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© TÜBİTAK

doi:10.55730/1300-0101.2729

Turk�sh Journal of Phys�cs

ht t p :/ / journal s . t ub � t ak. gov . t r / phy s � cs /

Research Art �cle

Dissolution of alumina in cryolite melts: a conceptual DFT study
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Abstract: Interactions between alumina and cryolite clusters were investigated using chemical reactivity

descriptors based on conceptual DFT such as global hardness, η , global softness, S , fukui functions, f , and

local softness, s . Hard and Soft Acids and Bases (HSAB) Principle was applied for identifying clusters that are

most likely to interact with alumina, Al2O3 . Local reactivity descriptors were employed to predict the most

probable regions of interaction within the cluster.
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1. Introduction

Metallic aluminum is produced at the industrial scale by the Hall-Heroult process [1, 2]. This process

involves reduction of molten alumina (Al2O3 ) by electrolysis. Since Al2O3 has a very high melting

point, around 2072 ◦C, molten cryolite (Na3AlF6 ) is added to form a eutectic solution and lower

the melting temperature below 1000 ◦C. Apart from dissolving alumina, molten cryolite also acts as

an electrolyte to increase conductivity during the electrolysis process [3]. Reduction of alumina takes

place at the Al cathode and oxygen combines with carbon anode to form CO2 :

2Al2O3 solution + C(s) → Al(l) + CO2(g). (1.1)

In order to optimize the process parameters, it becomes important to understand the role played

by molten cryolite. There are many studies within the literature focusing on different electrolytes or

combinations of different cations with AlF3 [4–13]. Present study aims to understand interactions

between alumina and molten cryolite at the molecular level using chemical reactivity indices within

the conceptual Density Functional Theory (DFT) [14–16]. It is a further step after our previous work

[17] by introducing interactions with Al2O3 and reactivity descriptors for predicting their extend.

Conceptual DFT focuses on matching chemical concepts such as electronegativity, electronic

chemical potential, hardness or softness with the response of the electron density to perturbations

introduced into the charge distribution. It uses principles such as Sanderson’s electronegativity

equalization principle, and Pearson’s hard and soft acids and bases principle and maximum hardness

principle for predicting chemical reactivity trends and reaction mechanisms [18, 19]. In this study,

chemical reactivity indices based on conceptual DFT, such as global hardness, fukui functions and

*Correspondence: asozen@pirireis.edu.tr

This work is licensed under a Creative Commons Attribution 4.0 International License.

228
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local softness, are used to achieve a better understanding of the effect of local cryolite structure on the

interactions with alumina. This approach was successfully applied before to understand the reactivity

trends of Group 2B metal halides [20].

Within the conceptual DFT, hardness, η , is a global property describing the resistance to

changes in electronic charge [15]. It can be described as how electronic chemical potential, µ , changes

by changing the number of electrons, N , under constant external potential due to nuclei, v(r). In the

finite difference approximation this is equivalent to the difference between vertical ionization energy

and electron affinity. For closed shell molecules it can be further approximated as the HOMO-LUMO
energy gap:

η =

(
∂µ

∂N

)
v(r)

η = EHOMO − ELUMO.

(1.2)

Global softness, S , is the inverse of global hardness:

S =
1

η
. (1.3)

The local softness, s(r), describes the local response of the electron density ρ(r) upon a change in

the electronic chemical potential4−6 :

s(r⃗) =

(
∂ρ(r⃗)

∂µ

)
v(r)

. (1.4)

Local softness is related to global softness via the Fukui function, f(r). It measures the response

of the system to an external perturbation at a particular point. Fukui function is a chemical reactivity

descriptor giving information about the local change in the electron density of an atom or molecule

upon changing the total number of electrons:

f(r⃗) =

(
∂µ

∂v(r⃗)

)
N

=

(
∂ρ(r⃗)

∂N

)
v(r⃗)

. (1.5)

The two local properties s(r) and f(r) are related to each other through the global softness, S ,

s(r⃗) = f(r⃗)S (1.6)

f+(r) is the reactivity index for a nucleophilic attack, f−(r) for an electrophilic attack and f0(r) for

a radical attack. Within the finite difference approximation, these relationships can be written as:

f+(r⃗) = ρN+1(r⃗)− ρ(r⃗)

f−(r⃗) = ρN (r⃗)− ρN−1(r⃗)

f0(r⃗) =
1

2

[
ρN+1(r⃗)− ρ(r⃗)

]
.

