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aDepartamento de Qúımica F́ısica, Univers
Burjassot, E-46100, Valencia, Spain
bDepartment of Chemistry, Government Co

38000, Pakistan. E-mail: Janjua@gcuf.edu.p
cDepartment of Pharmaceutical Chemistry, C

P.O. Box 2457, Riyadh 11451, Saudi Arabia

Cite this: RSC Adv., 2024, 14, 1890

Received 30th June 2023
Accepted 13th December 2023

DOI: 10.1039/d3ra04387h

rsc.li/rsc-advances

1890 | RSC Adv., 2024, 14, 1890–190
Cl interactions: QZVPP
calculations, improved Lennard-Jones potential,
and second virial coefficient analysis for
thermodynamics and industrial applications

Waqas Amber Gill, a Muhammad Tariq Aziz,b Hany W. Darwishc

and Muhammad Ramzan Saeed Ashraf Janjua *b

In this paper, we present a comprehensive analysis of HCl–HCl interactions, including QZVPP calculations,

energy fitting, conformation validation, and the determination of the second virial coefficient B using

improved Lennard-Jones (ILJ) potential parameters. To acquire accurate interaction energies, initial

QZVPP calculations are performed on approximately 1851 randomly generated HCl–HCl conformations.

Then, these energies are used to fit an improved Lennard-Jones potential energy surface, allowing for

a robust description of HCl–HCl interactions. The ILJ potential parameters are then used to validate

particular HCl dimer conformations, ensuring their stability and consistency with experimental

observations. The correlation between calculated and experimental conformations strengthens the

validity of the ILJ potential parameters. In addition, the second viral coefficient B is calculated at various

temperatures using the ILJ potential. The obtained B values are compared to experimental data,

demonstrating close agreement, and validating the ILJ potential's ability to accurately capture the

intermolecular interactions and gas-phase behavior of the HCl–HCl system. The results of this study

demonstrate the effective implementation of QZVPP calculations, energy fitting, and ILJ potential

parameters in validating HCl–HCl conformations and accurately determining the second virial coefficient

B. The high degree of concordance between calculated B values and experimental data demonstrates

the validity of the ILJ potential and its suitability for modeling HCl–HCl interactions. This research

contributes to a greater comprehension of HCl–HCl interactions and their implications for numerous

chemical and atmospheric processes. The validated conformations, energy fitting method, and

calculated second virial coefficients provide valuable instruments for future research and pave the way

for more accurate modeling and simulations of HCl–HCl systems.
1. Introduction

In the eld of molecular interactions, the interaction potential
between hydrogen chloride (HCl) molecules is a topic of
considerable fascination and signicance.1–3 Understanding the
nature and extent of the HCl–HCl interaction is essential for
elucidating4 the behavior of HCl in diverse chemical and
physical processes. We present a comprehensive analysis of the
HCl–HCl interaction potential to shed light on the forces that
govern this essential molecular interaction. The interaction
potential between HCl and HCl has been the subject of
numerous theoretical and experimental studies.5,6 Theoretical
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techniques, such as ab initio calculations and molecular
dynamics simulations,7 have been instrumental in elucidating
the electronic structure and energetics of HCl dimers.8 These
computational methods provide important insights into the
potential energy surface and intermolecular forces that regulate
the HCl–HCl interaction. Alternatively, experimental tech-
niques, such as spectroscopy and scattering investigations,
provide complementary information regarding the interaction
potential and intermolecular forces.9,10

Initial research centered on establishing the equilibrium
distance, minimum potential energy, and binding energy of the
HCl dimer.11,12 These studies demonstrated the importance of
dipole–dipole interactions and dispersion forces in the stabiliza-
tion of the HCl–HCl complex.12 Using theoretical calculations,
a thorough exploration of the HCl–HCl interaction potential was
conducted, revealing the signicant impact of electrostatic forces
and the contribution of van der Waals interactions in the HCl
dimer.13,14 The contribution of dipole–dipole and van der Waals
© 2024 The Author(s). Published by the Royal Society of Chemistry
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forces to the HCl dimer was empirically supported by dispersion
experiments that determined the interaction potential.15–18 The
nature of the HCl–HCl interaction potential has been studied in
greater detail thanks to the development of computational
methodologies and experimental techniques. These studies have
investigated higher-order interactions19 and anisotropic effects,20

resulting in a deeper comprehension of the forces at work in the
HCl dimer. The results demonstrated the importance of three-
body interactions and orientation-dependent forces in deter-
mining the interaction potential between HCl dimers.21 Insightful
experimental techniques, such as infrared spectroscopy, have also
contributed to the potential HCl–HCl interaction.9,22,23 Using
infrared spectroscopy, the interaction potential, and vibrational
properties of the HCl dimer were investigated, providing experi-
mental evidence that supported the theoretical predictions of the
potential energy surface.14 This study also shed light on the
vibrational modes underlying the HCl–HCl interaction.

