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“The most that can be expected from any
model is that it can supply a useful
approximation to reality. All models are wrong;
some models are useful.” (George E. P. Box,
William Hunter and Stuart Hunter, 2005, p.
440).



RESUMO

Este trabalho utiliza métodos computacionais para investigar o comportamento dos ions Sn*
e In*" no DES etalina sob diferentes condi¢des. A Teoria do Funcional da Densidade (DFT)
foi aplicada para otimiza¢do, e o método CHELPG foi utilizado para atribui¢do de cargas
parciais. Foram realizadas doze simulagoes de Dinamica Molecular (MD), utilizando o
software GROMACS, em diferentes temperaturas (297 K e 343 K), proporg¢des de ions [Sn:In
(1:1 e 1:4)], e na presenca e auséncia de diferentes surfactantes (CTAB e SDS).
Adicionalmente, as propriedades oriundas da Teoria Quantica de Atomos em Moléculas
(QTAIM) foram obtidas apos simulagdes MD. Os resultados mostraram que o In*" apresentou
uma maior afinidade com o CI” do que o Sn**, mas interagdes mais fracas e menos estaveis
com o OA (OA = oxigénio do etilenoglicol), particularmente a temperaturas mais elevadas.
As analises da densidade eletronica e da fungdo de localizagdo de eletronica indicaram que as
interagdes In-Cl s3o mais fortes e mais polarizadas do que as demais interagdes. O laplaciano
da densidade eletronica indicou uma natureza intermolecular para todas as interagdes. Os
graficos moleculares mostraram uma geometria octaédrica em torno do Sn** e uma geometria
tetraédrica ou bipirAmide trigonal em torno do In*". A adigdo de tensoativos alterou
ligeiramente essas interagdes, com 0 CTAB reduzindo a densidade de C1~ em torno do In** € o

SDS interagindo com o In*" a 297 K e em uma proporg¢do Sn:In de 1:1.

Keywords: eletrodeposicao; etalina; estanho e indio; CTAB; SDS.



ABSTRACT

This work uses computational methods to investigate the behavior of Sn?* and In** ions in the
DES ethaline under different conditions. The Density Functional Theory (DFT) was applied
for optimization, and the CHELPG method was used for partial charges attribution. Twelve
Molecular Dynamics (MD) simulations were conducted, using the GROMACS software, in
different temperatures (297 K and 343 K), ion proportions [Sn:In (1:1 and 1:4)], and in the
presence and absence of different surfactants (CTAB and SDS). Additionally, Quantum
Theory of Atoms in Molecules (QTAIM) properties were obtained after MD simulations. The
results presented that In*" showed stronger affinity for Cl~ than Sn?*, but weaker and less
stable interactions with OA (OA = oxygen of ethylene glycol), particularly at higher
temperatures. Electron Density and Electron Localization Function analysis indicated that In-
Cl interactions are stronger and more polarized than other interactions. The laplacian of
electron density suggested an intermolecular nature for all interactions. The molecular graphs
showed octahedral geometry around Sn?" and tetrahedral or trigonal bipyramidal geometry
around In*". The surfactant addition altered these interactions slightly, with CTAB reducing
the density of Cl” around In*" and SDS interacting with In*"at 297 K and in a Sn:In proportion
of 1:1.

Keywords: electrodeposition; ethaline; tin and indium; CTAB; SDS.
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1. Introduction

Sn-based solders share common characteristics of low melting point [1-3] and ductility
[3]. The insertion of other metals, like In, into alloys containing Sn changes the properties of
the weld, such as hardness and stability. [4] Few published works address using Sn-In alloys
in deep eutectic solvents (DES). [5-7] Anicai et al. [5] studied the electrodeposition of Snln in
ethaline [choline chloride/ethylene glycol 1:2 (1ChCl:2EG)] medium. As a result of the
investigations, the authors verified that the In content increased due to the change in the Sn**:
In* ionic species' molar ratio and the temperature increase. The results obtained showed good

performance regarding weldability and corrosion resistance.

Oliveira et al. [6] analyzed the ionic interaction of Sn*" and In*" ions in ethaline by
molecular modeling. The results indicated that both ions interacted more strongly with the C1™
ion. However, only the Sn** ion showed interaction with the ethylene glycol molecules. Sousa
et al. [7] analyzed the effect of temperature and potential on the electrodeposition of Snin in
ethaline medium with InCl3 and SnCl, as the source of cations and with simulations using
Molecular Dynamics (MD) [8]. Scanning electron microscopy (SEM) images showed
morphologies for different coatings under the influence of temperature and applied potential.
Analysis by energy dispersive X-rays (EDS) resulted in In content between 20-31% in
equimolar conditions of Sn*" and In3*. The results of MD simulations for Sn** and In** ions in

DES showed similarity with Oliveira et al. [6], justifying the low percentage of In obtained.

The use of additives can influence the properties of the coatings obtained. Among the
additives, we can mention surfactants, which can change the morphology, [9,10] corrosion
resistance, [11,12] purity of the coating, [13] surface tension of the solution, [13] etc.
Electrodeposition using surfactants has been investigated for some metals, such as Ag, using
the surfactants hexadecyltrimethylammonium bromide (CTAB) and sodium dodecyl sulfate
(SDS) [14]; Zn, using SDS and polyacrylic acid [15]; MnO,, using benzyl dodecyl
dimethylammonium bromide (B-AB) [16], etc.

