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The structures of melts containing cryolite have proved difficult to confirm, despite decades of 
study, on account of the high temperatures and corrosiveness of these melts. Raman spectroscopy 
has so far provided the majority of the insight into the aluminium coordination environments, but 
some of its interpretations are still debated. 

In this paper we present the results of MD simulations on various NaF-AlF^ liquid mixtures 
using published potentials developed for the solid state and published Raman spectra. 
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1. Introduction 

Gilbert and co-workers [ 1 , 2 ] have proposed that, 
in mel t s of 1:1 NaF:AlF3 mixtures , the only signifi-
cant a lumin ium-conta in ing species is the tetrahedral 
AIF4""" ion. Desp i te the fact that only in a few com-
pounds with large organic ca t ions [3] solid state struc-
tures conta ining such ions have been confirmed, this 
four-coordinat ion of a lumin ium is generally accepted 
to be present in NaAlF4 mel ts . The most direct evi-
dence for this is the four l ine R a m a n spectrum with 
the polar izat ion characteris t ics expected for a tetra-
hedral molecule . T h e strong polarised band occurs 
at a f r equency of 622 c m - 1 , essential ly the same as 
the symmet r ic s tretching f requency observed for the 
NaAlF4 gaseous molecu le [4]. 

T h e cont inued presence of the 622 c m - 1 band 
at lower AIF3 m o l e f ract ions, together with a band 
at 5 6 0 c m - 1 and a shoulder at 510 c m - 1 in the 
polar ised R a m a n spect rum is taken to mean that 
three a lumin ium-conta in ing species are present in the 
Na.iAlF6 mel t (cryoli te) . Despi te the fact that the po-
larised band in the solid cryoli te (which contains only 
octahedral ly coord ina ted a lumin ium) Raman spec-
t rum is at 560 c m - 1 [5], Gilber t assigns the liquid 
560 c m - 1 band to A1F 5

2 ~, and the 510 c m - 1 band 
to A1F6 3 - because of the way the relative intensity 
of these features changes with composi t ion . This as-
s ignment suggests that 5-coordina te a luminium is by 
far the dominan t env i ronment in liquid NasAlFö. It is 
contes ted by other exper imenta l is ts [6], who question 

the existence of the 510 c m - 1 shoulder, and prefer to 
assign the 560 c m - 1 band to A1F6 3 - in the liquid as 
in the solid. 

It is not generally thought that fluoride bridg-
ing between a lumin ium centres is s ignif icant [1] in 
the melts, despite its prevalence in solid state N a F -
AIF3 compounds with less than six fluorides per alu-
minium. The evidence for this is that t he rmodynamic 
measurements can be interpreted wi thout the intro-
duction of bridged species [7]. Fur thermore , the vis-
cosity is m a x i m u m at the cryoli te (Na3AlFö) c o m p o -
sition [8], whereas, if increased network format ion 
occurred at lower N a F m o l e fract ion, one would ex-
pect that the viscosity should increase. 

2. Simulation of NaF:AlF3 Melts 

2.7. NaF:AlF3 Mixtures 

A potential [9] has been devised for NaF/AlF3 
mixtures which reproduces the known crystal struc-
tures of compounds of s toichiometry AIF3, N a A l F 4 , 
Na 5 AI3F14 (chiolite) and N a 3 A1F6 as well as the struc-
tures of a number of gas-phase species which had 
been calculated by ab initio me thods . These crystal 
structures are non-trivial, and polar izat ion ef fec ts are 
found to play an impor tant role in stabil izing them. 
The potentials have been used to study the vibrat ional 
f requencies of the isolated MAIF4 molecu les ( M = 
alkali) and also of the solid c o m p o u n d s [10], The vi-
brational spectra are in good accord with exper imenta l 
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Fig. 1. Calculated Raman spectrum of solid cryolite at 
300 K. 

Fig. 3. Calculated Raman spectrum of the NaAlF4 molecule 
at 1000 K. 
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Fig. 2. Calculated Raman spectrum of solid chiolite at 
300 K. 

spectra [4] in both cases, though the calculated fre-
quencies for the stretching of A l -F bonds are higher 
than those found experimental ly . In particular the 
symmetr ic stretch peaks were by approximately 10% 
higher in f requency than exper imenta l ly (we attribute 
this to the use of an incompress ib le mode l [10, 11] 
for the ion). Thus the exper imenta l 622 c m - 1 

peak of the NaAlF4 gas phase molecu le appeared at 
700 c m ~ 1 in the s imulat ion, Fig. 3, and the 560 c m - 1 

band of the cryoli te crystal appeared at 620 c m - 1 in 
the s imulat ion. R a m a n spectra for the cryolite and 
chioli te crystals and for the NaAlF4 molecule , calcu-
lated with the polarizabil i ty mode l described below, 

Fig. 4. Coordination number correlation functions in simu-
lated liquid cryolite at 1300 K. 

are shown in Figures 1 - 3. In these figures w e show 
by vertical lines the posi t ions of the calculated po-
larised lines in solid cryoli te and gas-phase NaAlF,*. 
These serve as reference f requencies fo r the calcu-
lated Raman spectra. 