Simulations of molecular dynamics7 have been demonstrated
to be an efficient method for investigating the HCl–HCl interac-
tion potential and its role in a variety of processes. Simulations of
molecular dynamics were used to investigate the intermolecular
forces and dynamics of the HCl dimer,24 casting light on the
importance of hydrogen bonding and dipole-induced polarization
in determining the behavior of HCl molecules.

The Lennard-Jones (LJ) potential is commonly utilized to get
potential from interaction energies.25,26 However, the short- and
long-range shortcomings of the LJ scheme are widely
documented.27–29 In addition to this model, Pirani et al. sug-
gested an improved Lennard-Jones (ILJ) potential,27,28 which is
straightforward and precise and provides greater exibility by
introducing an additional parameter in a way that substantially
all the LJ model's drawbacks are addressed. In noble gas
systems, as well as under conditions of great angular precision
and energy, it has been demonstrated that this potential
performs well for dispersion interactions, accurately recreating
vibrational springs.28,29 It appears to be particularly helpful for
molecular dynamics simulations of, notably, non-covalent
interactions through the careful selection of the proper
parameters. When giving the system partial charges, electro-
static contributions to the interaction are frequently considered
by a coulombic expression.30,31 We employed multicenter tech-
niques for electrostatic contribution (3-centers). The ILJ func-
tional is used in this work to create a set of force elds that can
assess van der Waals interactions like those seen in the HCl–
HCl system. We suggest various forms of force elds and
consider how the electrostatic component affects the parame-
ters using various charge schemes, whose effectiveness will be
assessed.

These models are sufficient to capture the interactions while
also enabling high-level CCSD(T) calculations. At the B3LYP/6-
31G**32,33 level, the rst xed HCl monomer was optimized.
Then we xed the H–Cl distance (0.000, 0.000,−1.215028) Å and
(0.000, 0.000, 0.071472) Å respectively. Following this optimi-
zation, the structure was considered in all subsequent compu-
tations of interaction energy. We estimated the appropriate
interaction energies at the CCSD(T)/QZVPP basis using Dalton30

level to benchmark the interaction energies. The Dalton
© 2024 The Author(s). Published by the Royal Society of Chemistry
program was used to calculate the CCSD(T) interaction ener-
gies, and it was veried that adding more vectors had no impact
on the target system. 80 random orientations were created for
the hydrogen chloride dimer, and each conformation of the
dimer was scanned along the intermolecular distance between
3.3 and 12.0 (with substantially more sampling near the equi-
librium distance). As a result, all 80 relative orientations were
considered over a total of 22 distances. The interaction energy
was computed at CCSD(T)/QZVPP around 1851. To produce 3-
center force elds, suitable potentials were tted to the energies
acquired CCSD(T) level. The energies were all considered
throughout the tting process rather than being averaged
across the orientations.

In summary, the goal of this work is to offer analytical HCl–
HCl interaction potentials based on various potentials and
charge schemes. To achieve this, we employed CCSD(T)/QZVPP
calculations. The specics of the theoretical methods will be
described in Section 2. The force eld will be covered in Section
3. In Section 4, the second virial coefficient will be discussed
while the conclusion will be discussed in Section 5.

2. Theoretical methods

To construct a potential energy surface, it is common to break it
down into distinct contributions, such as electrostatic and non-
electrostatic forces. For the (HCl)2 potential energy surface, the
coulombic interactions between the charged particles in the
molecules contribute to the electrostatic forces, while van der
Waals forces between the neutral particles contribute to the
non-electrostatic forces. By assuming separability, these two
contributions can be treated independently of each other, and
the total potential energy can be expressed as the sum of the
electrostatic and non-electrostatic contributions. This assump-
tion simplies the construction of the potential energy surface
and enables easier handling of the separate contributions.
Additionally, assuming that both parts of the potential energy
surface can be represented as sums over centers in the A and B
molecules allows for the calculation of potential energy contri-
butions by summing the contributions from each atom or
center in both molecules. This approach provides a relatively
straightforward and computationally efficient description of the
interactions between the two molecules. However, it is impor-
tant to acknowledge that these assumptions may not apply to all
molecular systems, and more advanced methods may be
necessary in certain scenarios.

