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Abstract—An attempt has been made to reveal the mechanisms responsible for changes in molecular mobility
after addition of aluminum nitrate to ethylammonium nitrate using molecular dynamics modeling. The main
goal was not only to quantitatively estimate the kinetic characteristics of the components of the mixture at dif-
ferent ratios, but also to correlate the local structure rearrangement at increased salt concentrations with the
rotational reorientation of ions. The model systems, radial distribution functions, self-diffusion coefficients,
and reorientation times of the intramolecular vectors of the nitrate anion were calculated. At increased con-
centrations of aluminum nitrate in the system, the reorientation of the nitrate anion and the translational
motions of the system components slowed down. It was demonstrated, using the radial distribution functions,
that the aluminum ion does not penetrate into the nearest environment of the ethylammonium cation. The
appearance of triply charged aluminum ions, however, has a noticeable effect on the ordering of nitrate
anions, including those that are part of the environment of the ethylammonium cation. This just leads to a
slowdown in the rotational reorientation of the nitrate anion.
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Interest in the study of ionic liquids (ILs) has
grown significantly over the past decades. Their char-
acteristic feature is that they consist of ions, but,
unlike “classical” salts, they are in a liquid state at rel-
atively low temperatures (up to ~100°C) [1-5]. Tonic
liquids have attracted the attention of researchers due
to their remarkable properties such as high thermal
stability, high boiling point, low vapor pressure, etc.
Due to these properties, ionic liquids can be used in
various electrochemical applications (e.g., in lithium
ion batteries, supercapacitors, fuel cells, etc.) [6—16].
An important challenge in modern physical chemistry
is preparation of ILs with properties required for par-
ticular problems. However, this is complicated by the
wide variety of possible modifications of ILs (selection
of an anion, addition of various functional groups to
the cation, addition of admixtures, etc.) and, accord-
ingly, by the need to prepare a large number of samples
and perform many experiments. Although many stud-
ies have been performed in this area, there are appre-
ciable gaps in the understanding of the nature of ionic
liquids. In this case, computer simulation is one of the
most promising approaches, which makes it possible
to describe ILs at the microlevel. Understanding the
mechanisms of formation of the local structure and

correlating them with molecular mobility would help
to optimize the search for new variants of ILs.

Systems based on ammonium ions are among the
most interesting classes of objects. Ammonium ILs
have attracted the attention of researchers due to an
unusual combination of properties (in particular, they
are relatively inexpensive and have low toxicity). A
characteristic representative of this group is ethylam-
monium nitrate (EAN). As the main object of study

we chose mixtures of EAN ([C,H;NH;][NO;]) and
aluminum nitrate (AI(NO,;);). The addition of inor-
ganic metal salts is one of the promising ways to obtain
ILs with desired properties. The addition of an alumi-
num salt is promising from several viewpoints. Salts
with higher valence, e.g., those containing magnesium
(Mg?") or aluminum (AI*"), are currently regarded as
potential substitutes for lithium-based (Li") salts, as
their use could lead to more efficient energy storage
systems. Aluminum is characterized by much higher
theoretical energy density than lithium (1060 W h/kg
and 406 W h/kg, respectively) [17]. In addition, alumi-
num is more abundant in nature than lithium, which
means that the cost of the product will be lower [17].
Previously, mixtures of EAN and aluminum nitrate
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Table 1. Composition of model systems

c Number of ions in the model cell
AINO3)> | mol/kg
% EA+ NO; A13+
0 300 300 0
5 0.489 500 578 26
10 1.028 500 668 56

CaAi(NOy), is the mole fraction of aluminum nitrate, m is the
molality.

Table 2. Parameters of model potentials for the nitrate
anion and aluminum cation

Ton Site g, le| o, A | €, kI/mol
NOj, vari- N +0.860 | 3.9000 | 0.8370
ant 1 [28] o) —0.620 | 3.1540 | 0.6490
NOj, vari- N +0.905 | 3.2500 | 0.7118
ant 11 [22] o) —0.635 | 2.9600 | 0.8792
NOj, vari- N +1.310 | 3.1000 | 0.3077
ant 111 [29] o) —0.770 | 3.0000 | 0.3077
ALY [30] Al +3.000 | 1.4472 | 0.9063

with concentrations from 0 to 25 mol % salt have
already been studied in [17]. The authors considered in
detail the effect of the AI(NO;); addition on the local
microstructure of the mixture, but did not give any
estimates for molecular mobility.