This potential has now been used in s imulat ions of 
the melts over a range of compos i t ions f r o m N a 3 A1F6 
to NaAlF4. The calculat ions were carried out at tem-
peratures close to the exper imenta l mel t ing point , 
~ 1300 K, and at the cor responding densit ies, as 
tabulated in [12]. Coordinat ion number correlat ion 
funct ions were calculated for all mel ts and are given, 
for Na3AIFö, in Figure 4. 

The t = 0 value of these func t ions gives the av-
erage number percentage of Al 3 + ions found with 
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Fig. 5. Radial distribution functions of simulated liquid cry-
olite at 1300 K. 

that coordinat ion number in the mel t , and the rate 
of decay of the func t ion with t ime indicates the life-
t ime. These coordinat ion number correlation func -
tions clearly show that 6-coordinat ion dominates all 
s imulated NaF -AlF3 mixtures , with an increasing 
impor tance of 5-coordinat ion and polymerisa t ion of 
A l F n units as the N a F m o l e f ract ion decreases, and 
thus the number of fluorides available to coord ina te 
to a lumin ium diminishes . This is in contrast to the ex-
isting mode l s of dissociat ion for cryolit ic l iquids [1], 
which suggest purely a partial dissociation of A l F ö 3 -

to f o rm either A I F 5 2 - and A I F 4 - or A1F4~ only. In 
the s imulat ions a lmost no A I F 4 - is observed, even for 
the N a A l F 4 melt . 

Radial distribution funct ions (RDF) for the var ious 
melts , shown for Na3AlFö in Fig. 5, all show a peak 
in the 3.5 A region of the Al-Al partial RDF, and this 
increases as the A1F3 m o l e f ract ion increases. Th is 
peak (actually c o m p o s e d of two overlapping peaks) 
occurs at too short a dis tance to be due to a 'van 
der Waals ' interact ion be tween two A l F n complex 
ions, and mus t be an Al-F-Al l inkage. The inner peak 
corresponds to an edge-shared unit , whilst the outer 
peak corresponds to a vertex-shared l inkage. 

2.2. Simulated Raman Spectra of NaF:AlFj Mixtures 

Since the pr imary exper imenta l evidence for the 
two- or three-species models is R a m a n spectroscopy, 
we have calculated R a m a n spectra for the s imulated 
l iquids by adopt ing a part icular mode l for the depen-

Fig. 6. Calculated Raman spectrum of Na3AlFfi liquid at 
1300 K. 

dence of the melt polarizabili ty on the ionic coordi-
nates. Formulat ion of such a mode l is a diff icult task 
and has been discussed for somewhat s impler mel ts , 
binary alkali halides, in previous work [13 - 15]. F o r a 
melt of the complexity of NaF/AlF3 it is not present ly 
possible to obtain a quanti tat ive polarizabil i ty mode l . 
Hence, in the present work, we s imply adopt a sin-
gle componen t of the alkali hal ide work, the so-called 
7 hyperpolarizabil i ty mechan ism, as a representat ive 
and physical ly-motivated mode l for the dependence 
of the polarizability on the ionic coordinates . T h e 
consequence of using a different mode l for the polar-
izability would be that, a l though the band posi t ions 
would be conserved (as a property of the under ly ing 
interaction potential) the relative intensit ies and de-
grees of polarisation of different bands may change 
substantially. The 7 hyperpolarizabi l i ty mechan i sm 
was found to reproduce qui te well the relative in-
tensities of different bands observed fo r the isolated 
MAIF4 molecules and for the crystals. W e obtain the 
spectra for the melt f rom [14] 

roo 

iT(")= dt eiujt (nab(t)nab(0)). (l) 
Jo 

Here, / ^ D ( u ; ) is the spectrum calculated for polar iza-
tion ab at f requency UJ, and IIab(t) is the value of the 
ab^ cartesian component of the polarizabil i ty of the 
melt evaluated with the ionic coordinates at t ime t. 

