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The energy hierarchy, of the main chemical species involved in the reaction mechanism relevant to the electrodeposition of aluminum
in 1-Butyl-3-methylimidazolium chloride/aluminum trichloride solution (BMImCI/AILCI3), is studied by using ab-initio based theo-
retical calculations. Eventually, a reasonable theoretical estimate of energies, involved in the principal reactions ruling the aluminum
electrodeposition from BMImCI ionic liquid solutions, is obtained. For screening purposes (geometry optimization and Hessian
calculations) the CAMB3LYP density functional, DFT, has been used. Then single point (exploiting CAMB3LYP optimized ge-
ometries) energy data are obtained at the Mgller-Plesset (MP2) level of the theory. They are used to cross-check DFT results. A
reaction mechanism emerges in which, although the species AICI, is formed with very high efficiency from the neutral species
AICl3, the competing reaction AICI,” + AICl3 = AL Cl; points to an almost complete conversion of aluminum to the dimeric form
into bulk solution. This is observed in the absence and, most importantly, in the presence of a coordinating BMIm™ cation. In this
respect, the presence of BMIm™ does not seem to affect significantly the equilibrium between the monomeric and dimeric forms of
aluminum. This outcome is very interesting because the dimeric species is directly reduced to yield the metal aluminum. Indeed, a
larger concentration of AL Cl; gives due reason for a more effective electrodeposition process, as it is experimentally observed in
the ionic liquid medium.
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Since its invention, the Heroult-Hall process' has been the conven-
tional process for the production of metallic aluminum. It is based upon
the electroreduction of alumina on a cryolite melt by using graphite
electrodes. The high temperature required (in the order of 900°C) and
the emission of toxic gaseous by-products, such as fluorine and car-
bon monoxide, rendered the research for greener and safer alternative
techniques highly attractive. The introduction of Ionic Liquids (ILs)
(namely room temperature molten salts) as electrochemical media for
the aluminum electrodeposition offered a very promising route to suc-
ceed in this goal. Since the first pioneeristic studies in the 1999,% a large
number of investigations successfully reported the electrodeposition of
aluminum, at lab scale, at room or nearly room temperature. Different
type of ionic liquids,*” ionic liquid mixtures and additives®® were pro-
posed to achieve the electrodeposition of Al-coatings. However, with
the aim of the industrialization of the Al-plating process, chloroalu-
minate ionic liquids, without additives, seems to constitute the better
compromise between the quality of the deposit and the stability and
durability of the electroplating bath. Beside the handling difficulties,
mainly due to the vigorous reaction with atmospheric moisture, their
high aluminum content, reduced viscosity and remarkable electro-
chemical stability, allow to achieve high deposition rate; in the order
of 10-20 wm h~! for these media, and long working time without
maintenance or chemicals replenish.®!%-12

The Al-coatings obtained at lab scale by means of this technology
have been successfully used as protective layers for structural materials
such as carbon steel, magnesium alloys,'* light weight alloys,'* just
to name a few. In recent years, several studies have been performed
aiming at finding the optimal conditions for the electrodeposition of
this protective coatings.'>!®

The scale-up of the process have been attempted through different
strategies, as reported by some us and elsewhere!”'® an a priori as-
sessment of the optimal conditions can be designed by means of finite
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element analysis (FEA). However, a general lack of structural and ther-
modynamic data about this IL limited the modelling of the electrode-
position to the sole transport processes impairing the simulation of
the chemical process competing with the heterogenous reaction lead-
ing to the electrodeposition of Al from 1-Butyl-3-methylimidazolium
chloride/aluminum trichloride solutions (BMImCI/AICI3). This study
aims at clarifying some of the structural and thermodynamic aspects,
at a molecular level, of the BMImCI/AICI; system in DFT and MP2
post Hartree-Fock frameworks.

The Reaction Mechanism

Figure 1 shows the molecular structures of the ionic liquids studied
in this paper.