In the present study, we made an attempt to reveal
the mechanisms responsible for changes in molecular
mobility after addition of aluminum nitrate to EAN
using the molecular dynamics (MD) method. The
main goal was not only to quantitatively evaluate the
kinetic characteristics of the mixture components at
their different ratios, but also to reveal the relationship
between the local structure rearrangement after addi-
tion of the salt and the rotational reorientation of ions.

SIMULATION PROCEDURE

Three systems were modeled here using the MD
method: pure IL EAN without additives and two mix-
tures with 5 and 10 mol % aluminum nitrate. The data
on the composition of the model systems are given in
Table 1. The modeling was performed in a cubic cell
with periodic boundary conditions in an NPT ensem-
ble at 298 K and atmospheric pressure using the MDy-
naMix v5.0 software package [18]. The temperature
was kept constant with a Nose—Hoover thermostat
[19, 20], and the pressure was maintained with a
Hoover barostat [21].

To describe the intermolecular interactions
between ethylammonium cations (EA"), we chose the
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potential proposed in [22, 23]. Previously ([17, 22,
24-26]), it was shown that it reproduces the density
and the main structural characteristics of this ionic
liquid quite well. The nitrate anion was regarded as a
four-site planar structure in which the nitrogen atom
lies at the center, the oxygen atoms lie at a distance of
1.22 A from it, and all the O—N—O angles are equal to
120° [27]. The interactions between the atoms of the
model nitrate anion and other species is the sum of the
Coulomb and Lennard-Jones (12—6) potentials:

12 6
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Several variants for the corresponding parameters
have been proposed in the literature [22, 28, 29], but it
is impossible to reasonably choose one of them based
on the published data. Therefore, to assess the effect of
the parameters of the model potentials for the nitrate
anion on the calculated characteristics of ILs and mix-
tures, we considered three different variants of param-
eters [22, 28, 29], whose values are given in Table 2.
About a dozen potentials have been proposed in the
literature to describe the aluminum ion (e.g., [30—
37]), but the sum of the Coulomb and Lennard-Jones
(12—6) potentials were considered only in two cases
[30, 31]. The preliminary test modeling showed that
the variant proposed in [30] predicted an overesti-
mated size of the first solvation shell of the aluminum
cation, and only the potential of [30], whose parame-
ters are given in Table 1, was used in further calcula-
tions.

The equations of motion were solved by the Verlet
method at a step of 2 fs. The structure of the model
nitrate anion was preserved using the SHAKE algo-
rithm [37]. The electrostatic interaction potentials
were calculated by the Ewald method. The equilibra-
tion time of each model system was 2 ns; the subse-
quent simulation time was 1 ns.

RESULTS AND DISCUSSION
Density of Model Systems

As the first criterion of correctness of the simula-
tion data, we calculated the densities of both pure IL
and mixtures with aluminum nitrate. The results are
shown in Table 3 together with the experimental data
published in the literature [17, 24]. The potential
parameters of the nitrate anion evidently have a signif-
icant (up to 11%) effect on the density of the model
system. Based on a comparison of the calculated data
with experiment, it can be concluded that all the vari-
ants in question can be used to analyze the molecular
mobility of the systems.
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EFFECT OF AI(NOj); ADDITION ON MOLECULAR MOBILITY

Molecular Mobility in a Mixture of Ethylammonium
Nitrate and Aluminum Nitrate

Self-diffusion coefficients. The rate of the transla-
tional motion of substance particles is characterized by
the coefficient of self-diffusion (D). It was calculated
here as the ratio of the mean square displacement of
molecules over a certain period of time to the duration
of this period:

1/ — 2
D = lim (7 (1) =7 (O) ).
where 7(¢) is the radius vector that characterizes the
position of a particle at a moment of time #, and 7(0) is
the radius vector at the initial moment of time. The
calculated self-diffusion coefficients are listed in
Table 4.

