
As can be noted from Table 3, for all Ba−RG complexes, the

only available previous results for the anharmonic frequency

Table 3. Comparison of the Spectroscopic Constant of the Van der Waals Ground-State Potentials of the Barium−Rare Gas
Complexes with Other Available Results

Re (Å) De (cm−1) ωe (cm−1) ωeχe (cm−1) Be (cm−1) ref

Ba−He 5.45 10 21.08 11.10 0.150059 TT
6.27 14.96 17.66 5.21 0.110114 CCSD(T)
6.651 2.6 1.10 0.077 ECP/CBS/(CCSD(T))25

5.70 8.74 surface integral70

6.40 5 pseudopotential71

5.80 3.5 pseudopotential72

Ba−Ne 5.58 16 7.99 8.50 0.030093 TT
5.61 39.07 10.53 0.71 0.030444 CCSD(T)
5.815 12.0 6.8 0.99 0.0267 ECP/CBS/(CCSD(T))25

5.34 64 22 CI/pseudopotential21

Ba−Ar 5.61 60 13.75 1.15 0.017309 TT
5.75 47.03 9.26 0.46 0.016448 CCSD(T)
5.482 62.9 11.3 0.51 0.0178 ECP/CBS/(CCSD(T))
5.62 54.2 ECP CCSD(T)73

5.56 73 16 CI/pseudopotential21

5.36 72.7 11.1 pseudopotential22

Ba−Kr 5.63 87 11.97 0.88 0.010220 TT
5.62 96.10 9.87 0.25 0.010223 CCSD(T)
5.387 101.4 10.6 0.27 0.0110 ECP/CBS/(CCSD(T))25

5.57 84.0 ECP CCSD(T)73

5.72 80 13 CI/pseudopotential21

Ba−Xe 5.70 123 12.17 0.66 0.007711 TT
5.69 113.88 9.40 0.19 0.007741 CCSD(T)
5.450 147.9 11.0 0.19 0.0084 ECP/CBS/(CCSD(T))25

5.55 131.1 ECP CCSD(T)73

5.93 101 11 CI/pseudopotential21

5.11 427 17 0.546 0.00950 pseudopotential23
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ωeχe and the rotational constant Be for comparison are from the
work of Buchachenko et al.25 For all Ba−RG complexes, the TT
values of Be align well with the present CCSD(T) results, except
in the case of Ba−He. Additionally, both present TT and
CCSD(T) results show good agreement with the previous
findings of Buchachenko et al..25 For ωeχe, TT values exhibit
modest agreement with both the present CCSD(T) and the
ECP/CBS/CCSD(T) results for Ba−Ar, Ba−Kr, and Ba−Xe.
On the other hand, for the case of Ba−Xe, Abdessalem et al.23
have reported values for ωeχe and Be that reasonably match our
findings.
For Ba−He, considerable variations emerge in different

results. The differences in Re, De, and ωe obtained by the
computational ab initio CCSD(T) and TT model potential are,
respectively, 0.82 Å, 4.22 cm−1, and 3.42 cm−1. The ECP/CBS/
CCSD(T) computations conducted by Buchachenko et al.25

and the two pseudopotential studies, one by Czuchaj et al.71 and
the other by Brust and Greene,72 produced well depths
significantly smaller than those predicted by the current TT
and CCSD(T) analyses. Conversely, our present findings align
with the surface integral calculations of Kleinekathöfer.70 The
obtained TT ωe aligns with the present CCSD(T) result,
whereas it disagrees with the computational values reported by
Buchachenko et al.25

In the case of Ba−Ne, concerning previous theoretical
calculations, the TT values (Re = 5.58 Å, De = 16 cm−1, and
ωe = 7.99 cm−1) exhibit good agreement with the ECP/CBS/
CCSD(T) results (Re = 5.815 Å, De = 12 cm−1, and ωe = 6.8
cm−1) calculated by Buchachenko et al.25 However, substantial
differences were observed in comparison to the pseudopotential
calculation of Czuchaj et al.,21 where the pseudopotential values
(De = 64 cm−1 andωe = 22 cm−1) are four times and three times
greater, respectively. Nevertheless, there is good agreement for
the bond distance, with the present Re = 5.58 Å closely matching
the previous Re = 5.34 Å, differing by only about 4%. Turning to
the current CCSD(T) values (Re = 5.61 Å,De = 39.07 cm−1, and
ωe = 10.53 cm−1), there is excellent agreement in Re andωe, with
differences of only 0.03 Å and 2.54 cm−1, respectively. However,
a modest agreement in De was noted, with a difference of 22.07
cm−1.
Regarding Ba−Ar, the TT values of Re = 5.61 Å and De = 60