Figure 2 sets out a pictorial representation of the main reactions
involved in the Al electrochemical deposition process, when the latter
is carried out in the BMImCI /AlICI; Ionic Liquid medium. The main
formation reactions of the monomer AICI, and of the dimer ALCI;,
from AICl5, are the following:

AlCL +CI- — AlICl, [1]
AlCI; +AlCl; — ALCILT [2]

The electrodeposition of metallic Al on the cathode is completed
by the charge transfer process:

4 ALCIT +3e” — TAICI, + Al [3]

In our study we mainly focused our attention on the thermodynamic
equilibria 1 and 2, which occur within the massive IL bulk of the so-
lution, and involving the species: CI~, AlICl;, AICI; and ALCI; . In
particular, the effect of the presence of the cation BMIm™on the ther-
modynamic equilibrium is here studied. This aspect is tackled by com-
paring the value of the standard reaction free energies AGY, relevant
to Reactions 1 and 2. They can be inferred assuming as active species
the anions CI~, AICl,, ALCI; and the ionic couples BMIm™CI—,
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Figure 1. Molecular structures of: (a) BMIm™CI~ (b) BMImTAICI; and (c) BMIm* ALCI; .

BMIm*AICI; , BMIm*ALCl; . Please compare the reaction scheme
reported in Figure 2. Thus, considering the relevant ionic couples, the
1 and 2 equilibrium reactions can be written as Reactions 1a and 2a:

AICl; + BMIm*Cl~ — BMIm*AICI; [1a]
BMIm*AICI; + AICly — BMIm*ALCl; — [2a]

Computational Details

The standard formation Gibbs free energy, AG?, of each react-
ing species has been estimated on the basis of DFT based theoretical
calculations. For each reagent AG? is obtained as the weighted aver-
age between initial-not-equivalent optimized structures (here “initial-
not-equivalent” means different initial geometrical molecular struc-
tures, “guess”, for each single compound). The problem of the selec-
tion of a sufficient large number of initial-not-equivalent (randomly
chosen) structures in yielding a significant representative number of
sampled geometries, is particularly important for species presenting a
flexible structure, like: BMIm*CIl~, BMIm*AICI; , BMIm*ALCI; .
From a series of 20 randomized starting configurations, the number
of initial-not-equivalent optimized structures is 4 for BMIm*Cl~, 14
for BMIm*AICI, and 16 for BMIm*AbCl{ . On the contrary, in
case of not flexible species, C1~, AICI, , A,Cl;, a single optimized
structure was obtained. Quantum mechanical based calculations were
carried out using the Gaussian 16 program.'® Density functional the-
ory (DFT) calculations were performed by using two different hybrid
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Figure 2. Schematic representation of the main chemical and electrochemical
processes involved in the Al electrodeposition from BMImCI solution.

correlation-exchange functionals: CAM-B3LYP? and PBEO,?' using
the 6-31G(d) basis set. For the sake of a more complete comparison,
single-point energy calculation at the MP2/TZVP level of the theory
have been performed (single-point means selecting a fixed geometry
structure which was obtained by full geometrical optimization, vide-
supra, at the CAM-B3LYP/6-31G(d) and PBE0/6-31G(d) level of the
theory). In our quantum mechanical based calculations the solvent
effect is explicitly accounted for by using the Conductor-like Polariz-
able Continuum Model (CPCM) as implemented within the Gaussian
16 program.!® Dielectric continuum theories are now widely used to
describe solvation effects within quantum mechanical based calcula-
tions, this due to the relatively low cost of the calculation. For the ionic
liquid the static and dynamic dielectric permittivity were selected as
11.5 and 2.05, respectively.

