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The Lattice Energy and Thermochemical Properties of the

Compound NaAlF,, Sodium Tetrafluoroaluminate

JANLUTZOW HOLM
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The author’s earlier phase investigations show that NaAlF, does
not exist as a stable compound in the solid phase in the system
NaF-AlF;. Lattice energy calculations of the hypothetical compound
NaAlF,, sodium tetrafluoroaluminate, with a tetrahedral AlF,~ ion
have been carried out. On the basis of these calculations some re-
commended enthalpies of reaction between compounds in the system
sodium fluoride-aluminium fluoride at 298 and 1300 K in the solid,
liquid, and gaseous state are given.

The phase diagram of the system NaF-AlF; has been investigated by a
number of workers throughout the last 50 years, with different conclusions.
Even recent investigations of the phase diagram of this system are in dis-
agreement, =%

The present author 2 was not able to detect any stable phase which could
correspond to NaAlF,. He therefore revised Grjotheim’s! diagram and pre-
sented a phase diagram 2,® which is shown in Fig. 1. In the course of this work 2
samples of the composition 50 mol %, NaF + 50 mol %, AlF; were examined
both by X-ray and microscopy. All samples examined contained very well-
formed crystals of chiolite, NazAl,F;,, which could easily be detected under
a microscope. In addition, two other phases were observed, one phase cor-
responding to the eutectic mixture and another to a so-called ‘‘corroded”
phase. This phase consisted of powder which had not melted. It was possible
to pick out some very tiny crystals from this phase. These crystals were
identified in the microscope as AlF;. The 50:50 composition was examined
by DTA, and only one exothermic peak was observed on cooling, at 695°C,
corresponding to the eutectic temperature in the system NayAl;F;,— AlF,.
It was confirmed that the NaAlF, compound could be obtained as a metastable
phase by quenching the vapour, in agreement with Howard’s ¢ results.

It was shown by DTA and X-ray studies? of the quenched metastable
NaAlF, that it disproportionates to chiolite, NasAl,F;,, and aluminium
fluoride upon heating. This dissociation will take place slowly even at room
temperature. E.g., a sample quenched by Howard * and shown to be NaAlF,,
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Fig. 1. The revised phase diagram of the system NaF-AlF,. Circles with vertical bars
denote points determined for NasAl,F,, and NaAlF, by drop calorimetry.®

was contained by the present author in a desiccator for 2 — 3 years. After this
period, new X-ray examinations showed that only NasAl,F,, and AlF,; were
present.

Ginsberg and Wefers 3 in a more recent work claim that the compound
NaAlF, is stable in a very narrow temperature range, 680 — 710°C. They were,
however, not able to prove the existence of this compound by phase studies
by high-temperature X-ray diffraction or other methods.

Foster 8 reexamined the AlF;-side of the system by DTA and quenching,
and reached the same conclusion as the present author and also Phillips
et al.” did, namely that there is no sign of any stability range for NaAlF,
in the system NaF-AlF, at any temperature and at normal pressure.

Some new examinations carried out by the present author ® on the heat
content of both the solid and molten mixtures of the composition 50 mol 9%,
NaF + 50 mol 9, AlF, show that the liquidus point for this composition is at
880 + 5°C (1150 K). This strongly indicates that the phase diagram presented
in Fig. 1 is the correct one.

Attempts to discuss the stability or the thermodynamic properties of solid
NaAlF, in relation to the other fluoroaluminates were made by Sidorov
et al.®~11 and later also by Grjotheim et al.!? The main reason why the stability
of sodium tetrafluoroaluminate has been of particular interest is the fact that
the dissociation scheme

Na,AlF,, = 2NaF,, + NaAlF,,

for some time has been suggested as the most probable one for molten cryolite.
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This reaction scheme has been suggested on the basis of thermodynamic
calculations and also from spectroscopic examinations.?® The results from the
latter are, however, doubtful. It should also be pointed out that the ap-
proaches to the problem of dissociation of the cryolite anion based on phase
diagram calculations have been built on assumptions like the ideality of the
molten mixture. It has been shown by the present author,* who measured
enthalpies of mixing in the system Na,AlFs-NaF, that this assumption is not
valid.