MD simulations present potential for evaluating the influence of surfactants in
electrodeposition processes. Wickramaarachchi et al. [16] studied, using MD, how the
surfactant B-AB affects electrodeposition by adsorbing on the lead surface and influencing
the nucleation and growth of MnO; deposits. The results showed that B-AB improved the

electrochemical properties of MnO, by adsorption on Pb surfaces. The surfactant
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concentration affected the aggregate formation and surface saturation. Additionally, according
to Aribou et al. [17], MD was used to elucidate the mechanism of electrodeposition of copper
in the presence of the additive ANP [poly(oxy-1,2-ethanediyl), alpha-(4-nonylphenyl)-omega-
hydroxy-,branched], allowing to understand how ANP is adsorbed on the surfaces of brass
and copper and how it affects the morphology of the electrodeposits of copper. The
simulations showed that ANP molecules adsorb more strongly on copper surfaces than on
zinc, as indicated by the adsorption energies —108.46 kcal mol™! and —33.54 kcal mol! for Cu
(111) and Zn (111), respectively.

Based on the influence of surfactants and molecular modeling potential insights, it’s
essential to explore the behavior of chemical species in solution to evaluate the relation
between the interactions in solution and electrodeposition. The objective of the present work
was to theoretically analyze the effect of adding CTAB and SDS to ethaline using InCl; and
SnCl,. In the computer simulation studies, the techniques of Molecular Dynamics (MD) and
Quantum Theory of Atoms in Molecules (QTAIM) [18] were used, as they are essential to
microscopically understand the behavior of interactions between the components of the

system.
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2. Theoretical Foundation

The methods of theoretical chemistry and molecular modeling can be classified into
three main approaches: empirical, quantum, and hybrid methods [19]. In this work, one
empirical method - the Molecular Dynamics (MD) -, and two quantum methods - the Density
Functional Theory (DFT) and the Quantum Theory of Atoms in Molecules (QTAIM) - have
been used. The following subtopics present theoretical details of MD and QTAIM methods,

which are the primary focus of the results.
2.1. Molecular Dynamics (MD)

Molecular Dynamics is based the Molecular Mechanics, in which each atom in a
chemical system is treated as a point to which a mass is attributed, while the interactions are

treated as “springs”. The movement of particles is based on Newton’s second law:
Fi(t) = mq )

where m; is the mass of the particle, a; is the acceleration, and F; represents the sum of the

forces acting on a determined particle [8].

The forces exerted in each atom are calculated from the negative gradient of the

potential energy as a function of the atomic positions:
Fi(t)= —VU(ry, 1y ...,7N) (2)

where U is the potential energy function and r is the position vector of the atom i (i = 1, 2, ...,
N) [20]. The Force Field, a very common term in this context, is considered an expression of
the potential energy, and its choice depends on the chemical system being studied and of the
level of accuracy required. The main components of the potential energy are given in the

relation below:

U:UL+U9+U0J+UNL (3)
where U, is the potential energy associated with the stretching of the bonds; U, with the
distortion of the plane angles; U, with the distortion of the dihedral angles; Uy, with the non-

bonded interactions, these being divided into electrostatic (coulombic) interactions and Van

der Waals interactions [21].

2.1.1. Integration methods
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In MD simulations, the integration of the movement equation is performed by
numerical methods, such as the Verlet and Leapfrog algorithms, with the objective of

determining the trajectory of the atoms of the system over time.

In the Verlet algorithm [22], the positions of the particles are updated according to the

equation below:
r(t + At) = 2r(t) — r(t — At) + a(t)At? (4)

where r(t) represents the position of a particle in the time t; At is the time interval; and a(t)
is the acceleration of the particle in the time t. The acceleration, a(t), is calculated by

dividing the sum of the forces acting on the particle by its mass, in accordance with Newton'’s

second Law, a(t) = % .

The operation of the Verlet algorithm can be described in terms of a series of steps,
which are constituted by sequential iterations performed by a loop. It is important to note that
the description that will be presented is an example, which is intended to facilitate the
visualization of how the algorithm works. A similar approach will be taken in relation to the

Leapfrog algorithm.

In the first iteration, in which t = 0, there are initial attributions for the initial position
of the particles [ 7 (0)], and for the position in a time interval preceding the initial time
[r(—At)]. The initial acceleration, a(0), can be calculated from the initial forces, in F(0).
Considering these attributions, we obtain the position of the particles in r(4t), as presented in

the following expression:
r(4t) = 2r(0) — r(—At) + a(0)At? (5)

In the second iteration, in which t = At, new attributions are introduced. The first term
of the second member of the equation (4) becomes the double of the position of the particle in
the time interval At [2r(At)], that is, the double of the value for the position obtained in the
previous iteration. The second term of the second member becomes 7 (0). Finally, the new
acceleration is calculated in the time interval At [a(4t)]. Consequently, the equation of the

second iteration is as follows:
r(24t) = 2r(4t) — r(0) + a(At)At? (6)
For the third iteration:

r(34t) = 2r(24t) — r(4t) + a(24t)At? (7
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So, for the n' iteration, we have:
r(ndt) = 2r((n—1)4t) — r((n— 2)At) + a((n — 1)At)At? (8)

This procedure will be repeated in accordance with the predefined parameters prior to
the execution of the production step of the MD simulation, which is conducted using

appropriate software, such as GROMACS.

The Leapfrog algorithm represents the integration method employed in this work. In
contrast to the Verlet method, in which the velocity is a non-binding variable, it is a necessary
component in the Leapfrog algorithm. In this algorithm, the update of velocity is used for the
update in position. From the definition of acceleration and assuming an increment time equal
to %, it is possible to apply a central finite differentiation [23] in t, in accordance with the
following expression:

o+ ) -»(-F)

a(t) = T 9)

It can be rearranged to obtain the equation of the velocity update of particles:

At At
v (t + 7) =V (t - 7) + a(t)At (10)
In order to obtain the expression related to the position update, it is necessary to begin
. . . . . . A .
with the definition of velocity. Once again, an increment time equal to 7t must be considered,

: . _y C At . )
and a central finite differentiation must be applied in ¢t + 7t , in accordance with the

following equation:

A At) —
v ) - 2t o

It can be rearranged to obtain the equation of the position update of particles:

At
r(t + At) = r(t) + v(t + 7)Az: (12)

The equations (10) and (12) represent the principal relations that underlie the Leapfrog
algorithm [24].