For each non-redundant optimized structure j of species i, the free
energy G?/ was calculated by the Gaussianl6 program, including the
translational, rotational, vibrational and electronic free energy contri-
butions (following a vibrational, Hessian calculation, analysis). The
electronic partition function was approximated accounting for only
the ground state contribution. The total free energy of the species i

. S . yed
was then given by the sum of the equilibrium weights e % of each
j — th optimized conformer:??

= —p'In (Z, e ), [4]

where the sum runs over on the j non-redundant configurations. The
calculation of the reaction free energy is given by the difference be-
tween the sum of the formation free energies of products and reagents:

AG' = > mpGy — > mGy (5]
P R

where np and ng are the stoichiometric coefficients of products and
reagents, respectively.

Results and Discussion

Optimization and configuration analysis of BMIm* Cl~.—In the
following we will refer to vectors defined as the difference between
the position vector of two i and j atoms as ||R; ;||, where i and j are
the sequential number of the atoms as depicted in Figure 3 for the
BMIm*Cl~.

To specify the position of the C/~ anion with respect to the
BMIm™ cation two angles, 6 and ¢, have been defined with respect
to the aromatic ring plane (light blue plane shown in Figure 3b). The
two angles are defined making reference to two suitably selected vec-
tors, Ry ¢ and R4 ¢ (compare Figure 3), which take into account the
distance of chlorine with respect to the imidazole ring. The deviation
from coplanarity is accounted or the angle formed with the vector
Ry4,6 which is laying coplanar with the imidazole plane as depicted in
Figure 3a:
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Figure 3. Schematic representation of the most frequent BMIm"CI~ conformers (green center numbered 1 is the chloride anion). The most representative
geometrical parameters are shown: (a) two relevant internal coordinates ||R; || and [|[R4,6]l and (b) the, imidazole moiety, aromatic plane.

(a) 0©isthe angle between the aromatic plane and the R, ¢ vector, the
latter is defined with respect to carbon 6 of the imidazole ring
and pointing toward the C/~ anion.
¢ is the angle defined by the projection of the vector R; ¢ on the
aromatic plane and the vector R4 .

(b)

Criteria underlying the choice of 6 and ¢: 6 shows how much the
CI~ deviates in coplanarity with respect to the aromatic imidazole
plane, ¢ takes into account the position of C/~ with respect to the
aromatic ring.

Figures 4a, 4b show the number of conformers as a function of
the angles 6 and ¢. Figures 4c, 4d show the number of conformers as
a function of the distance of the C/~ anion from the atoms 6 and 4
(IR 6]l and [[R;4])).

Optimization and configuration analysis of BMIm*AICI; .—
Note that concerning the optimization and configuration analysis of
BMIm*AICI; , angles 6 and ¢ remain defined as in the previous para-
graph: compare Figure 3. Then, the orientation of AICI,, with respect
to the imidazole aromatic plane, is described by the dihedral angle
depicted in Figure 5a. Figures 5a, 5b shows the two most frequent
configurations of BMIm*AICI; , where the AICI; is located in two
different positions on the aromatic plane. Figure 6 shows the distribu-

tion of the configurations for different angle and distances. Figure 6a
confirms that the prominent most frequent disposition of the Al in
AlCl; is on the aromatic plane. However, a wide distribution around
this value is clearly present. Figure 6b shows the two main positions
on the aromatic plane for the Al in AICI; (¢ = 0° and ¢ = 150°).
Figures 6¢ shows two main distance value distributions for ||R; io]l,
corresponding to the two main configurations described by the distri-
bution of the ¢ values. Figure 6d shows that there is no main value for
the dihedral defined in Figure 5a.