(1.7)

229
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A condensed form of these functions employs the atomic populations qk :

f+ = qk(N + 1)− qk(N)

f− = qk(N)− qk(N − 1)

f0 =
1

2

[
qk(N + 1)− qk(N − 1)

]
.

(1.8)

Global reactivity indices are very helpful in predicting whether there will be an interaction

between two entities before they meet and, if the interaction is very likely, local reactivity indices will

be pointing out the most probable regions of interaction within the molecules. All this information is

very important in resolving the mechanism of a reaction.

2. Methodology

Cluster geometries obtained by the ionic model [4] are used as initial geometries in DFT calculations.

For a detailed information about this methodology please refer to our recent work [17]. All of the

structures are optimized at the M06-2X/6-31+G(d,p) level of theory. Gaussian 09 programme was

used for geometry optimizations [21]. All stationary points have been characterized by normal mode

analysis at the corresponding level of theory. Charge analysis has been carried out by using full natural

population analysis (NPA).

3. Results and discussion

3.1. Global reactivity indices

In this study, most probable local structures present in the cryolite melt, such as AlF−
4 , AlF−2

5 , AlF−3
6 ,

their sodium salts forming Na3AlF6 as well as their dimers, are taken into account. Figure 1 shows

optimized geometries for cryolite structures and Al2O3 at the M06-2X/-311+G(d) level.

The structures of cryolite clusters shown in Figure 1 are consistent with the previous computa-

tional studies [6, 8, 12]. The Al2O3 geometries were selected among the structures found by Li et al.

[6]. On the other hand, they found the kite shape structure of Al2O3 to be more stable by 0.1 eV.

The reason for this difference between two studies might lie in the methodologies applied. Genetic

algorithm (GA) with density functional theory method was employed in their study with optimizations

at the B3LYP/3-21G level, which a lower level of theory than the present one.

Table 1 shows the frontier orbital energies (highest occupied molecular orbital, HOMO and lowest

unoccupied molecular orbital, LUMO) and global hardness, η , and global softness, S , values.∆η value

represents the global hardness difference between the cryolitic species and Al2O3 .

According to hard and soft acids and bases theory, hard acids prefer to react with hard bases

and soft acids prefer to react with soft bases [19]. Data presented in Table 1 shows that most likely

interaction will take place between Al2O3 and AlF−3
6 for having very small difference in hardness

(∆η = 0.0105). Hardness of five-fold Na3AlF6 is also close to Al2O3 . These two are followed by

AlF−2
5 and six-fold Na3AlF6 . Cryolite is known to have a six-fold structure in the solid state. In

the molten state, there is a mixture of four-, five- and six-fold structures depending on the cryolite

ratio, CR (NaF/AlF3 ) [22, 23]. So, Al2O3 and cryolite might start to interact through six-fold and
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(a) [AlFn ]
n−3 ions [17]

[AlF4 ]
− [AlF5 ]

−2 [AlF6 ]
−3

(b) Cryolite (Na3AlF6 ) clusters [17]

four-fold cryolite (R.E. 0.60 eV) five-fold cryolite (R.E. 0.31 eV)

six-fold cryolite (R.E. 0.0 eV)
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(c) Na4AlF10 clusters [17]

AlF−
4 − AlF−

4 cluster (R.E.=1.43 eV) AlF−
4 − AlF−2

5 cluster (R.E.=0.0 eV)

AlF−2
5 − AlF−2

5 cluster (R.E. =0.56 eV)

(d) Al2O3 geometries

R.E. =0.63 eV R.E. = 0.0 eV

Figure 1. Optimized structures at the M06-2X/6-31+G(d,p) level (a) [AlFn ]
n−3 ions with four-,

five-, and six-fold coordinationed geometries, namely [AlF4 ]
− , [AlF5 ]

−2 and [AlF6 ]
−3 , respectively.

(b) Cryolite (Na3AlF6 ) clusters with four-, five-, and six-fold coordinations. (c) Na4AlF10 clusters
with two four-fold coordination (AlF−

4 − AlF−
4 ), one four-fold and one five-fold (AlF−

4 − AlF−2
5 ),

and two five-fold (AlF−2
5 − AlF−2

5 ) coordinated structures. (d) Al2O3 geometries. Bond lengths in
Å, relative energies (R.E.) in eV. Most stable conformer is shown in bold.
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Table 1. Highest occupied molecular orbital and HOMO, lowest unoccupied molecular orbital, LUMO
energies, global hardness, η , global softness, S , values and global hardness difference between the
cryolitic species and Al2O3 , ∆η at the M06-2X/6-31+G(d,p) level (All units in Hartrees).