DE ¼
X

i˛A j˛B

�
V ele

ij

�
rij
�þ Vnon-ele

ij

�
rij
��

(1)

There are different ways to describe the resulting interac-
tions between molecules, which can include coulombic sums
over assigned atomic charges, as well as interactions between
dipoles, quadrupoles, and higher-order multipoles.

The coulombic34 sum is given by

Eelec ¼ ECoul ¼
X
A;B

qAqB

RAB

(2)
RSC Adv., 2024, 14, 1890–1901 | 1891

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04387h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 7

:4
1:

02
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The potential energy surface can be divided into distinct
contributions, such as electrostatic and non-electrostatic forces.
Electrostatic forces arise from coulombic interactions between
charged particles in the molecules, while non-electrostatic
forces arise from van der Waals forces between neutral
particles.

Vtot(R) = Vnelec(R) + Velec(R) = VILJ(R) + VCoul(R) (3)

The ILJ27,28 potential is a model to describe the non-
electrostatic portion of the potential energy surface in molec-
ular simulations. Typically, the non-electrostatic interactions in
molecular simulations are attributed to van der Waals forces
resulting from uctuations in the electron cloud surrounding
the atoms and molecules.

VðRÞ ¼ 3

�
m

nðRÞ �m

�r0
R

�nðRÞ
� nðRÞ

nðRÞ �m

�r0
R

�m
�

(4)

where

nðRÞ ¼ bþ 4

�
R

r0

	2

(5)

3 is the well depth of the dissociation curve depicted by the ILJ
potential, while r0 is its position. On the other hand, b is
a dimensionless parameter that adds extra exibility.

We have also a second virial coefficient (B2) from the Gauss–
Legendre quadrature (using Gaussian 09)35 equation which is
given by ðN

0

ðrÞ2
n
ðeÞ�DE=KT � 1

o
dr (6)

The integration interval (0 to innity) is transformed into

a nite interval, using the substitution
�
r þ 1
2

	2

; which maps

the interval [0, N] to the interval [−1, 1]. The integral then
becomes:

ð1

�1

�
rþ 1

2

	2n
ðeÞ�DE=KT � 1

o dr

2
(7)

where k is the Boltzmann constant,36 T is the temperature, and
DE is the energy difference between the interacting and non-
interacting states of the molecules.

The second virial coefficient is given by substituting
Lennard-Jones parameters to the second virial coefficient
function potential,

B2T ¼ B2ðTÞ=b0

¼ �3
ðN
0

�
exp



� 43

RT

�
� exp



� 33

RT

�	�r
s

�2

dr
(8)

This equation relates the second virial coefficient to the
temperature and the parameters of the Lennard-Jones potential
(3 and s). It is oen used in the study of intermolecular inter-
actions in gases and liquids.

The CUHRE (CUBA Library) algorithm37 was utilized to
approximate the denite integral of a function over a specied
1892 | RSC Adv., 2024, 14, 1890–1901
interval. It is a numerical integration method that excels in
handling high-dimensional integrals, which can be computa-
tionally expensive and inefficient for traditional numerical
integration methods. The name “CUHRE” stands for “Cubature
on Highly Uniform Random Evaluations”.

3. Force field

The HCl–HCl force eld describes the interactions between
hydrogen chloride (HCl) molecules, which play a crucial role in
understanding their behavior in various environments.7,38 The
improved Lennard-Jones (ILJ)27,28 potential is a mathematical
model used to represent the intermolecular forces between
molecules. It is an enhanced version of the classical Lennard-
Jones potential, incorporating additional exibility39 through
a dimensionless parameter b. In the case of HCl–HCl interactions,
the ILJ potential accounts for the size and shape of the HCl
molecule. The size and shape determine how closely two HCl
molecules can approach each other. The ILJ potential consists of
two main components: the attractive component and the repul-
sive component. The attractive component arises from temporary
uctuations in the electron distribution of the HCl molecule,40

leading to the formation of induced dipoles. These induced
dipoles generate attractive forces between HCl molecules,41

allowing them to come closer together. On the other hand, the
repulsive component42 of the ILJ potential is due to the over-
lapping electron clouds of the two HCl molecules. As the mole-
cules get too close, the repulsive forces become dominant,
preventing them from approaching further. The ILJ potential
introduces an additional dimensionless parameter b to add ex-
ibility to the model. This parameter allows for adjustments to the
shape of the potential energy curve, providing a more accurate
representation of the HCl–HCl interactions. By varying the value
of b, we can explore different scenarios and tailor the potential to
reproduce experimental observations. The value of b inuences
the overall shape of the potential energy curve, affecting the
balance between the attractive and repulsive forces.43 Higher
values of b result in a steeper repulsive region and a narrower
attractive well,44,45 while lower values of b lead to a shallower
repulsive region and a wider attractive well.46,47 This exibility in
adjusting b helps ne-tune the potential to match experimental
data. The HCl–HCl force eld utilizing the ILJ potential, including
the dimensionless parameter b, allows for the exploration of
structural arrangements, dynamic processes, and thermodynamic
properties of HCl molecules in diverse systems. By comparing the
predictions of the force eld with experimental observations, the
accuracy of the model can be assessed and rened.