Finally, as the running of the algorithm also corresponds to a sequence of iterations

within a loop, it can be demonstrated that, for the first iteration, at t = 0, the values attributed
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. At . ) . . At
will be v(— 7) and a(0)At. This results in a new velocity being equal to v (7) The
updated value for velocity is then used to obtain the updated position. The input values for the
At

position expression are r(0) and v (7) At, which are used to obtain r(4t). The expressions

for updates in velocity and position for the first iteration are as follows:
(At) _ ( At) b a(0VA
vl5) =v 5 a(0)
r(ar) = r(0) + v(5)at (13)

In accordance with the logic employed in the first algorithm presented, for the second

iteration, in which t = At, the following expressions for updates in velocity can be obtained:

v(%) =v(§> + a(At)At

34t
r(24t) = r(4t) + U(T)At (14)

In the third iteration, the expressions below are obtained:

v(%) =v(%) + a(24t)At
r(34t) = r(24t) + v(%)é\t (15)

Given the observed trend, for the n™ iteration, where t = (n — 1)At, the following can

be concluded:

v((n - %)At) = v<<n - %)At) + a((n —1)At)At
r(ndt) = r((n—1)A4t) + v((n — %)At)z]t (16)

For illustrative purposes of a MD running, the equations (8) and (16) represent
generalizations that could be employed in a code or pseudocode, particularly in a control
structure or loop, given that both Verlet and Leapfrog methods are looping algorithms [25,
26]. The variable representing the termination condition is the number of iterations, which is

incorporated into the equations of the Leapfrog algorithm.
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2.1.2. Radial Distribution Function [g(r)] e Cumulative Coordination Number (CCN)

The Radial Distribution Function [g ()], is a method that can be used to quantify the
interactions between the particles in a system. This function provides information related to
the probability of finding a particle at a distance r from a reference particle. It can be

described as follows [27]:

P af (T')
Pg

9ap(r) = (17)

where p(7) is the local density of a particle § in a distance r from a reference particle a, and
pp is the average numerical density of the particle B in the system. In this work, the analysis
of the chemical species that interact with the reference species was conducted in terms of
Radial Distribution Function multiplied by the average numerical density [ gqz(r)pg 1.
Therefore, the graphs of g(r)p x r can be interpreted as the local density of each species in

function of the distance from the reference species.

The Cumulative Coordination Number (CCN) is the measure of the average cumulated
quantity of particles in function of the distance. The equation for CCN, in accordance with
[22], is given by:

r

Nog(r) = 4npﬁjr2 Gap(r)dr (18)
0

Applying a differentiation to the equation (18), the following result is obtained:

dNog(r) = 4mpgrigp(r)dr (19)
Isolating g,5(7)pp:
dN 45(7)
9 (MPp = 3 (20)

Given that 4nr?dr = dV, it can be concluded that:

dN 45(7)
B
Therefore, it can be observed that the CCN values are derived from the integration of
the g(r) function. Furthermore, the local density, g(r)p, can be understood as the rate of
variation of the quantity of counter-species in relation to the differential volume element

dV(r) at a distance r from a reference species.
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2.2. Topological properties

The Quantum Theory of Atoms in Molecules (QTAIM) is a theoretical model
employed to investigate chemical bonds as well as to characterize intra- and intermolecular
interactions. According to the principles of QTAIM, all the observable properties of a
chemical system are contained in its electron density [p(r)]. Consequently, p(r) serves as a
quantum-mechanical observable, being employed to calculate numeric integrals. In this

context, the gradient vector, Vp(r), is of fundamental importance in determining the

molecular topology [28].

The electron density can present minimum or maximum regions, or saddle points,
which are known as Critical Points (CPs). In this study, the topological properties — electron
density [p(r)], laplacian of electron density [ V2p(r)] and electron localization function [n(r)] —
were obtained in regions designated as Bond Critical Points (BCPs). These are specific points

that connect two attractors. The equation for the electron density is given by:
2
p() = D mleP = D i[> Cuuru) (22)
i i u

where ¢ is the orbital wavefunction, 7 is the occupation number, y is the basis function and C
is the coefficient matrix [29]. In the context of this work, the p(r) numerical values can be

understood as a measure of the strength of a chemical interaction.

The laplacian of electron density is given by:

5%@)+0%@)+0%@)

P2p(r) =
PO = 5 3y? 922

(23)

The sign of numerical value of V2p(r) characterizes the nature of a chemical
interaction. Positive values indicate an intramolecular interaction, while negative values

indicate an intermolecular interaction.

Finally, the expression for Electron Localization Function is presented below:
1

2
b (5((?))

ELF(r) = (24)

where D(7r) is the excess kinetic energy density caused by Pauli repulsion, while D, () is the
Thomas-Fermi kinetic energy density, being considered a reference value. Likewise, the

electron density, the ELF(r), or n(r), is a measure of the strength of a chemical interaction,
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once the larger the electron localization is in a region, once the greater the electron

localization in a region, the higher the probability that electron motion is within it.
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3. Objectives
3.1. General objective

To analyze, computationally, the behavior of the ions In** and Sn?* in the deep eutectic
solvent ethaline in the presence and absence of different surfactants (CTAB and SDS), at

different temperatures (297 K and 343 K), and ion proportions[Sn:In (1:1 and 1:4)].
3.2. Specific objectives

- Investigate the main interactions between the reference ions and the counter-species
using g(r)p;
- Determine the average quantity of counter-species around the reference ions using

CCN;

- Evaluate the strength of the interactions using p(r) and ELF and the nature of the

interactions using V2p(r);

- Investigate the effect of surfactants in the interactions between the reference ions and

the counter-species.
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4. Methodology
4.1. Optimization of structures and obtaining partial charges