Despi te the contrast be tween our observat ions 
about the melt structures and the accepted two- or 
three-species model , we find considerable accord 
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Fig. 7. Calculated Raman spectrum of NaAlF4 liquid at 
1300 K. 

be tween our results and the experimental Raman ob-
servations. As shown in Fig. 6, the liquid Na 3 AlF6 
simulat ion gave a calculated Raman spectrum very 
similar to that observed experimental ly: the isotropic 
part conta ins a peak at 620 c m - 1 with a clear shoul-
der at 700 c m - 1 , and the anisotropic part has a single 
peak at 350 c m - 1 (exper imental 320 c m - 1 ) . Thus, jus t 
as observed experimental ly , the simulation spectrum 
conta ined a depolar ised band at around 350 c m - 1 , 
and a main polarised band at a posit ion correspond-
ing exactly to that observed in solid cryolite with a 
shoulder cor responding exactly to the position of the 
polarized band observed in gaseous NaAlF4. 

At first sight, the spectrum for the NaAlF4 simula-
tion, Fig. 7, is also similar to the experimental obser-
vation. There is a strong, polarized band at the same 
posi t ion ~ 700 c m - 1 as that calculated for the NaAlF4 
molecule ; this cor responds to the 622 c m - 1 band ob-
served exper imenta l ly and assigned to the A l F ^ ion. 
No te that this shift in the posit ion of the polarized 
high f requency band f r o m N a 3 AIFÖ to NaAlF4 occurs 
despi te the fact that no significant change in coordi-
nation number is seen in the simulations. There are 
also weaker bands at 220 c m - 1 and 420 c m - 1 , with 
a poss ible weak band at ca. 800 c m - 1 , correspond-
ing perhaps to the exper imental bands at 215, 320, 
and 760 c m - 1 . However , on closer examinat ion, it 
can be seen that the polarization characteristics of 
these bands do not accord well with experiment. The 
high f requency band is very strongly polarized in the 
exper imenta l spect rum (consistent with the interpre-
tation as the symmet r ic stretch of a tetrahedron) but, 
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as the figure shows, there is appreciable intensity in 
the s imulated anisotropic spectrum at this f requency. 
Also, the 4 2 0 c m - 1 band shows appreciable inten-
sity in the isotropic part of the spect rum. This is in 
contradict ion to exper iment , where this band is depo-
larized. As w e have remarked, the relative intensity 
of different features is affected by the details of the 
(somewhat arbitrarily chosen) polarizat ion model , but 
the high degree of polarizat ion of the exper imenta l 
bands does seem indicative of a highly symmetr ical 
underlying structure which would be reflected by the 
polarizabili ty model if it were true of the ionic struc-
ture in the s imulat ion. This gives a first indicat ion that, 
at this composi t ion , the s imulat ion did not reproduce 
the true structure perfectly. 

The N a 2 A l F s spectrum is in termediate be tween the 
Na 3 AlF6 and NaAlF 4 spectra (as it is exper imental ly 
[1]), with bands c o m m o n to both spectra appear ing 
with appropr ia te changes of intensity. In particular, 
the 700 c m - 1 feature which appears as a weak high 
frequency shoulder on the main 620 c m - 1 band in 
Na 3 AlF6 has become m o r e p ronounced and distinc-
tive in N a 2 A l F s . 

The s imulated melt spectra then appear to be con-
sistent with a picture of a liquid composed of at least 
two species (to be associated with the 620 c m - 1 and 
700 c m - 1 bands ) whose proport ion shifts with chang-
ing composi t ion of the mel t . However , the analysis of 
the local coordinat ion envi ronment of the Al 3 + shows 
that these ions are predominant ly s ix-coordinate at 
all the compos i t ions studied and does not support the 
identification of these two bands with different ly co-
ordinate Al 3 + centres. 

2.3. Na3AlF6:NaCl Melts 

The complexi ty of the s imulated spectra mus t be 
associated with the ne twork structure associated with 
the linking of the s ix-coordinate sites. By adding a 
'ne twork-breaker ' to the system, we migh t hope to 
disrupt the network l inkages and p roduce the iso-
lated molecular ions convent ional ly assumed to occur 
in the pure melts . Brooker [6] has obtained Raman 
spectra of a solution of Na 3 AlF6 in liquid CsCl at 
1023 K, which show two polarised bands, these being 
the famil iar (approximately) 560 and 6 2 0 c m - 1 , as 
observed in the Raman spectrum of pure mol ten cry-
olite, a l though in this di lute (10%) solution, the two 
bands are qui te distinct. Brooker c la ims that there 
is no shoulder at 510 c m - 1 , assigning the peaks to 
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Fig. 8. Calculated Raman spectrum of 10% Na3AlF6 
in NaCl. 