Several methods, including Hirshfeld,49,50 CHELPG,51–53

Minimal Basis Set (MBS),52–54 Merz–Kollman,52,53,55 and Natural
Bonding Orbital (NBO),56,57 which are commonly used to
calculate atomic charges in molecular simulations, were
employed during the optimization process.

In Table 1, bClCl the tted value is 7.628, while the Hirshfeld
value is 7.618. The tted 3ClCl value is 0.381 kJ mol−1, slightly
higher than the Hirshfeld value of 0.375 kJ mol−1. For the rClCl
parameter, the tted value is 3.215 Å, whereas the Hirshfeld
value is slightly higher at 3.225 Å. Moving on to bHCl, the tted
© 2024 The Author(s). Published by the Royal Society of Chemistry
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value is 8.379, and the Hirshfeld value is 8.369. As for 3HCl, the
tted value is 0.617 kJ mol−1, slightly surpassing the Hirshfeld
value of 0.611 kJ mol−1. In terms of rHCl, the tted value is 3.525
Å, while the Hirshfeld value is slightly lower at 3.515 Å. For bHH,
the tted value is 7.264, whereas the Hirshfeld value is 7.254.
The tted 3HH value is 0.427 kJ mol−1, slightly higher than the
Hirshfeld value of 0.421 kJ mol−1. Lastly, the tted rHH value is
3.955 Å, while the Hirshfeld value is 3.961 Å.

Comparing the tted values with the corresponding Hirsh-
feld or other charge values provides insight into the agreement
between the values obtained from the tting procedure and the
Hirshfeld or other charges, which are derived from an ILJ
method for calculating atomic charges.

The plot in Fig. 1, compares the interaction energies of two
HCl–HCl dimers at varying separation distances. The tiny blue
points on the plot represent the interaction energies calculated
using the CCSD(T)/QZVPP level of theory. The black points
correspond to the average interaction energies utilizing the QZVPP
method, while the green points represent the Hirshfeld method
using the ILJ potential. The red line on the plot was tted using
the ILJ potential, meaning that the parameters in the ILJ potential
were adjusted to closely match the calculated interaction energies
from the QZVPP of theory. The plot shows that the optimized ILJ
potential (red line) closely matches the calculated average inter-
action energies (black points), indicating that the ILJ potential is
a reasonable model for describing the non-electrostatic interac-
tions between HCl molecules.

During the tting process, various properties of the HCl–HCl
system are evaluated. These properties include interaction ener-
gies, and the Mean Absolute Error (MAE) represented in Fig. 2.
The MAE is a statistical metric used to quantify the average
absolute difference between the tted values and the reference
data. In the context of tting the ILJ potential to the HCl–HCl
system, the MAE is calculated by comparing various properties,
such as interaction energies, obtained from the tted potential to
the reference values. A lower MAE indicates a better t, as it
reects a smaller overall deviation between the tted potential and
the reference data. The process of tting the ILJ potential to the
HCl–HCl system involves evaluating the interaction energies,
Table 1 Parameters defining the ILJ potentials for the hydrogen
chloride dimer from the fitting of CCSD(T)/QZVPP calculations. The
various charge schemes and potential models described in the text are
shown with the atomic charge on hydrogen in the second row

Parameters Fitted Hirshfeld CHelpG MBS MK NBO

qH (e−) 0.424 0.190 0.212 0.332 0.209 0.243
bClCl 7.628 7.618 7.651 7.645 7.681 7.756
3ClCl (kJ mol−1) 0.381 0.375 0.378 0.368 0.394 0.399
rClCl (Å) 3.215 3.225 3.231 3.247 3.235 3.265
bHCl 8.379 8.369 8.347 8.354 8.391 8.384
3HCl (kJ mol−1) 0.617 0.611 0.644 0.622 0.631 0.647
rHCl (Å) 3.525 3.515 3.575 3.569 3.545 3.583
bHH 7.264 7.254 7.249 7.271 7.221 7.235
3HH (kJ mol−1) 0.427 0.421 0.435 0.409 0.442 0.475
rHH (Å) 3.955 3.961 3.979 3.941 3.982 3.967
r2 0.999 0.996 0.993 0.998 0.994 0.998
MAE (kJ mol−1) 0.372 0.891 0.299 0.582 0.852 0.876

© 2024 The Author(s). Published by the Royal Society of Chemistry
determining the charges using different methods, and quanti-
fying the accuracy of the tted potential using the Mean Absolute
Error (MAE). These steps ensure that the tted ILJ potential
accurately captures the behavior of the HCl–HCl interaction and
provides reliable predictions for various properties of the system.