The optimization of ethylene glycol and choline components was conducted through
the use of Density Functional Theory (DFT) [30-32] with the hybrid functional B3LYP [30,
33-35] and the basis set 6-311G+(d,p) in the GAUSSIAN 09 package [36]. Similarly, the
surfactants, CTAB and SDS, were also optimized using the same hybrid functional, but with
the basis set 6-31G+(d,p), once, for large structures, the use of a higher basis set is
computationally demanding. The partial charges for all components were obtained through

the CHELPG method [37] using Multiwtn 3.8 software [29].
4.2. Molecular dynamics (MD) simulation

A total of 12 MD simulations were performed for each specific system with the aim of
evaluating the behavior of Sn** and In*" ions in DES at two temperatures (297 K and 343 K),
two proportions between the reference ions Sn:In (1:1 and 1:4), and in the absence and

presence of different surfactants (CTAB, SDS), as shown in Table 1.

All MD simulations were performed using the GROMACS (GROningen MAchine for
Chemical Simulations) 2020.4 software package [38]. The systems were simulated in twelve
cubic boxes with dimensions of 12 nm x 12 nm X 12 nm, chosen as they were large enough to
contain all the ions and molecules of the system. The simulated systems were characterized
using the OPLS-AA [39] force field. The parameterization of SDS in the force field OPLS-
AA was according to [40].

The quantities of each chemical species were determined aiming for the

electroneutrality for each system, according to Table 1.

Table 1 Components and quantities used in each systems.

Temperature/K | Sn*In** Sn*In** + CTAB Sn*In** + SDS

Proportion(Sn:In)

297 SnZ*:In3* 1:1 | Sn?":In3* 1:1 + CTAB | Sn?::In** 1:1 + SDS
(L:1) 297 K) 297 K) 297 K)
Indium (26) Indium (26) Indium (26)

Tin (26) Tin (26) Tin (26)
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Choline (400)

Ethylene glycol
(800)

Chloride (530)

Choline (400)
Ethylene glycol (800)
Chloride (530)

Cetyltrimethylammonium

(1)

Choline (400)
Ethylene glycol (800)
Chloride (530)
Sodium (8)

Dodecyl sulfate (8)

Bromide (1)
297 Sn?*:In* 1:4 | Sn*:In** 1:4 + CTAB | Sn*:In** 1:4 + SDS
(1:4) (297 K) (297 K) (297 K)
Indium (104) Indium (104) Indium (104)
Tin (26) Tin (26) Tin (26)
Choline (400) Choline (400) Choline (400)
Ethylene glycol | Ethylene glycol (800) Ethylene glycol (800)
(800) Chloride (764) Chloride (764)
Chloride (764) Cetyltrimethylammonium | Sodium (8)
(1) Dodecyl sulfate (8)
Bromide (1)
343 Sn?*:In** 1:1 | Sn*":In*" 1:1 + CTAB | Sn*":In** 1:1 + SDS
(1:1) (B43 K) (B43 K) (B43 K)

Indium (26)
Tin (26)
Choline (400)

Ethylene glycol
(800)

Chloride (530)

Indium (26)

Tin (26)

Choline (400)
Ethylene glycol (800)
Chloride (530)

Cetyltrimethylammonium
(1

Bromide (1)

Indium (26)

Tin (26)

Choline (400)
Ethylene glycol (800)
Chloride (530)
Sodium (8)

Dodecyl sulfate (8)
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343 Sn?*:In* 1:4 | Sn**:In** 1:4 + CTAB | Sn*":In** 1:4 + SDS
(1:4) 343 K) 343 K) (343 K)
Indium (104) Indium (104) Indium (104)
Tin (26) Tin (26) Tin (26)
Choline (400) Choline (400) Choline (400)
Ethylene glycol | Ethylene glycol (800) Ethylene glycol (800)
(800) Chloride (764) Chloride (764)
Chloride (764) Cetyltrimethylammonium | Sodium (8)
(1) Dodecyl sulfate (8)
Bromide (1)

The energy minimizations of all systems, which aimed to optimize the geometry of the
structures of the chemical species, were carried out using the steepest-descent algorithm [41]
with an energy tolerance of 10.0 kJ mol™! nm™ and a total of 100000 steps, followed by the
second minimization, carried out using the conjugate gradient method with an energy
tolerance of 100.0 kJ mol! nm™ and a total of 5000 steps. Subsequently, temperature
equilibration was performed for 20 ns using the canonical ensemble (NVT) through
Berendsen thermostat [42], followed by pressure equilibration, also performed for 20 ns using
the isothermal-isobaric ensemble (NPT) through Parrinello-Rahman barostat [43]. Finally, the
production stage of Molecular Dynamics was performed for 200 ns, using the same
thermostat and barostat as the equilibration steps. The Lennard Jones parameters used to
characterize the tin (Sn*") and indium (In**) ions were obtained from [44] and [28],

respectively.
4.3. QTAIM topological properties

After the MD simulations, the equilibrium structures, derived from the production step,
were employed as initial input for the QTAIM calculations executed by Multiwfn 3.8
software [29]. These calculations were conducted using the last frame from the production
step obtained in the GROMACS software, applying 4.0 A spherical cuts in all twelve systems.
The metallic cations (Sn?" and In**) were positioned at the origin (0, 0, 0) of the reference
system solvated by adjacent species. Then, the derived systems were subjected to single-point

calculations using the GAUSSIAN 09 package [36], with the M06-2X functional [45] and the
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LANL2DZ basis set [46] for the Sn?>" and In*" ions. On the other hand, the 6-31G+(d,p) basis
set was utilized for the C, Cl, N, O, and H atoms. All topological data of electron density (p),

Laplacian of electron density (V?p), and Electron Localization Function (ELF, 1) were

obtained using Multiwtn 3.8 software [29].