cm−1 are in excellent agreement with the two previous ECP/
CCSD(T) values (Re = 5.62 Å andDe = 54.2 cm−1) by Davis and
McCaffrey5 and ECP/CBS/CCSD(T) values (Re = 5.482 Å and
De = 62.9 cm−1) by Buchachenko et al.25 General alignment is
also observed with the theoretical results of Czuchaj et al.21 and
Issa et al.,22 who used a similar theoretical approach involving
CI/pseudopotential calculations to obtain Re (Å)/De (cm−1)
values of 5.36/72.7 and 5.36/72.7, respectively. These two
results are quite close to each other and are in agreement with
the present study. The vibrational constant ωe (13.75 cm−1) is
within reasonable consistency with the values of 16 cm−1

obtained by Czuchaj et al.,21 11.1 cm−1 obtained by Issa et
al.,22 and 11.3 cm−1 calculated by Buchachenko et al.25 On the
other hand, the ab initio CCSD(T) calculations have yielded the
following results: a bond length of 5.75 Å, a bond energy of 47.03
cm−1, and a harmonic frequency of 9.26 cm−1. These values are
in substantial agreement with the TT predicted values, with
differences in Re, De, and ωe amounting to 0.14 Å, 13 cm−1, and
4.49 cm−1, respectively. Furthermore, a comparison with
previous results reported in Table 3 reveals a strong alignment
with the values presented in ref 5, where the difference in bond
energy is only 7.17 cm−1.

In the case of Ba−Kr, as illustrated in Table 3, the TT
spectroscopic constants exhibit consistency with both the
present ab initio CCSD(T) results and all previous theoretical
calculations. Specifically, the TT values for Re(Å)/De (cm−1) of
5.63/87 are in good agreement with the values of 5.57/84, 5.72/
80, and 5.387/101.4 obtained from the ECP/CCSD(T)
investigation of Davis and McCaffrey,5 the CI/pseudopotential
calculation of Czuchaj et al.,21 and the ECP/CBS/CCSD(T)
results of Buchachenko et al.,25 respectively. Regarding the
present ab initio CCSD(T) calculations that resulted in Re =
5.62 Å, De = 96.10 cm−1, and ωe = 9.87 cm−1, an excellent
agreement was noted with the ECP/CBS/CCSD(T) calcu-
lations of Buchachenko et al.,25 particularly forDe andωe, where
the differences are 5.3 and 0.73 cm−1, respectively. These results
also align well with the values obtained from the TTmodel, with
differences inRe,De, andωe of only about 0.01 Å, 9 cm−1, and 2.1
cm−1, respectively. A general accordance can be observed with
the two previous calculations in ref 5 and 21, where the
difference in well depth is 12.1 cm−173 and 16 cm−1.21

For Ba−Xe, the current values ofDe = 123 cm−1 and Re = 5.70
Å exhibit good agreement with the previous De (cm−1)/Re (Å)
results of 131.1/5.55 and 101/5.93, respectively, obtained by the
calculations of Davis and McCaffrey5 and Czuchaj et al.21 A
general agreement is also observed with the ECP/CBS/
CCSD(T) values (Re = 5.45 and De = 147.9 cm−1) reported
by Buchachenko et al.25 However, the values ofDe = 427 cm−1 at
Re = 5.11 Å andωe = 17 cm−1 obtained from the pseudopotential
calculation by Abdessalem et al.23 differ significantly from our
results and all previous theoretical findings. Turning to the
present CCSD(T) calculations, the obtained values for Re, De,
and ωe are 5.69 Å, 113.88 cm−1, and 9.40 cm−1, respectively.
These results exhibit significant agreement with those derived
from the TT model potential. Remarkably, the variance in Re is
only 0.01 Å, while differences of 10 and 2.77 cm−1 are observed
for De and ωe, respectively. An agreement in De is also evident
when compared to the earlier results presented in ref 5 and 21,
where the differences are approximately 12 and 18 cm−1,
respectively.
The results obtained from the TT model potential in

conjunction with the combining rules demonstrate a good
agreement with both the current CCSD(T) calculations and
previous theoretical findings from various ab initio methods.
3.2. Trends in the κ Parameter for AE−RG andAE+−RG.