Various methods can be utilized to validate the properties of the
hydrogen chloride–hydrogen chloride dimer, such as calculated
structures, Morse tting,48 and ILJ graphs, which offer valuable
insights into its stability and behavior. In the previous section,
analytical interaction potentials were developed for the interaction
between two hydrogen chloride dimers. To assess the accuracy of
the tted potentials obtained from calculations, we employed
relevant geometries of the HCl dimer molecule, which corre-
sponded to seven distinct interaction conformations: L1, L2,
Linear1, Linear2, P, OP, and Cross shape (Fig. 3). Energy proles
were calculated at the CCSD(T) level, which is a high-level ab initio
method renowned for its precision in energy calculations, for each
selected conformation. The CCSD(T)-optimized geometries were
employed to compare the interaction energies obtained from the
tted potentials to the CCSD(T) energies for these same geometries.
By comparing the predicted outcomes from the tted potentials to
the highly accurate results obtained from high-level ab initio
calculations, we can evaluate the performance of the potential and
rene its parameters, if needed. This method of benchmarking
tted potentials with high-level ab initio calculations is a prevalent
approach in computational chemistry that enables the assessment
of the accuracy and reliability of developed potentials.

In Table 2 among the different shapes of HCl–HCl, the most
stable shape is L2,58 in both CCSD(T) and ILJ potential calcu-
lations, L2 exhibits the highest dissociation energy (De) values,
reaching 6.253 kJ mol−1 for CCSD(T) and 6.245 kJ mol−1 for ILJ
potential. Additionally, L2 also has the longest equilibrium
distance (re) with values of 0.317 Å for CCSD(T) and 0.316 Å for
ILJ potential. The combination of the highest De values and the
relatively longer re indicates that L2 possesses stronger bonding
between the HCl molecules, making it the most stable cong-
uration among the considered shapes. OP shows moderate
dissociation energy (De) values, measuring at 5.815 kJ mol−1 for
CCSD(T) and 5.805 kJ mol−1 for ILJ potential. Its equilibrium
distance (re) is alsomoderate, with values of 3.667 Å for CCSD(T)
and 3.662 Å for ILJ potential. The combination of moderate De

values and equilibrium distance places OP in a stable position
between the most and least stable shapes. The least stable
shape is Linear2, which exhibits the lowest dissociation energy
(De) values among all shapes, measuring at 1.296 kJ mol−1 for
CCSD(T) and 1.291 kJ mol−1 for ILJ potential. Additionally,
Linear2 has the shortest equilibrium distance (re) with values of
5.124 Å for CCSD(T) and 5.115 Å for ILJ potential. The low De

values and the relatively shorter re indicate that Linear2 expe-
riences weaker bonding between the HCl molecules, leading to
its position as the least stable shape.

There are two primary methods to establish the parameters
for the ILJ potential function. The rst involves tting the
function to ab initio calculations, while the second involves
using semi-empirical expressions that relate the parameters to
experimentally measurable quantities such as polarizabilities
and C6 coefficients.59
RSC Adv., 2024, 14, 1890–1901 | 1893
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Fig. 1 Average interaction energies derived fromCCSD(T)/QZVPP calculations (black points) and the fully optimized ILJ fitted potential (red solid
line fitted charges and green dots for Hirshfeld charges). The tiny blue points represent the interaction energy calculations using CCSD(T)/QZVPP
for each of the considered conformations.
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rm ¼ 1:767
aa

1=3 þ ab
1=3

ðaaabÞ0:095
(9)

where

3 ¼ C6

rm6
(10)
Fig. 2 Fitting ILJ potential to the HCl–HCl system, including evaluation

1894 | RSC Adv., 2024, 14, 1890–1901
The signicance of higher-order terms, such as C8 and C10

coefficients,60 increases as the distance between particles
decreases, and they can substantially impact the shape of the
intermolecular potential energy surface. Nevertheless, in tradi-
tional expansion, the C6 coefficient is the most critical term, as
it represents the strength of the long-range dispersion forces.
The equation can be expressed as:
of interaction energies, distances, and MAE.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Seven conformations of the hydrogen chloride dimers were considered in this work.
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VðRÞz � C6