27

5. Results and Discussion
5.1. Sn*'In?*' 1:1 and Sn*'In3* 1:4

The Radial Distribution Function multiplied by the average number density [g(r)p]
serves to describe the density of a given counter-species at a distance "r" from a reference
chemical species [47]. When comparing the Sn*'In** 1:1 systems, the following sequence of
interactions is observed in descending order at 297 K: In-Cl > Sn-Cl > In-OA = Sn-OA (OA =
oxygen from ethylene glycol), where the counter-species are at a distance of approximately
2.0A,3.0A, 1.8 A, and 2.3 A, respectively, as can be seen in Fig. l1a. The high density of
chloride ions around In3* can be attributed to the strength of In-Cl interaction, associated with
the trivalence of indium, resulting in a strong electrostatic attraction with the chloride ions.
Tin forms a bivalent cation, which contributes to the density of Cl” being lower than around
In* but still significant due to the electrostatic attraction. The lower density of OA around
both ions is due to the nature of these interactions (ion-dipole). It can also be seen that the
interactions with In*" have a shorter length than those with Sn?". In addition to the
contribution of the trivalent character, the ionic radius of indium, which is smaller, also
influences the length of the interaction. According to Coulomb’s Law, the electrostatic
interaction strength is inversely proportional to the square of the distance, so the smaller the

radius, the higher the interaction strength.
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Fig. 1 (a) Radial distribution function multiplied by the average number density [g(r)p] for the
Sn*"In*" 1:1 system. (b) Cumulative Coordination Number (CCN) for the Sn?'In** 1:1 system.
(c) Radial distribution function multiplied by the average number density [g(r)p] for the
Sn?*In** 1:4 system. (d) Cumulative Coordination Number (CCN) for the Sn*'In** 1:4 system.
The solid line represents the interactions at 297 K, while the dotted line represents the

interactions at 343 K.

It was found, according to the RDF, that the density of ethylene glycol (EG) molecules,
denoted by OA, around In*" was significantly reduced at a higher temperature (343 K),
indicating the complete breakdown of any interactions between In** and the oxygen in
ethylene glycol. This suggests that the In-OA interaction is less stable. The density of CI™ ions

around Sn?* remained approximately the same.

The Cumulative Coordination Number (CCN) describes the average cumulative
amount of counter-species at a given distance from the reference species and is the result of
integrating the expression of g(r)p [6]. The CCN results in Fig. 1b show that, at a temperature
of 297 K, there are, on average, 3.3 chloride ions and 0.7 molecules of ethylene glycol around

3+

In°", while there are, on average, 4.1 chloride ions and 2.0 molecules of ethylene glycol
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around Sn?*. At 343 K, there are, on average, 4.0 chloride ions and no ethylene glycol
molecules around In**, while there are, on average, 4.6 chloride ions and 1.4 ethylene glycol

molecules around Sn?".

According to the CCN presented in Fig. 1b, the increase in temperature resulted in an
increase in the average amount of Cl~ around In*" (from 2.0 to 4.0 A) and Sn?" (from 3.0 to
4.3 A), and a reduction in OA around In*" and Sn?*. As the increase in temperature results in
an increase in the kinetic energy of the system as a whole, the interactions between the
reference ions and the OA decrease, since this is an ion-dipole interaction, which tends to be
weaker than an ion-ion interaction, this being the case with the interactions of the reference
ions with the chloride anion. This indicates that reducing the average amount of OA
interacting with In*" and Sn?' results in greater availability of these ions in the system,
resulting in OA being replaced by CI. Interactions with choline were disregarded in this

study because they are negligible, as found by [6].

For the Sn?>’In*" 1:4 system, as shown in Fig. lc, the following sequence of
interactions, in descending order, at 297 K: In-Cl > Sn-CI > Sn-OA > In-OA, where the
counter-species are at a distance of approximately 2.0 A, 3.0 A, 1.8 A, and 2.3 A, respectively,
thus following the same trend observed in the Sn*In** 1:1 system. The phenomenology
relating to the differences in the magnitude of the densities of counter-species interacting with
the reference species is associated with the charges and ionic radius of Sn?>" and In*", similar

to the Sn*'In*" 1:1 system.

The CCN results presented in Fig.1d show that, at 297 K, there are, on average, 3.4
chloride ions and 0.6 ethylene glycol molecules around In**, while there are, on average, 3.9
chloride ions and 2.3 ethylene glycol molecules around Sn?*. At 343 K, there are, on average,
4.0 chloride ions and no ethylene glycol molecules around In**, while there are, on average,
4.5 chloride ions and 1.5 ethylene glycol molecules around Sn**. The average amounts of
counter-species for each temperature are close to the Sn**In** 1:1 system. In addition, it was
observed that the average quantity of chloride ions increased around the reference species,
and the opposite in relation to the ethylene glycol molecules, the explanation for which is also

associated with the stability of the interactions, as discussed in the Sn*'In3" 1:1 system.

In relation to topological information, the Electron Density [p(r)] is used to quantify
the strength of the interactions [29] between different species in the system studied, as well as

the Electron Localization Function (ELF, n) [6]. In addition, the Laplacian of the Electron
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Density (V?2p) describes the nature of an interaction. If the Laplacian is positive, this indicates
that the electron density at a given critical bond point is small, suggesting that the density is
located in the attractors, characterizing intermolecular interactions [28]. The data related to

the topological analysis are presented in tables 2 and 3 and figures 2 and 3.

Table 2 Topological data of In** and Sn?* ions in the Sn**:In** 1:1 (297 K) and Sn*":In** 1:1
(343 K) systems. The ELF value, n(r), electron density, p(r), and Laplacian of electron density,
V2p(r), of the In-Cl, In-OA, Sn-Cl and Sn-OA interactions are presented.