Optimization and configuration analysis of BMIm*ALCl;.—
Angles 6, ¢ and the dihedral angle are defined similarly to the choice
made in Optimization and configuration analysis of BMIm"Cl~ and
Optimization and configuration analysis of BMIm*AICI; sections.
The two most statistically dominant conformers are presented in
Figure 7, where the Al — Al distance, ||R; ¢||, marks the different ori-
entation of the AlL,CI;. Which can be parallel to the normal vector of
the aromatic plane in the BMIm™ cation or tilted by roughly 45°. This
observation is quantitatively described by the conformer frequency
distribution shown in Figure 8. Indeed, for BM1 m*AIZCl{ is evident
the presence of a bimodal distribution of conformers. This gives due
reason to the ability of the geometrical parameters used in Figure 7
to discriminate between the main possible conformer structures. The
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Figure 5. Schematic representation of the two most frequent BMIm"'AlCl; conformers (green centers are chloride anions) a) and b). The arrows in panel (a)
show the dihedral angle between centers 1-4-10-9.
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Figure 7. Schematic representation of the two most frequent BMIm*AlyCl; conformers (green centers are chloride anions)
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Table I. Calculated Gibbs free energies (a.u.) of the different chemical species considered in the Al electrodeposition as a function of different DFT
functionals, and with post-scf MP2 electron correlation correction.

Compound CAMB3LYP/6-31G(d) MP2/TZVP! PBE0/6-31G(d) MP2/TZVP?
cl- —460.3740 —460.4087 —460.1831 —460.1941
ALCL —3706.9563 —3707.1830 —3705.357 —3705.4168
AlCl3 —1623.2476 —1623.3475 —1622.5415 —1622.5698
AlCly —2083.6967 —2083.8254 —2082.8019 —2082.8355
BMImCl —883.1905 —883.3614 —882.6976 —882.62245
BMImALClL —4129.7656 —4130.1285 —4127.8612 —4127.8333
BMImAICl, —2506.5058 —2506.7709 —2505.3072 —2505.2544

ISingle point calculation, geometry optimized at CAMB3LYP/6-31G(d) level of theory.
2Single point calculation, geometry optimized at PBE0/6-31G(d) level of theory.

same does not hold for the CI — C (2-14), ||R;.14]|, distance parameter,
compare Figure 8c.

Reaction Gibbs free energies.—In Table I are reported the free
energies calculated for the different species present in the bulk ionic
liquid solution. Results have been obtained through the procedure
described in the Computational Details section, density functionals
CAM-B3LYP and PBEO. For both the functionals, are reported data
from optimization with the 6-31G(d) basis (a level of theory which
already proved to yield reliable data when dealing with complex

charged systems?>?*). Single-point (i.e. fixed geometries at the CAM-
B3LYP/6-31G(d) and PBE0/6-31G(d) level of the theory). MP2/TZVP
energies were also calculated for the sake of comparison.

Table II reports reaction free energies for the 1, 2, 1a and 2a reac-
tions, allowing for a comparison of the free energy differences between
products and reagents obtained by using different levels of theory.

As a general trend, the use of PBEO functional stabilizes both
monomer and dimer anions formation, toward CAM-B3LYP data (ex-
pected to be the better estimation of the intermolecular electrostatic
interactions). Observing the reaction free energies of Reactions 1 and

Table II. Reaction free energies (kJ/mol).

Reaction CAMB3LYP/6-31G(d) MP2/TZVP! PBEO0/6-31G(d) MP2/TZVP?
(D) AIC + ClI™ = AlCI, —-197.3 —181.3 —202.3 —188.1
(la) AICl3 + Cl~ = BMImCly —177.8 —162.9 —178.9 —163.1
) AlCl; + AlCI, = ALCL -31.5 —26.3 —37.3 -30.2
(2a) AICl3 + BMImCly = BMImALCly -32.1 —26.5 —32.8 —239

ISingle point calculation, geometry optimized at the CAMB3LYP/6-31G(d) level of theory.
2Single point calculation, geometry optimized at the PBE0/6-31G(d) level of theory.
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Figure 9. Weighted vibrational spectra of BMImCI (a,d), BUImAICl4 (b,e) and BMImAl;Cly (c,f) as calculated with the CAM-B3LYP (a,b,c) and PBEO (d,e,f)

functionals.