R6
� C8

R8
� C10

R10
þ. (11)

where

C6 ¼ 3

p

ðN
0

ai
ð1ÞðiuÞaj

ð1ÞðiuÞdu (12)

The C6 coefficient can be expressed in terms of the dynamic
polarizability of the individual atoms or molecules and the
separation distance between them, as outlined by the Casimir–
Polder integral.61 The calculated polarizabilities are dependent
on the accuracy of the data utilized to determine the Cauchy-
like dispersion coefficients,62 as well as the validity of the
assumptions underlying the Lorentz–Lorenz equation.63

aðiuÞ ¼
X
n

fno

un
2 þ u2

¼
XN
k¼0

DkðiuÞk (13)
© 2024 The Author(s). Published by the Royal Society of Chemistry
The accuracy of the estimated polarizability depends on the
accuracy of the static polarizability calculation and the order of
the Padé approximants [n,m]ac64 used.

aðiuÞz ½n;m�a ¼ PmðiuÞ
QnðiuÞ ¼

a0 þ a1ðiuÞ þ.þ amðiuÞm
1þ b1ðiuÞ þ.þ bnðiuÞn

¼
X2ðmþnÞ

k¼0

DkðiuÞk (14)

It can be proven that

½n; n� 1�a #aðiuÞ# Ne � ½n; n� 1�b
u2

(15)

The auxiliary function b65 plays a crucial role in producing
Padé approximants, which are valuable for approximating
RSC Adv., 2024, 14, 1890–1901 | 1895
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Table 2 HCl–HCl interaction energies, De, and equilibrium distances,
re, for the structures investigated in this work compared to fitted
potentials using Morse potential parameters by using ILJ parameters

Shapes Parameters CCSD(T) ILJ potential

Linear1 De (kJ mol−1) 0.531 0.525
re (Å) 4.391 4.382

Linear2 De (kJ mol−1) 1.296 1.291
re (Å) 5.124 5.115

OP De (kJ mol−1) 5.815 5.805
re (Å) 3.667 3.662

Cross De (kJ mol−1) 0.426 0.423
re (Å) 4.436 4.425

Parallel De (kJ mol−1) 0.867 0.864
re (Å) 3.128 3.125

L2 De (kJ mol−1) 6.253 6.245
re (Å) 0.317 0.316

L1 De (kJ mol−1) 5.941 5.937
re (Å) 0.375 0.368

Table 3 Parameters defining the single center potentials for the HCl
from def2-qzvpp calculations using Padé approximants approach

a0 (Å
3) rm (Å)

3

(kJ mol−1) Q (DÅ)

Experimental 2.515a 3.843b

CC2 2.543 3.457 3.271 3.808
CCSD 2.572 3.443 3.262 3.859
CC3 2.517 3.435 3.255 3.842

a Ref. 67. b Ref. 68.

Table 4 Comparison of experimental and calculated vibrational
fundamental frequencies (def2-qzvpp level)

Experimental
fundamental79

2886 cm−1

Calculated (def2-qzvpp) 2884 cm−1
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complex functions and lowering the computational cost of
function evaluations.

b(iu) = Ne − u2a(iu) $ [n,n − 1]b (16)

A different approach, known as the single-center (one-center)
approach, has also been utilized. In this method, the electro-
static portion is described by the interaction between two linear
quadrupoles.66

nðrÞ ¼ 3Q1Q2

4 r5

h
1� 5 cos2 q1 � 5 cos2 q2 � 15 cos2 q1 cos

2 q2

þ 2ð4 cos q1 cos q2 � sin q1 sin q2 cos fÞ2
i

(17)

In Table 3, the experimental value of the polarizability (a0)
for HCl is 2.515 Å3.67 Among the calculated values, CC3 yields
a polarizability value of 2.517 Å3. The percentage difference
between the experimental and calculated values for CC3 is only
−0.08%. This small difference indicates that the calculated
value using CC3 is very close to the experimental value, sug-
gesting good agreement. The experimental value of the quad-
rupole moment (Q) for HCl is 3.843 DÅ.68 The calculated value
using CC3 is 3.842 DÅ, resulting in a percentage difference of
−0.89%. Again, this small difference indicates good agreement
between the experimental and calculated values obtained using
CC3. The agreement obtained with CC3 calculations is suffi-
cient for modeling the single center potential of HCl. This
implies that the CC3method captures the essential features and
accurately represents the behavior of HCl based on the provided
parameters, making it a suitable approach for studying HCl's
properties and potential interactions in theoretical and
computational investigations.