Sn?*:In*" 1:1 (297 K) Sn?*:In*" 1:1 (343 K)
In-Cl In-OA Sn-Cl Sn-OA In-Cl Sn-Cl Sn-OA
2P 1480 x 107 131 x 107 [1.04 x 10715.13 « 102|5.69 x 10| 1.06 x 101 | 2.50 x 102

IV 176 |7.73x1011233x10°Y1.46x 1071 213 [2.51x10716.43 x 102
2n(r) 262 |7.89x1071(8.73x10°Y2.65x107!| 344 [829x107'[1.58x107"
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Fig. 2 Molecular graphs with BCPs of Sn** and In** in the system (a) Sn*":In** 1:1 (297 K)
and (b) Sn?*:In*" 1:1 (343 K). Indium (black); Tin (purple); Chloride (green); Carbon (gray);
Hydrogen (white); Oxygen (red); Nitrogen (blue).

Table 3 Topological data of In*" and Sn?* ions in the Sn*":In** 1:4 (297 K) and Sn*":In* 1:4

(343 K) systems. The ELF value, 1(r), electron density, p(r), and Laplacian of electron density,

V2p(r), of the In-Cl, In-OA, Sn-Cl and Sn-OA interactions are presented.

Sn?*:In" 1:4 297 K)

Sn?*:In" 1:4 (343 K)

In-Cl In-OA Sn-Cl Sn-OA In-Cl Sn-Cl Sn-OA
Zp(r) 470x 1071136 x 1071 [1.02 x 10715.99 x 102|533 x 1071|122 x 107" [2.38 x 1072
EVH@)| 172 [835x10711229x10°1.72x 1071 199 [2.87x1071(6.78 x 102
Zn(r) 261 |7.96x1071(844x10Y320x107" 343 [981x101|1.16x107!
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()

Fig. 3 Molecular graphs with BCPs of Sn** and In** in the system (a) Sn*":In** 1:4 (297 K)
and (b) Sn?*:In*" 1:4 (343 K). Indium (black); Tin (purple); Chloride (green); Carbon (gray);
Hydrogen (white); Oxygen (red).

In the molecular graphs presented, it was found that the interaction of the Sn?* ion with
the counter-species forms a complex with an approximately octahedral geometry, while the
interaction of the complexing species with the In’" ion forms a tetrahedral geometry in the
Sn?*:In** 1:1 (343 K), Sn?":In** 1:4 (297 K), and Sn*":In*" 1:4 (343 K) systems, and a trigonal
bipyramidal geometry in the system Sn?":In** 1:1 (297 K). The Bond Critical Points (BCPs)

where the topological properties [p(r), V2p and n] were obtained, were represented by orange

spheres located between the reference species and the counter-species.
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The Sn-In pairs were selected so that they were consistent with the average values
observed in the CCN graphs and with the quantitative differences observed with increasing
temperature. Thus, in the systems simulated at 297 K, systems were selected in which there
are four chloride ions and two ethylene glycol molecules complexing Sn?*, and three chloride
ions and one ethylene glycol molecule complexing In*". For the systems simulated at 343 K,
we selected the systems in which there are five chloride ions and one ethylene glycol
molecule complexing Sn**, and four chloride ions complexing In**. In the Sn*":In** 1:1 (297
K) system, in particular, we observed the formation of bonding paths between In** and two
molecules of ethylene glycol; however, the interaction between In* and the ethylene glycol
underneath has a lower electron density [p(r)] and is not a significant part of the sum of the

electron density of the In-OA interaction.

It can be seen that for all the systems analyzed in the absence of any surfactants
[Sn?":In?** 1:1 (297 K), Sn*":In** 1:1 (343 K), Sn*":In** 1:4 (297 K), and Sn?*":In*" 1:4 (343 K)],
the electron density of the In-Cl interaction is consistently higher, indicating that this
interaction is stronger or more polarized. On the other hand, the Sn-OA interaction showed
the lowest electron density in all cases, suggesting that this interaction is the weakest or most
diffuse. The same trend was observed by [7] when analyzing the interactions of metal cations

with CI™ and OA.

According to the results, positive V2p(r) values were obtained for all the interactions,
indicating their intermolecular nature. The In-Cl interaction has the highest V?2p(r) value for

all the systems analyzed, and therefore has the highest electron density depletion.

A higher numerical value of ELF implies greater electron confinement in a given
region and is strongly related to electron density. In this way, the measurement of ELF is also
related to the strength of the interactions [48], and a similar trend to that of electron density is

observed.

In all systems without surfactants, the differences observed, in terms of the magnitude
of the numerical values, are not pronounceable. With the exception of the exact value of each

property, the trends are predominantly the same.
5.2. Sn*'In*"1:1 + CTAB and Sn?"In** 1:4 + CTAB

According to the g(r)p results, the density of counter-species around the reference ions
follows the same trend observed in the systems without surfactants with a Sn:In ratio of 1:4.

Bearing in mind that only a single unit of the surfactant CTAB was inserted into the systems
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(a quantity representative of the experimental concentration) and that it is a cationic surfactant,
no significant interactions were observed between the CTA™ cation and the reference ions (In-
N1 and Sn-N1 interactions). The CCN results show that, in the same way as the systems
already presented, increasing the temperature leads to the replacement of ethylene glycol
molecules by chloride ions, around In** and Sn**. The g(r)p and CCN results in question are

shown in Fig. 4.
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Fig. 4 (a) Radial distribution function multiplied by the average number density [g(r)p] for the
Sn*"In*" 1:1 + CTAB system. (b) Cumulative Coordination Number (CCN) for the Sn*‘In**
1:1 + CTAB system. (c) Radial distribution function multiplied by the average number
density [g(r)p] for the Sn*'In** 1:4 + CTAB system. (d) Cumulative Coordination Number
(CCN) for the Sn*'In** 1:4 + CTAB system. The solid line represents the interactions at 297 K,

while the dotted line represents the interactions at 343 K.