A1F 6
3 _ and A 1 F 4 - respectively. We have per formed 

s imulat ions of an ana logous sys tem, al though instead 
of using CsCl as the solvent , in order to keep the 
s imulat ions as s imple as poss ible , we used NaCl . 
To save computa t iona l t ime the chloride ions are as-
sumed to be non-polar isable . Whi l s t at first this may 
seem a poor approximat ion , when we have already 
stressed the impor tance of fluoride polarisation in 
AlF3 -conta in ing sys tems [9], it is believed [6] that 
when Na3AlF6 is dissolved in NaCl , no chloride en-
ters the a l u m i n i u m ' s first coordina t ion sphere. Hence 
the only neares t -ne ighbour interact ions be tween Cl~ 
and a cat ion will involve N a + as the cation, and since 
Na + is not a very polaris ing cat ion, the polarisation of 
chloride will be small . 

For such a solution we find good qualitative agree-
ment with exper iment , in that the 620 and 700 c m - 1 

bands in the s imulated isotropic spectrum are distinct 
(Figure 8). 

Not only this, but the expec ted temperature vari-
ation in the isotropic spec t rum was qualitatively re-
produced: at 9 0 0 K the 7 0 0 c m - 1 band was just a 
shoulder, whereas at 1100 K the 700 c m - 1 band was 
more intense than the 620 c m - 1 band. 

Coordina t ion number analys is for the mel t con-
firms that ne twork b reakdown has occurred, with no 
Al-F-Al l inkages remain ing . Fur thermore, no Cl~ 
ions are f o u n d in the first coordinat ion shell. Anal-
ysis of the A l 3 + coordinat ion shows that at 900 K it is 
approximate ly 5 9 % A 1 F 5

2 - and 4 1 % A1F 6
3 _ whilst 

at 1100 K, approximate ly 6 % A1F 4~, 64% A1F 5
2 " 

and 4 4 % A 1 F 6 3 - . This clear ly shows the decrease in 

J i L g mßL-m 
Fig. 9. Symmetric motion of aluminium ions within a melt, 
as postulated to explain the high frequency band in calcu-
lated spectra. 

average coordination number expected with a rise in 
temperature. Fur thermore, the results conf i rm that the 
simulation model is capable of p roduc ing an equi l ib-
rium between the 4-, 5- and 6-coordina te Al 3 + centres . 
At 1100 K the coordinat ion n u m b e r distr ibution is 
fairly similar to the Gilbert mode l for pure l iquid cry-
olite. More generally, they show that 5-coordina t ion 
is not an unrealistic proposi t ion (at least in a melt) , as 
has been argued on electrostatic grounds . 

However , the problem of assigning the two R a m a n 
bands remains, when clearly there are three species 
present. To address this we use Ins tantaneous Nor-
mal M o d e ( INM) analysis [16, 17], which consists of 
calculating the vibrational normal m o d e s at several 
instantaneous configurat ions along the M D run. T h e 
analysis of these modes is a realistic proposi t ion for 
these systems in which there are only five a lumin ium 
ions, and we wish to cons ider only Al 3 + and F _ ions, 
but this is quite imposs ib le for the pure cryoli te s im-
ulations in which there are 32 Al 3 + and 192 F ~ ions 
per simulation cell. 

I N M analysis does not show a correlat ion be tween 
the coordination number of the a lumin ium and the vi-
bration f requency of the species. Vibrat ions of 5- and 
6-coordinate a lumin ium span the range of f requen-
cies observed in the calculated isotropic R a m a n spec-
trum, rather than con fo rming to an order ing of vibra-
tional f requencies < ^ A 1 F 2 - < • inves-

6 5 4 

t igate further, a configurat ion involving only AIFÖ 3 -

ions within the solution was generated and a l lowed 
to undergo thermal mot ion for several p icoseconds . 
I N M analysis was then per fo rmed . In this case the 
results were more conclusive: symmetr ic stretches of 
the AIFÖ 3 - ions occurred in the range of the 6 2 0 c m - 1 

band, whilst symmetr ic mot ions of nearby a lumin ium 
ions of the type shown in Fig. 9 occurred in the range 
of the 700 c m - 1 . 