In Table 4, the calculated fundamental frequency at the def2-
qzvpp level is slightly lower (by 2 cm−1) compared to the
experimental value.69 This small difference indicates a relatively
good agreement between the experimental and calculated
values. It suggests that the def2-qzvpp level of calculation
1896 | RSC Adv., 2024, 14, 1890–1901
captures the fundamental frequency of the molecule with
reasonable accuracy as shown in Fig. 4. The close agreement
between the experimental and calculated fundamental
frequencies indicates that the def2-qzvpp level of calculation
provides a reasonably accurate estimation of the vibrational
behavior of the HCl molecule.
4. Second virial coefficient B

The second virial coefficient (B) represents the average pairwise
interactions between HCl molecules.70,71 It captures the effects
of both the attractive forces, which are typically dominated by
the dipole–dipole interactions, and the repulsive forces arising
from the overlapping electron clouds of the molecules.72 The
value of the second virial coefficient (B) provides information
about the strength and nature of intermolecular interactions in
HCl gas.73 If the value of B is positive, it suggests that the
attractive forces dominate over the repulsive forces, leading to
an increased likelihood of molecular association and a gas with
a larger effective volume.74 On the other hand, a negative value
of B indicates that the repulsive forces are dominant, resulting
in a compressed gas with a smaller effective volume.75

The second virial coefficient (B) is oen temperature-
dependent, with its value decreasing as temperature
increases.76 This is due to the weakening of intermolecular
interactions at higher temperatures. Experimental measure-
ments and theoretical calculations can be used to determine the
second virial coefficient for HCl gas across a range of temper-
atures.77 These values are valuable for characterizing the
behavior of HCl gas and can be utilized in equations of state and
thermodynamic models to predict properties such as vapor–
liquid equilibria and mixture behavior. Selected data from the
literature have been tted by least squares to the equation,

B
�
cm3 mol�1 ¼

Xn

i¼1

aðiÞ½ðT0=TÞ � 1�i�1 (18)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of experimental and calculated vibrational frequencies spectrum of HCl.
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where T0 = 298.15 K. Table 5, gives the minimum and
maximum temperature for which the eqn (18) is valid as well as
the value of second virial coefficient B at those temperatures.

At T = 190 K, the experimental value of the second virial
coefficient (B) is −450.094 cm3 mol−1, while the tted value is
−453.254 cm3 mol−1. For T = 210 K, the experimental value of B
is −341.804 cm3 mol−1, and the tted value is −344.865 cm3

mol−1. At T = 230 K, the experimental value of B is −269.041
cm3 mol−1, and the tted value is −272.652 cm3 mol−1. For T =

270 K, the experimental value of B is−181.088 cm3 mol−1, while
the tted value is −184.047 cm3 mol−1. At T = 310 K, the
experimental value of B is −131.972 cm3 mol−1, and the tted
value is −134.271 cm3 mol−1. For T = 350 K, the experimental
value of B is −101.38 cm3 mol−1, while the tted value is
−104.659 cm3 mol−1. At T = 390 K, the experimental value of B
is −80.6018 cm3 mol−1, and the tted value is −83.674 cm3

mol−1. For T = 430 K, the experimental value of B is −65.4887
cm3 mol−1, and the tted value is −68.017 cm3 mol−1. At T =

470 K, the experimental value of B is −53.89 cm3 mol−1, while
the tted value is −56.264 cm3 mol−1.

Comparing the experimental values of the second virial
coefficient (B) with the corresponding tted values at each
Table 5 Second virial coefficients (B) were calculated using the respect
experimental values

T/K Experimentala (B, cm3 mol−1)
Fitted (B,
cm3 mol−1)

CHelpG (B,
cm3 mol−1

190 −450.094 −453.254 −427.589
210 −341.804 −344.865 −324.713
230 −269.041 −272.652 −255.588
270 −181.088 −184.047 −172.033
310 −131.972 −134.271 −125.373
350 −101.38 −104.659 −96.311
390 −80.6018 −83.674 −76.5716
430 −65.4887 −68.017 −62.2142
470 −53.89 −56.264 −51.195

a Ref. 78 and 79.

© 2024 The Author(s). Published by the Royal Society of Chemistry
temperature provides insight into the accuracy of the tting
procedure. It allows for an assessment of how well the tted
values capture the experimental observations and indicates the
degree of agreement between the two sets of values for the
charges.