Although the surfactant in question does not establish a direct interaction with any of
the reference species, there is still a slight reduction in the magnitude of some specific
interactions, such as In-Cl. In solution, CTA" will not interact exclusively with the bromide

ion, Br™, a component of the CTAB surfactant, but also with chloride ions, which contributes
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to a reduction in the density of Cl™ around In**. The data related to the topological analysis are

presented in tables 4 and 5 and figures 5 and 6.

Table 4 Topological data of In** and Sn** ions in the Sn*":In** 1:1 + CTAB (297 K) and
Sn**:In** 1:1 + CTAB (343 K) systems. The ELF value, n(r), electron density, p(r), and
Laplacian of electron density, V?2p(r), of the In-Cl, In-OA, Sn-Cl and Sn-OA interactions are

presented.
Sn?*:In** 1:1 + CTAB (297 K) Sn?*:In** 1:1 + CTAB (343 K)
In-Cl In-OA Sn-Cl Sn-OA In-CI Sn-Cl Sn-OA
Zp(r) 1450 x 107" 1.62 x 107" [1.09 x 10715.78 x 1072[5.58 x 10! [ 1.24 x 107! [2.90 x 102
2V 2p(r) 1.65 9.83x107112.45x107'/1.67 x 107! 2.08 2.95x 1071|846 x 1072
n(r) 2.61 8.26 x 1071 18.95 x 107113.00 x 10" 3.44 9.48 x 107" 1.52x 107!
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Fig. 5 Molecular graphs with BCPs of Sn?" and In*" in the system (a) Sn*":In*" 1:1 + CTAB
(297 K) and (b) Sn**:In** 1:1 + CTAB (343 K). Indium (black); Tin (purple); Chloride (green);
Carbon (gray); Hydrogen (white); Oxygen (red); Nitrogen (blue).

Table 5 Topological data of In** and Sn** ions in the Sn*":In** 1:4 + CTAB (297 K) and
Sn**:In** 1:4 + CTAB (343 K) systems. The ELF value, n(r), electron density, p(r), and
Laplacian of electron density, V?2p(r), of the In-Cl, In-OA, Sn-Cl and Sn-OA interactions are

presented.

Sn?*:In** 1:4 + CTAB (297 K) Sn?*:In** 1:4 + CTAB (343 K)

In-Cl In-OA Sn-Cl Sn-OA In-Cl Sn-Cl Sn-OA
Zp(r) |4.86x 1071 1.32x 107 [1.07 x 10716.15 x 1072|5.65 x 1071 1.25 x 107! [ 2.85 x 102




37

2Vap@)| 176 [7.81x10"[2.44x107[1.82x10"] 212 [2.94x10"[8.63 x 102

Xn(r) 2.62 7.98 x 107! 8.66 x 1071]3.22 x 107! 3.45 9.55x107"|1.39x 107!

(b)

@cl
@In

@5Sn

Fig. 6 Molecular graphs with BCPs of Sn?" and In*" in the system (a) Sn*":In*" 1:4 + CTAB
(297 K) and (b) Sn**:In** 1:4 + CTAB (343 K). Indium (black); Tin (purple); Chloride (green);
Carbon (gray); Hydrogen (white); Oxygen (red).

It was observed that, in the systems with the CTAB surfactant, the geometric structure
of the complexes formed is, similarly to what was observed in the systems without surfactants,
octahedral for Sn?", tetrahedral for In*" in the Sn*":In* 1:1 + CTAB (343 K) and Sn**:In** 1:4
+ CTAB (343 K) systems, and trigonal bipyramidal in the Sn**:In** 1:1 + CTAB (297 K) and
Sn**:In** 1:4 + CTAB (297 K) systems. These graphs were obtained in such a way as to be

representative of the average values observed in the CCN graphs, so the addition of the
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surfactant CTAB in the quantity it was added did not lead to changes in the geometry of the

complexes formed.

The p(r) and ELF values for all the systems are consistent with the values observed for
the systems without surfactants. The In*" interactions with Cl~ showed greater strength or
polarization. The Laplacian values of the electron density were again positive, indicating that
the interactions of the reference species with the counter-species are predominantly

intermolecular.

The differences observed in the values of p(r), V?p(r) and n(r) in the systems with and
without CTAB are subtle and do not necessarily indicate a change in the strength and nature
of the interactions. The presence of CTAB can influence the interactions in a subtle way, but
this influence is not discernible by the topological analysis since this is an analysis of a single

sample of the Sn-In pair that makes up the system.
5.3. Sn**In*1:1 + SDS and Sn*'In** 1:4 + SDS

It can be seen from the g(r)p results that, like the other systems already presented, the
density of counter-species around the reference species follows roughly the same trend.
However, this time, there was reasonably significant interference from the anionic surfactant
SDS, whose interactions were denoted as In-OC and Sn-OC (OC = oxygen of the DS™ ion), as

shown in Fig. 7.

In the system simulated at 297 K, with a Sn:In ratio of 1:1, the surfactant interferes
through the interaction of DS~ with In**, which did not occur with Sn**. This is due to the
amount of SDS that was inserted into the system, which, although greater than that of CTAB
in the systems in which this surfactant was inserted, is still not enough to lead to significant
interactions with both reference species. Furthermore, the interaction with In**, specifically, is
due to the trivalent nature of this ion, giving it greater interaction with any anions present in

the system, including DS™.