This leads us to bel ieve that, of the two main peaks 
in the 500 - 700 c m - 1 region (exper imental ly 5 6 0 
and 622 c m - 1 , s imulat ion 620 and 7 0 0 c m - 1 ) , the 
lower f requency peak is due largely to symmet r ic 
stretches of isolated A l F n

( n - 3 ) ~ polyhedra , jus t as 



610 M. J. Castiglione et al. • Al3+ Coordination in Cryolitic Melts 

in solid cryoli te, and the higher f requency peak is 
a result of symmet r ic mot ions of nearby Al 3 + ions, 
whether directly bonded via a fluoride or not. This is 
certainly t rue for a s imulat ion of 10% cryoli te in NaCl 
in which all a lumin ium ions are set up to be six-co-
ordinate, and one could deduce that, as the number of 
Al-F-Al l inkages increases, as it does in simulat ions 
of N a F : A l F 3 mix tures as the mo le fract ion of N a F 
declines, the intensity of the peak due to coupl ing 
of mo t ions be tween nearby a lumin ium centres would 
increase, leading ul t imately to a situation in which 
this was the only fea ture in the high f requency part of 
the isotropic spect rum, as observed for liquid NaAlF4. 

3. Conclusion 

We have obta ined spectra that are similar to those 
obta ined exper imenta l ly for qui te a broad range of 
A l F 3 / N a F compos i t ions , despite a very different liq-
uid structure to that deduced f r o m the exper imen-
tal spectra. In particular, we observe strong isotropic 
bands at the posi t ions of the octahedral stretch of solid 
cryolite, and at the posi t ion of the tetrahedral stretch 
of the isolated NaAlF4 molecule , and the relative in-
tensit ies of these bands shift wi th composi t ion as in 
the exper imenta l spectra. W h y one observes a band 
in the s imulated liquid at a f requency corresponding 
to that of an AIF4 te trahedron in the gas phase, when 
there are a lmost no 4-coordina te Al 3 + centres, has 
not been comple te ly resolved. The appearance of the 
high f requency band in the s imulat ion appears to be 
caused by vibrat ions involving Al 3 + centres in close 
proximity. A s the N a F concentra t ion is reduced, such 
close approaches are induced by F " br idging between 
6-coord ina te centres . T h e composi t ion dependence 
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of the intensities is therefore not associated with a 
change in coordination number . T h e s imulat ion thus 
points to a scenario in which wel l - resolved bands m a y 
appear, whose intensities shif t wi th composi t ion , but 
which are not associated wi th distinct coordina t ion 
centres. 

Al though for the simulated spectra there is no link 
between these bands and par t icular A 1 F ^ ~ 3 ) _ ions, 
it does not fol low that this is the case for real cry-
olitic melts. Al though the s imula ted spectra resem-
ble the experimental ones, there are significant dis-
crepancies. This is particularly t rue for the NaAlF4 
composi t ion, where the polar izat ion of the bands is 
very different f rom that observed experimental ly . Al-
though this might be due to the simplist ic polar iz-
ability model assumed in the calculat ions, the ex-
perimental spectra are very suggest ive of scat ter ing 
f rom tetrahedral molecular ion units. Fur thermore , 
the bulk propert ies (e.g. v iscosi ty) do not vary wi th 
composi t ion as one would expec t if there was an in-
creasing degree of network fo rmat ion for low N a F 
concentrat ions. The potential m o d e l produces an ex-
cellent account of the crystal l ine phases of N a F / A l F 3 

mixtures, and does sustain an equi l ibr ium be tween 
differently coordinated Al 3 + centres , as indicated by 
the NaF/AlF 3 /NaCl results but, on the ba lance of the 
available evidence, does seem to overstabi l ize the 6-
coordinate species and hence favour network fo rma-
tion to a change in coordinat ion number at low F ~ 
activity. 

Acknowledgements 

The work was supported by E P S R C grant G R / L / 
49369. M.W. is grateful to the Royal Society for the 
award of a Research Fel lowship . 

[8] V. Danek, private communication. 
[9] M. J. Castiglione, M. Wilson and P. A. Madden, Physical 

Chemistry Chemical Physics 1, 165 (1999). 
[10] M. J. Castiglione, M. C. C. Ribeiro, M. Wilson and P. A. 

Madden, to be published. 
[11] A. J. Rowley, P. Jemmer, M. Wilson, and P. A. Madden, 

J. Chem. Phys. 108, 10209 (1998). 
[12] G. J. Janz and R. P. T. Tomkins, J. Phys. Chem. Ref. Data, 

12-3, 659(1983). 
[13] P. A. Madden and J. Board, JCS Faraday Trans II 83, 1891 

(1987). 
[14] P. A. Madden, J. Board, K. O'Sullivan, and P. W. Fowler, 

J. Chem. Phys, 94,918(1991). 
[15] K. F. O'Sullivan and P. A. Madden, J. Phys. Condens. Matt. 

3, 8751 (1991). 
[16] R. M. Stratt, Acc. Chem. Res. 28, 201 (1995). 
[17] T. Keyes, J. Phys. Chem. 101, 2921 (1997). 