In the following, the stability of the compound NaAlF,, both as a tetra-
hedral compound with isolated AlF,~ ions and as an octahedral compound,
will be calculated by use of enthalpy cycles and thermodynamic data available
in the literature.

CALCULATIONS

(a) Lattice energy calculations. The fluoride affinity, Y(AIF,"), of gaseous
aluminium trifluoride is given by the reaction
AlFyy + Fy™ = AlFy”

The value of this affinity can be calculated from the following enthalpy cycle
(cycle 1):

4H,
NaF(g) + AlFs(g) e Na.AlF‘(_g)
lAHl lmg TAH‘
Y (ALF,")
Na(g)*” + F(g)— + AlFa(g) —_—> Na\g)‘* + AIF‘(g)_

which gives
Y(AIF,") = dH3;— 4H,— AH,— 4H,

Here 4H,=152 kcal (Chao %)

4H,=0

AH,= —176 kcal (Sidorov et al.%~11 and Grjotheim et al.l?).
The enthalpy change, 4H,, has to be calculated. The Coulomb energy is given
by

= ~U = =221y M

By using an interatomic distance, d=3.10 A, in the gas molecule NaAlF,,
one finds from eqn. (1): 4H,= — 97 kcal mol™. The fluoride affinity of gaseous
aluminium trifluoride is

Y(AIF,") = —76—152 + 97 = —131 keal

This value should be compared with the fluoride affinity of BFj ., which is
— 76 kcal mol=1.1¢ Hence, gaseous aluminium trifluoride has a higxler affinity
for fluoride ions than boron trifluoride.
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The lattice energy of NaAlF,, sodium tetrafluoroaluminate, a hypothetical
compound with isolated tetrahedral AlF,~ ions, which is isomorphous with
NaBF,, can be calculated from the well-known Kapustinskii 1" equation

vZi,Zy 1 0.345
ro+r T,

U, = 2872 )kca,l mol 2 (2)

where v is the number of ions (here 2), r, =0.98 A, and r_=2.60 A. The last
value is the estimated thermochemical radius of the tetrahedral AlF,~ ion.
This value is reasonable when compared with the thermochemical radius of
the BF,~ ion, which is 2.28 A% Using these values one obtains a lattice
energy of NaAlF; at 0 K of U, = 146 kcal mol~1. At 298.15 K, this value
should be corrected to 145 keal mol. ,

(b) The enthalpy of formation of NaAlF,. When both the lattice energy
and the fluoride affinity are known, the enthalpy of formation of the hypo-
thetical compound NaAlF, can be calculated at 298.15 K, from the following
enthalpy cycle (cycle 2):

AHfo(AlFa(g)) + SNa + %DFn

Nag) + 2Fyq + Al > Nag) + AlFy + Fg
4H¢ Iy AlFgq + Frg™
lY(AlF“)
— U(NaAlF,)
NaAlF, < Nagt + AlF~

AH o95 15 = AHP(AlFy,)) + Sy, + 3 Dyg, + Iy, — Ep-—Y(AIF,7) — U(NaAlF,)

After inserting the values given in Table 1, one optains for the enthalpy of
formation of NaAlF,

AH 9515 = —290+26+18+118 — 80— 131 — 145= — 482 keal mol~2.

Table 1. Some lattice energy and enthalpy data in kcal mol™ for NaBF, and NaAlF,.
(From Waddington,'* JANAF,'® and this work.)