The simulation time is not long enough to calculate
the characteristics of the model system with high accu-
racy, but makes it possible to estimate the main effects
occurring after the addition of aluminum nitrate to the
IL. Note that although the values of the potential
parameters of the nitrate anion have a noticeable effect
on the D value, all the three values are approximately
of the same order. As mentioned above, the main pur-
pose of the numerical experiment was to reveal the
relationship between the local structure rearrange-
ment of the IL after addition of the salt and the rota-
tional reorientation of ions. According to the simula-
tion data, with an increase in the mole fraction of
Al(NO;);, the translational motion in the system slows
down, but the effect is rather weak.

Rotational reorientation of the nitrate anion. The
autocorrelation functions of rotational reorientations
of various intramolecular vectors are another import-
ant characteristic of molecular mobility, analyzing
which enables us to obtain information on the rota-
tional motion of ions. Four vectors can be considered
to describe the reorientation of the nitrate anion (Fig.

1): NO,, NO,, and NO; are directed along three N—

O chemical bonds, while the N, vector is perpendicu-
lar to the anion plane. An analysis of the simulation
data showed that in the case of the nitrate anion, these
functions can be approximated with satisfactory accu-
racy by one exponential of the form

F(x)=exp (lj

Te

where 1, is the rotational reorientation time of the
given vector. The estimated rotational reorientation

times of the given intramolecular vectors of the NOj
ion are shown in Table 5.

First, the autocorrelation functions of rotational
reorientation of the NO,, NO,, and NO; vectors, as
might be expected, are almost identical. Second, the
difference between the reorientation times obtained
using different model potentials for the nitrate anion is
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Table 3. Density of the systems (g/cm?)
Modeling
Cainoy,» Experiment
% Potential 1| Potential 11 | Potential 111
1.198 1.294 1.214 1.206 [24]
5 1.230 1.338 1.206 1.26 [17]
10 1.267 1.383 1.280 1.31 [17]

CAI(NOy), 18 the mole fraction of aluminum nitrate.

Table 4. Calculated self-diffusion coefficients for the sys-

tems
Potential Cainoy) 10" D, mz/ S
3)3°
of NOj3 % A" NO; EA*
1 0 — 0.54 0.41
5 0.16 0.46 0.38
10 0.15 0.40 0.37
11 0 — 0.62 0.46
5 0.13 0.52 0.42
10 0.15 0.50 0.32
111 — 0.31 0.28
5 0.09 0.34 0.33
10 0.09 0.29 0.26

much more pronounced than in the case of self-diffu-
sion coefficients. However, the characteristic changes

in the mobility of the NOj5 ion are similar: at increased
mole fraction of aluminum nitrate, the rotational
reorientation significantly slows down in the system in
all cases. Third, the rotational reorientation time of

A

Fig. 1. Intramolecular vectors in the nitrate anion, for
which the autocorrelation functions of rotational reorien-
tations were calculated.
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Table 5. Rotational reorientation times of the intramolecu-
lar vectors of the NOj ion (Fig. 1). Potential I

Reorientation times
CAI(NOy),s of corresponding vectors, ps
% — R —
NO, NO, NO; N,
160+£20 | 150£20 | 160+20 | 510£50
5 360+30 | 360+30 | 380+30 | 650+ 60
10 640+60 | 64060 | 57060 | 680+ 70
0 240 £20 | 240+20 | 26020 | 610+60
5 440+40 | 46040 | 46040 | 830+80
10 820+80 | 81080 | 82080 | 1100 % 100
920+90 | 890+90 | 910 £90 |2400 % 300
5 1400 % 100 | 1300 £ 100 | 1300 £ 100 | 2900 % 300
10 1900 % 200 | 1900 % 200 | 1900 % 200 | 3300 + 300

the N, vector considerably exceeds that for the vectors
directed along the N—O chemical bond in all cases.
This indicates that the frequency of rotational move-
ments in the plane of the nitrate anion is higher than
the frequency of rotational movements of the plane
itself. Note that this natural effect was quantified.

Changes in the Microstructure of Ethylammonium
Nitrate @ after Addition of Aluminum Nitrate

As mentioned above, the main goal of this study
was to reveal a possible relationship between the local
structure rearrangement occurring after addition of
the salt and the molecular mobility. To describe the
microstructure of the systems under study, 16 radial
distribution functions (RDFs) were calculated. Note

Fig. 2. RDF of the nitrogen atom in NOz —nitrogen atom
of the NH3 group. Potential I.
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that there were no significant differences in the form
of all these RDFs obtained using different model
potentials for the nitrate anion.