Fig. 5 represents the behavior of the second virial coefficient
(B) for hydrogen chloride gas at different temperatures (ranging
from 190 K to 470 K). The solid lines in the gure show the
behavior of B as a function of temperature, considering the
adjusted improved Lennard-Jones (ILJ) parameters and
different charge schemes. The tted line represents the values
of B obtained through the tting procedure, where the ILJ
parameters have been adjusted to best match the experimental
data. This line represents the model's prediction for the
behavior of B across the temperature range. The lines corre-
sponding to different charge schemes, such as CHelpG, Hirsh-
feld, MBS, MK, and NBO, represent the behavior of B using
those specic charge distribution methods. These lines show
how the choice of charge scheme affects the predicted behavior
of B. The black dots on the gure represent the experimental
values of B at each temperature point. These experimental
values serve as reference points and are obtained through
ive force fields (ILJ) for the hydrogen chloride dimer compared to the

)
Hirshfeld (B,
cm3 mol−1)

MBS (B,
cm3 mol−1)

MK (B,
cm3 mol−1)

NBO (B,
cm3 mol−1)

−445.893 −461.571 −446.093 −455.145
−336.603 −353.281 −338.803 −346.915
−263.841 −280.517 −266.041 −274.329
−175.887 −192.564 −178.087 −186.071
−126.772 −143.449 −129.971 −136.158
−96.179 −112.857 −98.379 −106.652
−75.401 −92.079 −77.601 −85.679
−60.288 −76.966 −62.4886 −70.462
−48.691 −65.367 −50.8921 −58.368
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Fig. 5 Solid lines (fitted and charges) show the behavior of hydrogen chloride gas of second virial coefficient (B) by adjusting ILJ parameters (with
different charge schemes) at different temperatures (190–470 K) with calculated and experimental (black dots) values.

Table 6 Specifically compares the entropy values obtained from
experimental measurements and calculations at a temperature of
298.15 K

Temperature Experimental80 Calculated

Entropy 298.15 K 186.902 (J K−1 mol−1) 186.736 (J K−1 mol−1)
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measurements or calculations based on experimental data. The
closeness of the tted line and the charge scheme lines to the
black dots indicates the degree of agreement between the
model's predictions and the experimental observations. By
comparing the tted line and the different charge scheme lines
with the experimental data represented by the black dots, we
can assess the accuracy of the model and the effectiveness of the
different charge schemes in reproducing the experimental
behavior of B.

Fig. 5 provides a visual representation of the comparison
between the calculated and experimental values of B for
hydrogen chloride gas. It demonstrates the behavior of B with
temperature, showing how the ILJ parameters and different
charge schemes impact the predicted values.

In Table 6, the calculated entropy value of 186.736 J K−1

mol−1 obtained using the def2-qzvpp calculations is compared
to the experimental entropy value of 186.902 J K−1 mol−1 at
a temperature of 298.15 K. The small difference between the
experimental and calculated values suggests that the def2-qzvpp
calculations provide a reasonable estimation of the entropy at
the given temperature of HCl.
5. Conclusion

Using QZVPP calculations, energy tting, conformation valida-
tion, and the determination of the second virial coefficient B
utilizing improved Lennard-Jones (ILJ) potential parameters, this
1898 | RSC Adv., 2024, 14, 1890–1901
research concludes with a comprehensive analysis of HCl–HCl
interactions. Initial QZVPP calculations on a vast number of
arbitrarily generated HCl–HCl conformations allowed for the
acquisition of precise interaction energies. Then, these energies
were used to t an improved Lennard-Jones potential energy
surface, resulting in an accurate description of HCl–HCl interac-
tions. The substantiation of particular HCl dimer conformations
using the ILJ potential parameters further ensured their stability
and concordance with experimental ndings. The observed
correlation between calculated and experimental conformations
further validates the ILJ potential parameters. In addition, the
calculation of the second virial coefficient B at different temper-
atures using the ILJ potential was in close agreement with exper-
imental data. This result validates the ability of the ILJ potential to
precisely represent the intermolecular interactions and gas-phase
behavior of the HCl–HCl system. The results of this study
demonstrate the efficient application of QZVPP calculations,
energy tting, and ILJ potential parameters for validating HCl–
HCl conformations and accurately determining the second virial
coefficient B. The high degree of agreement between calculated B
values and experimental data validates the ILJ potential and
demonstrates its suitability for modeling HCl–HCl interactions.
This investigation contributes to a greater comprehension of HCl–
HCl interactions and their signicance in a variety of chemical
and atmospheric processes. The validated conformations, energy
tting method, and calculated second virial coefficients serve as
valuable research instruments and pave the way for more accurate
modeling and simulations of HCl–HCl systems. These develop-
ments have the potential to enhance our comprehension of HCl–
HCl interactions and their effect on related phenomena.
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