To analyze and comprehend the distinctions in interactions, we
employ the κ74 parameter (also known as the Sutherland
parameter), originally introduced in 193875 and symbolized asΔ
in the work published by Xie andHsu.76 This parameter signifies
the potential reduced curvature at the equilibrium distance Re
and is mathematically expressed as follows
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In terms of spectroscopic constants ωe, Be, and De, this
equation can be further represented as

=
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Before we delve into the results, it is worth noting that in ref
74, Winn determined the values of κ for various types of
molecular systems. Winn’s findings revealed that the κ
parameter consistently maintains a relatively low value for
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strongly bound chemical systems. In contrast, for weakly bound
molecular systems, this parameter is found to be large, even
huge, compared to the previous case.
Figure 2 reports the κ parameter for Ba−RG, computed using

spectroscopic values derived from both ab initio CCSD(T) and
TT potential, and for analogous AE−RG systems (AE = Sr, Ca,
Mg), computed using spectroscopic values derived from the TT
model potential.30,34,35 These molecular systems all share the
common characteristic of being isoelectronic with closed
electron shells. Additionally, the same figure showcases κ values
for one-electron AE+−RG (AE = Ba, Sr, Ca, and Mg) systems.
To determine κ for these ionic systems, we utilized the previous
spectroscopic constants derived from the RCCSD(T) poten-
tials.77−79 In cases where the rotational constant Be was not
available for Sr−RG and Ca−RG, we derived it by employing
data from refs 30 and 31 along with the following formula

=B
R

1
2e

e
2 (45)

As illustrated in Figure 2, it is evident that κ is not a constant
parameter. Nonetheless, κ values within the same AE−RG and
AE+−RG series are remarkably close to each other, displaying
consistent trends, with the exception of AE/AE+ = Ba/Ba+.
Within the AE−RG complexes, there is a pronounced similarity
in trends, showing a decreasing κ value with an increase in the
atomic number of RG, except for the minor increase from AE−
He to AE−Ne. For Ba−RG, although the shift of the κ values
derived from ab initio CCSD(T) to lower values is notable, they
exhibit similar trends to those obtained from the TT model. In
both cases, while the κ values for Ba−Ar, Ba−Kr, and Ba−Xe
complexes seem to align well with the expected range, Ba−He
exhibits a significantly higher value and Ba−Ne shows a notably
lower κ value compared to those of the other complexes.
Turning our attention to ionic systems involving AE+ and RG,

we consistently observe a trend in the κ parameter. Inmost cases,
except for Ba+−RG, this parameter increases with the atomic
number of the RG atom, with the only exception being a minor
decrease from AE+−He to AE+−Ne. The rise in the κ value as
the atomic number of the RG atom increases can be attributed to
the potential becoming “harder”. For Ba+−RG, the κ parameter
behavior generally aligns with that of Ba−RG molecular

complexes, despite the fact that Ba+−He and Ba+−Ne exhibit
values well within the expected range for AE+−RG interactions.
Notably, there is a significant increase in the levels between
Ba+−Ne and Ba+−Ar.
The variance in the observed behavior of the κ parameter can

be attributed to the disparate charge distribution of atoms, as
elucidated by Gardner et al.79

4. CONCLUSIONS
The PECs and the spectroscopic constants of the Ba−RG (RG =
He−Xe) complexes have been calculated by the analytical model
of Tang and Toennies and a set of combining rules. For the
short-range Born−Mayer repulsive coefficients A and b, we used
the combining rules proposed by Böhm−Ahlrichs, while for
long-range dispersion coefficients C6, C8, and C10, we used
combining rules based on the Casimir−Polder theory.
To check the validity of the used model, in addition to the

comparison with the previously available experimental and
theoretical studies, we have carried out an ab initio calculation at
the CCSD(T) level of theory and large basis sets. In general, our
calculations are within the range of both the present ab initio
CCSD(T) and previous published calculations. Considering the
simplicity of the TT model potential, there is a remarkably good
performance of the use of the combining rules approach.
Consequently, the present method should be used largely, at
least as a starting point for the interplay between theory and
experiment. Mathematically, the present potential is an entire
function in which derivatives exist everywhere and to all orders.
It can be easily used in theories requiring an analytic extension
into the complex plane such as theories of predissociation of van
der Waals complexes.
To understand the differences in interactions between

different kinds of bonds, we calculated and plotted the curvatives
of the constant κ known as the Sutherland parameter. This study
is realized for AE−RG (AE = Mg, Sr, Ca, Ba and RG = He−Xe)
and their corresponding monocation systems AE+−RG. Except
for the cases of Ba+−RG and Ba−RG complexes, we observed
that the two types of neutral and ionic complexes have opposite
tendencies. Going fromHe to Xe, the curves of constant κ for the
neutral AE−RG complexes are decreasing, whereas those of the
AE+−RG complexes are increasing.

Figure 2. Plot of the κ parameter for AE/AE+−RG (AE = Ba, Sr, Ca, and Mg and RG = He, Ne, Ar, Kr, and Xe).
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