However, in the system simulated at a Sn:In ratio of 1:4, the interaction of DS~ with
In*" was not observed. Furthermore, there was an increase in the magnitude of the density of
CI ions interacting with In**. This can be explained by the increase in the amount of chloride
ions, which is sufficient to neutralize the inserted In** ions, while the amount of surfactant is
kept constant. The In-Cl interaction is more stable than In-OC, since in the DS~ anion, the

total negative charge is distributed along the ion chain, resulting in a lower concentration of
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charge on the interacting oxygen atoms, unlike the CI™ anion, in which the total charge is

exclusively concentrated on the chlorine.
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Fig. 7 (a) Radial distribution function multiplied by the average number density [g(r)p] for the

Sn*"In*" 1:1 + SDS system. (b) Cumulative Coordination Number (CCN) for the Sn*'In?* 1:1

+ SDS system. (c¢) Radial distribution function multiplied by the average number density

[g(r)p] for the Sn*In** 1:4 + SDS system. (d) Cumulative Coordination Number (CCN) for

the Sn*"In** 1:4 + SDS system. The solid line represents the interactions at 297 K, while the

dotted line represents the interactions at 343 K.

The CCN graphs show that the system has approximately the same behavior observed
in the systems with added CTAB as well as in the systems without additives for the In-Cl, In-
OA, Sn-Cl and Sn-OA interactions. However, in the Sn?>":In*" 1:1 (297 K) system, a slight
amount of DS~ (0.3 on average) was observed interacting with In**, consistent with what is
indicated by g(r)p. The data related to the topological analysis are presented in tables 6 and 7
and figures 8 and 9.
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Table 6 Topological data of In*" and Sn** ions in the Sn*:In*" 1:1 + SDS (297 K) and
Sn*":In** 1:1 + SDS (343 K) systems. The ELF value, n(r), electron density, p(r), and
Laplacian of electron density, V?p(r), of the In-CI, In-OA, Sn-Cl and Sn-OA interactions are

presented.
Sn**:In*" 1:1 + SDS (297 K) Sn**:In%*" 1:1 + SDS (343 K)
In-Cl In-OA Sn-Cl Sn-OA In-Cl1 Sn-Cl Sn-OA
2p(r) (484 x 107" 1.49 x 107" [1.01 x 1071]5.23 x 1072[5.62 x 107! | 1.16 x 1071 [2.28 x 102
XV 2p(1) 1.75 8.75x1071|2.31 x107'|1.44 x 107! 2.10 2.69x1071{6.10 x 1072
>n(r) 2.62 8.50x107118.21 x107!'/12.85 x 107! 3.44 9.39x107"|1.17 x 107!
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Fig. 8 Molecular graphs with BCPs of Sn** and In*" in the system (a) Sn*":In*" 1:1 + SDS
(297 K) and (b) Sn?>":In** 1:1 + SDS (343 K). Indium (black); Tin (purple); Chloride (green);
Carbon (gray); Hydrogen (white); Oxygen (red); Nitrogen (blue).

Table 7 Topological data of In** and Sn** ions in the Sn*":In** 1:4 + SDS (297 K) and
Sn*:In** 1:4 + CTAB (343 K) systems. The ELF value, n(r), electron density, p(r), and
Laplacian of electron density, V?2p(r), of the In-Cl, In-OA, Sn-Cl and Sn-OA interactions are

presented.

Sn?":In** 1:4 + SDS (297 K) Sn?":In** 1:4 + SDS (343 K)
In-Cl | In-OA | Sn-Cl | Sn-OA In-Cl | SnCl | Sn-OA
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Zp(1) (470 x 1071 1.62 x 1071 9.74 x 1072594 x 1072[5.69 x 1071 1.27 x 1071 | 2.74 x 1072
XV 2p(1) 1.74 9.89 x 107! [2.21 x 107!'/1.78 x 10! 2.12 3.01x107"|7.88x 1072
n(r) 2.61 8.15x 107! [8.05 x 107'13.06 x 107! 3.44 9.68 x 1071 1.46 x 107!

(b)

@cl

Fig. 9 Molecular graphs with BCPs of Sn** and In*" in the system (a) Sn*":In*" 1:4 + SDS
(297 K) and (b) Sn?>":In** 1:4 + SDS (343 K). Indium (black); Tin (purple); Chloride (green);
Carbon (gray); Hydrogen (white); Oxygen (red); Nitrogen (blue).

The molecular graphs of the systems with the SDS additive show the geometric
structures of the complexes formed around the reference species, which, like the other
systems already presented, are octahedral for Sn?*, tetrahedral for In* in the Sn**:In** 1:1 +
SDS (343 K), Sn*":In** 1:4 + SDS (297 K) and Sn?>":In** 1:4 + SDS (343 K) systems, and
trigonal bipyramidal for the Sn?>":In*" 1:1 + SDS (297 K) system. It is worth noting that
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although the choline cation was observed around Sn?', it does not interact directly with the

reference ion in question, as indicated by the bond paths.

In addition, the strength and character of the interactions followed the same trend
already observed in the other conditions evaluated, with the In-Cl interaction showing greater
strength or polarization and all the interactions showing intermolecular character. There is no

clear evidence of the influence of SDS on the topological properties of the system.
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6. Conclusions

The Radial Distribution Function multiplied by the Average Numerical Density [g(r)p]
and the Cumulative Coordination Number (CCN) revealed consistent patterns of interaction
between the reference species, In*" and Sn?*, with the counter-species, CI- and OA (OA =
oxygen from ethylene glycol). It was found that In** tends to interact more strongly with CI~
compared to Sn?*, while the interaction with OA is weaker and less stable, especially at a
higher temperature, since, in the system simulated at 343 K, there was an increase in the
amount of CI” around the reference ions and a reduction in the amount of OA. The Electron
Density [p(r)] and Electron Localization Function (ELF) showed that the In-Cl interactions
are stronger or more polarized in all systems. The Laplacian of the Electron Density (V?2p)
was consistently positive, indicating an intermolecular nature on the part of all interactions of
counter-species with the reference species. Finally, the insertion of surfactants subtly altered
some specific interactions. With CTAB, there was a slight reduction in the magnitude of the
In-Cl interaction, while SDS mainly influenced interactions with In**, as shown by g(r)p,

based on the trivalent nature of In*" and the anionic nature of SDS.
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