Comp.  Nag—> Mg+ $Fyg=> F+ MFyg+ Nag= —Uyaumre 4H(vamr)
Nag §Fyg> Fy o= Fg'= Nag?t
MFa(g) F‘g)_ a MF(g) ©
NaBF, 26  —271 18 -8 76 118 ~160 —425
NaAlF, 26  —290 18  —80 —131 118 — 145 —482

4 From Ladd, M. F. C. and Lee, W. H. Progr. Solid State Chem. 1 (1963) 37 and 2 (1965)
378.
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In Table 1 the values for NaAlF, are compared with the corresponding enthalpy
data for sodium tetrafluoroberyllate. NaBeF,, which is a stable compound in
the solid state. The data are the same as those given in the review by
Waddington.1®

Table 2. Enthalpies of formation, 4H;, in keal mol™ for some important compounds in
the system NaF-AlF, at 298.15 and 1300 K. (From JANAF * and this work 4).

NaAlF,

Phase Temp/K NaF AlF, Na;AlF, tetrahedral octahedral
Solid 298.15 —137.5 —361 — 793 — 4824 —498 ¢

1300 —169.1 - 360 —851.5 — 509 @ - 523 ¢

.. 298.15 —130.5 — 3534 — 774 ¢ —4784
Liquid 309 —~151.1  —349%  —g24 — 5024 b
298.15 —69.4 — 289 —435

Gas 1300 —95.6  —293 — 464

4 Estimated uncertainties for the new values 1— 2 keal.
b See Ref. 22.

It is now possible to calculate more accurate enthalpies of reaction for the
compounds in the binary system NaF-AlF;, by use of the new values. These
results are summarized in Table 2. The enthalpy of fusion of AlF, at 1300 K,
A4H;=11 kcal, is a hypothetical value which has been determined by the
author.! This value has been added to the enthalpy of formation of solid
AlF, to give the enthalpy of formation of liquid AlF.

The enthalpy values given for solid NaAlF, with octahedral coordination
at 298.15 and 1300 K are taken as the most probable ones, giving the enthalpy
of the reaction

NaF, + AlF,, = NaAlF,(oct.)
as follows:
4H® = +1 kcal at 298.15 K
and
AH® = —4 keal at 1300 K.

Hence one gets for the solid state reaction
NaAlF,(tetr.) - NaAlF,(oct.)

AH 415 = — 16 kcal showing a strong preference for octahedral co-ordination
of aluminium with respect to fluorine.
From the enthalpies given in Table 1 it is possible to calculate the enthalpy
for the reaction
3NaAlF, = Na,AlF,, + 2AlF;
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At 298.15 K one obtains 4H = — 21 kcal. This result clearly shows the un-
stability of NaAlF, with respect to Na;AlF, and AlF,, in complete agreement
with the phase diagram investigations.

The enthalpy of fusion of the hypothetical compound NaAlF, with tetra-
hedral AlF,~ ions was taken as 7 kcal mol~! at 1300 K and 5 kcal mol?
at 298.15 K. These values should be of the same magnitude as the enthalpy
of fusion of the compound NaBF,, which is 5 keal mol~ according to Dworkin
and Bredig.’® The enthalpy of fusion of NaAlF, with octahedral structure
was taken as 19 kcal mol!, the value which has been determined by the
author 8 for a mixture of }Na,AlFg and ZAIF,.

The enthalpy of fusion of cryolite, Na;AlFy, was taken as 4H;=27.5 kcal
mol™!, a value which was obtained by the present author * in good agreement
with the value given by O’Brien and Kelley,2® 27.64, kcal mol~l. From these
values one can calculate enthalpies of reaction in the liquid state. Here the
following three reactions are of particular interest:

(I) NayAlFg, =3NaF, +AlFy, AH =22 41 keal
(II) NayAlFy, =2NaF, +NaAlF,,, 4H=18+1 kcal
(III) 3NaAlF,, =NayAlFg, + 2AlF,,, 4H=—12+1 kecal

The enthalpies given for the three reactions are those calculated at 1300 K
from the data in Table 1. These results give new and important information
about the thermodynamically most probable dissociation scheme for molten
cryolite in the system NaF-NagzAlF 2! as well as about the stability of the
AlF,~ ion in the system Na,AlF,-AlF, 812

In the gas phase the enthalpy for the reaction

NaF, +AlFy, =NaAlF,, 4H= —74 keal

given by Sidorov et al.®~1* and also by Grjotheim ef al.?* has been adopted as
the most probable value. It has been shown by Kvande 2 that this value is
nearly temperature independent.