An analysis of the simulation data led to the follow-
ing conclusions:

(1) The form of the RDF between the atoms of the
EA* ion (CH, and CH; carbon—CH, and CHj; car-
bon, CH; carbon—NH; nitrogen, NH; nitrogen—NH;
nitrogen, NH; nitrogen—CH, and CH; carbon) does
not change after addition of aluminum nitrate. This
suggests that addition of the salt in a concentration of
up to 10 mol % does not lead to any significant
changes in the local ordering of the EA* cation.

(2) In the case of the RDF between the atoms of
EA™" ions (NOj nitrogen—CHj; carbon, oxygen—CHj;

carbon, NOj; nitrogen—NH; nitrogen, and oxygen—
NH; nitrogen) shown in Fig. 2, the intensity of the
first RDF peak decreased at increased mole fraction of
aluminum nitrate. This suggests that the local changes
are associated with the redistribution of the nitrate
anions. These data are consistent with the results of
[17].

(3) The RDFs (NOj nitrogen—NOj nitrogen) pre-
sented in Fig. 3 clearly demonstrate significant
changes in the relative position of nitrate anions after
addition of the salt. The presence of triply charged alu-
minum ions in the system leads to a significant
increase in the ordering of nitrate anions in the system,
which manifests itself as increased intensity of the
peaks of the corresponding RDFs. The observed
changes are consistent with the significant decrease in
the mobility of the rotational reorientation of the
nitrate anion.

25
" — 0%
! \ -—— 5%
2.0 i —= 10%
L5
&
80
1O
0.5F
0 -
3

Fig. 3. RDF of the nitrogen atom in NO3z —nitrogen atom
in NO;. Potential I.
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Fig. 4. RDF of the aluminum atom in NO3 —carbon atom
of the CHj; group. Potential II.

(4) The positions of aluminum ions relative to the
EA" ion, described by the RDF (aluminum—CH, car-
bon, aluminum—NHj; nitrogen) are shown in Figs. 4

and 5. The AI** and EA™" cations experience electro-
static repulsion and have little effect on each other.
The RDF of the EA*—AI*" type does not change sig-
nificantly (which was also demonstrated in [17]) as the
aluminum ion cannot penetrate into the nearest envi-
ronment of the EA* cation. The multiply charged alu-
minum ion forms a shell of nitrate anions around
itself, including those that are part of the EA*™ environ-
ment, which leads to a slowdown of the rotational

reorientation of NO;.

Thus, three systems were modeled by the MD
method: pure EAN and two mixtures of this IL with
aluminum nitrate (5 and 10 mol %). The modeling was
performed for three different sets of potential parame-
ters of the nitrate anion. The following characteristics
were calculated: the density of model systems, various
radial distribution functions, self-diffusion coeffi-
cients, and reorientation times of the intramolecular

vectors of the NOj ion.

Evaluation of the self-diffusion coefficients showed
that the translational motion in the system slows down
at increased molar fraction of aluminum nitrate, but
the effect is relatively weak. It was shown that the val-
ues of the sets of potential parameters for the nitrate
anion affect the self-diffusion coefficient, but the
order of magnitude is the same for all variants. In
addition, the reorientation time of the nitrate anion
was estimated. It was shown that at increased salt con-
centrations, the reorientation of the nitrate anion
slows down, leading to a decrease in the total diffusion
in the systems under study.
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Fig. 5. RDF of the aluminum atom in NOj—nitrogen
atom of the NH; group. Potential I.

It was also shown that the addition of aluminum
nitrate to the IL changes insignificantly the form of the
radial distribution functions of the type: EA™ cation—
EA™ cation, AI**—EA™ cation. This indicates that the
aluminum ion does not penectrate into the nearest
environment of the IL cation; i.e., the presence of AI’*
does not significantly affect the nearest neighbors of
the EA™ cation. For the radial distribution functions of
the nitrate anion—nitrate anion type, a pronounced
second peak appears after the addition of aluminum
nitrate, indicating that the addition of AI(NO;),
results in structure ordering.
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