Structure HOMO LUMO η S ∆η

Al2O3 -0.356 -0.111 0.245 4.080

AlF−
4 -0.275 0.140 0.415 2.408 0.1701

AlF−2
5 -0.037 0.271 0.308 3.24 0.0630

AlF−3
6 0.144 0.378 0.235 4.263 0.0105

F− -0.064 0.454 0.517 1.933 0.272

Na+ -1.589 -0.241 1.348 0.742 1.103

Na salts

Na3AlF6 (four-fold) -0.384 -0.028 0.356 2.806 0.1113

Na3AlF6 (five-fold) -0.348 -0.053 0.295 3.394 0.0496

Na3AlF6 (six-fold) -0.376 -0.031 0.345 2.901 0.0996

AlF−
4 − AlF−

4 -0.388 -0.038 0.350 2.860 0.1045

AlF−
4 − AlF−2

5 -0.4181 -0.038 0.380 2.633 0.1347

AlF−2
5 − AlF−2

5 -0.403 -0.047 0.356 2.812 0.1105

Na2F -0.544 -0.173 0.372 2.692 0.1264

five-fold local structures present in the melt first and these structures might have a prominent effect

in the initiation of the dissolution process.

Figure 2 visualizes HOMO-LUMO energy data given in Table 1. Five-and six-fold cryolite have

the closest HOMO energies to Al2O3. When LUMO levels are compared, structures with five-fold

motifs still remain closer to Al2O3 (molecules are sorted according to the LUMO levels in Figure 2).
Although hardness values, as represented by the difference in HOMO-LUMO energies, of AlF−

6 and

Al2O3 are very close, the numerical values of the energies are quite far. That might be pointing out

the role of the cations in these systems.

3.2. Local reactivity indices

Local reactivity indices such as fukui functions for nucleophilic and electrophilic attck, f+ and f− ,

respectively and related local softness values are tabulated in Table 2. Local softness differences, ∆s ,

that are used for softness matching analyses are calculated between Al atom in Al2O3 and Al and

F atoms from the cryolitic structures. Fukui functions provide information about the intramolecular

reactivity while local softness values are related to the intermolecular reactivity. When two molecules

are met, local softness matching between the atoms on both sides indicates the most likely regions of
interaction.

After a comprehensive analysis of Table 2, the most likely regions of interaction with the Al

atoms of Al2O3 are found to be F9 and F10 atoms in four-fold cryolite (CR = 2), F12 and F15

atoms in Na4Al2F10 cluster (CR = 3) with two four-fold structure, and F14 in Na4Al2F10 cluster
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Figure 2. HOMO and LUMO levels of the molecules discussed. Molecules are sorted according to
the LUMO levels (energies in Hartrees, Cryx=x-fold cryolite, alfxy=AlF−

x AlF−
y ).

with four-fold and five-fold structures (please see Figure 1 for atomic numbering). These fluorine

atoms are either in the free ionic form within the cluster or in connection with two sodium atoms
forming Na2F

+ ion. On the other hand, local softness matching is not observed between the fluorines

in isolated Na2F
+ or F− ions and Al in Al2O3 , for giving a larger ∆s values. Therefore, four-fold

motif is considered to be important for increasing solubility of Al2O3 by strengthening the interaction

with fluorine atoms.

∆s values were also calculated between Al in Al2O3 and Na atoms. The main motivation here
was the idea that atoms with similar softness values, in other words with similar susceptibility to

nucleophilic attack, might undergo similar types of reactions. It was expected to obtain some sort of

secondary reactivity information by comparing s+ values. As seen in Table 2, Na5 and Na6 atoms in

Na4Al2F10 cluster (CR = 3) with two five-fold structures and Na atoms in Na2F
+ have s+ values

very close to Al in Al2O3 .

Combining these two reactivity indicators, it is possible to conclude that increasing CR ration

increases the change for dissolution of Al2O3 in cryolite melts. Also, four-fold and five-fold motifs

have some role in enhancing the interactions between fluorine ions and Al in Al2O3 , increasing the

solubility.
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4. Conclusion

This work has tried to understand reactivity trends between Al2O3 and cryolite melts. When they are

mixed, five- and six-fold motifs present in the cryolite melt might help to initiate the Al2O3 interaction

by global hardness matching. When Al2O3 is within the vicinity, the main local interactions take

place within the free fluorine regions of four-fold and five-fold clusters. Effects of implicit solvation on

reactivity will be investigated as future work.
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