REFERENCES

1. Grjotheim, K. Contribution to the Theory of the Aluminium Electrolysis, Kgl. Norske
Videnskap. Selskaps, Skrifter 1956 No. 5.

2. Holm, J. L. Undersokelser av struktur og faseforhold for en del systemer med tilknyt-
ning til aluminiumelektrolysen, Lic. thesis, Institute of Inorganic Chemistry, NTH,
Trondheim 1963.

. Brynestad, J., Grjotheim, K. and Holm, J. L. Bul. Inst. Politeh. Bucuresti 15 (1963)
57

. Howard, E. H. J. Am. Chem. Soc. 76 (1954) 2041.

. Ginsberg, H. and Wefers, K. Z. Erzbergbau Metallhiittenw. 20 (1967) 156.

. Foster, P. A., Jr. J. Am. Ceram. Soc. 53 (1970) 598.

. Phillips, N. W. F., Singleton, R. H. and Hollingshead, E. A. J. Electrochem. Soc.
102 (1955) 690.

. Holm, J. L. High Temp. Sc'ence. In press.

. Sidorov, L. N., Erokhin, E. V., Akishin, P. A. and Kolosov, E. N. Dokl. Akad. Nauk
SSSR 73 (1967) 370.

10. Sidorov, L. N. and Kolosov, E. N. Zh. Fiz. Khim. 42 (1968) 2617; Russ. J. Phys.

Chem. 42 (1968) 1382.

W IOt W

Acta Chem. Scand. 27 (1973) No. 4



1416 JAN LUTZOW HOLM

11.
12.

Sidorov, L. N., Kolosov, E. N. and Shol’ts, V. B. Zh. Fiz. Khim. 42 (1968) 2620;
Russ. J. Phys. Chem. 42 (1968) 1384.

Grjotheim, K., Motzfeldt, K. and Rao, D. B. In Edgeworth, T. G., Ed., Light Metals
1971, Proceedings of Symposia at the 100th AIME Annual Meeting, New York 1971,

p. 223

. Solomc')ns, C., Clarke, J. H. R. and Bockris, J. O’M. J. Chem. Phys. 49 (1968) 445,
. Holm, J. L. Thermodynamic Properties of Molten Cryolite and other Fluoride Mixtures,

Dr. thesis, The University of Trondheim, NTH, Norway, Nov. 1971.

. Chao, J. Thermochim. Acta 1 (1970) 71.

. Waddington, T. C. Advan. Inorg. Chem. Radiochem. 1 (1959) 157.

. Kapustinskii, A. F. Quart. Rev. (London) 10 (1956) 283.

. JANAF Thermochemical Tables, Clearinghouse, Springfield, Va. 1971.

. Dworkin, A. 8. and Bredig, M. A. J. Chem. Eng. Data 15 (1970) 505.

. O’Brien, C. J. and Kelley, K. K. J. Am. Chem. Soc. 79 (1957) 5616.

. Holm, J. L. Inorg. Chem. In press.

. Holm, J. L. Acta Chem. Scand. 27 (1973) 371.

. Kvande, H. Kryolitt-aluminiumoksyd-blandingers termodynamikk studert ved damp-

trykkmdlinger, Lic. thesis, Institute of Inorganic Chemistry, NTH, Trondheim 1972.
Received November 7, 1972,

Acta Chem. Scand. 27 (1973) No. 4