la, we note that the presence of a cation BMIm™ enhances destabiliza-
tion of the AICI; species into bulk solution. This result is observed
for both the functionals and is confirmed by the MP2 calculations.
In spite of such destabilization, according to the reaction free energy
of the Reaction 1a, the equilibrium appears to be completely shifted
toward the formation of the AICI, species. As a matter of fact, this
would be dramatic in principle, because the electrochemically active
species to the cathode is AL,C1; rather than AICI, . However, the very
low (negative) reaction free energy of the competing Reactions 2 and
2a both point to an almost complete formation of the dimeric species,
at the expense of AICI, . This is confirmed by calculations to all levels
of theory employed in the present work. It is worth noting that the
BMIm™ cation does not affect significantly the equilibrium 2, as the
differences in the reaction free energies computed with and without
the BMIm™ cation (Reactions 2 and 2a in Table II) are of the order
or below 1 kcal/mol. This is indeed a very important result, because
it outlines the strong stability of the dimeric species with respect to
the monomeric forms of aluminum present in the BMImCI/AICI; so-
lutions.

Weighted IR spectrum.—Figure 9 reports calculated vibrational
spectra, bar graphs, of the species BMIm"CI~ Figures 9a, 9d,
BMIm*AICI; Figures 9b, 9e and BUIm*ALCl; Figures 9c, 9f. For
each species i, vibrational spectra have been calculated as an equilib-
rium average, weighting the spectrum of the optimized configuration
Jj according to its equilibrium normalized probability, proportional

to e_BG?i. Data relative to CAM-B3LYP and PBEO functionals are

reported respectively in top (a,b,c panels) and bottom (d,e,f panels)
Figure 9. From a qualitative point of view, for all species, a substan-
tial overlap and mutual consistency is observed between the spectra
obtained by the two different functionals. Indeed, the main difference
is the absolute value of the intensity of the IR peaks obtained by means
of the two functionals. These yield the same intensity for BMImCI
(Figures 9a, 9d). On the contrary, for BMImAICl, the CAM-B3LYP
yield lower peak intensity than PBEQ, while for BMImAl, Cl; the latter
yields a higher intensity.?>?

Conclusions

The role played by 1-Butyl-3-methylimidazolium (BMIm) chlo-
ride ionic liquid in the electrodeposition of aluminum has been studied
computationally assuming a mechanism based on four elementary re-
action steps. Our free energy calculations predict a strong stability of
AlCI, withrespect to the neutral species AICl3 into bulk solution. This
would point to a low efficiency of the reduction process to the cathode,
as AlCl; would be subtracted to the equilibrium leading to the forma-
tion of the electrochemically active species Al,Cl; . The effect of the
BMIm™ cation is to reduce significantly the stability of AICI; , even if
the reaction BMImCI + AlCl; = BMImAICl, is always completely
shifted toward the formation of the AICI, species. The scenario is
inverted when focusing on the equilibrium AICl, +AICl; = ALCI; .
In fact, in this case, the reaction free energy lies around —30 kJ/mol
and hence it results much more favorable to the formation of the
dimeric species. Such an outcome is confirmed by all the levels of
theory adopted in this study. Moreover, it is worthwhile to note that
the BMIm™ cation leaves almost unchanged the above equilibrium.
This result is fully consistent with former observations, as it gives
due reason for the direct formation of the aluminum metal deposit
upon electroreduction.?’2° Remarkably, as noted above, this pic-
ture is obtained both by using DFT based calculations at the levels
CAMB3LYP/6-31G(d) and PBE0/6-31G(d), with full optimization
and Hessian calculation of various structures corresponding to local
minimum of the potential energy surface. The reaction free energies
have also been calculated at the MP2/6-31G(d) level of the theory.
The agreement obtained with the DFT-based calculations provides a
reasonable solid ground cross-check of our modelistic approach.
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