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The combination of 27AI NMR expriments and Molecular Dynamics simulation confirms the exis-
tence of penta-coordinated Aluminium in several molten aluminium oxides. In the case of fluoroalumi-
nate molten salts, NMR and Raman spectroscopies provide complementary approaches leading to a 
structural description in term of AIF4, A lF 2 - and AlF^f species. 
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1. Introduction 

Because of their low viscosity, molten salts do not gen-
erally give glassy materials upon cooling, and the inves-
tigation of their structure by any spectroscopic methods 
has to be performed in situ, at relatively high tempera-
ture (up to 1020°C, in the case of fluorides). 

In addition, due to their volatility and corrosiveness at 
high temperature, the different techniques currently used 
for the structural characterisation of materials, such as 
Raman, EPR, NMR and XAFS spectroscopies have to 
be specially adapted. 

High temperature Raman spectroscopy has proved to 
be a powerful technique for the quantitative description 
of the structure of melts in terms of ionic complex dis-
tributions even in systems as difficult as fluorides [1 -3 ] . 

More recently, high temperature NMR spectroscopy 
has been successfully applied to molten oxides and flu-
orides [ 4 - 1 3 ] . Higher magnetic fields, higher resolution 
due to real improvement of spectrometer technology now 
allow to reach previously inaccessible nuclei. Because of 
the rapid exchange between the different bonding con-
figurations, the NMR spectrum in the melt consists of a 
single, narrow, lorentzian shaped line, the position of 
which is quantitatively expressed by the weighted aver-
age of the individual contributions. The observation of a 
single peak is interesting from the dynamical point of 
view. Indeed, it requires that the different species exist-
ing in the melt exchange more rapidly than the frequen-
cy separation that their NMR signature would have in a 
rigid system (several Hz to MHz). The position of the 
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peak is related to the time averaged local structure around 
the observed nuclei. In many cases, when the number of 
structural species is higher than two, the relative popu-
lations of the different entities in the liquid can be reached 
more easily by techniques such as Raman spectroscopy, 
mainly because of the coincidence of the time scales. Yet, 
the different local information provided by the selective 
N M R observation of the various nuclei present in the 
system can help greatly to elucidate the structure. Raman 
and NMR spectroscopies do not provide the same infor-
mation but rather complementary data, and it is really es-
sential to combine such different techniques to reach a 
more accurate view of the structure of melts. 

For system that can vitrify, it is now possible to char-
acterise precisely the local structure around the nuclei 
under interest using high resolution solid state NMR, and 
thus get a picture of the quenched structure of the liquid. 
But in general, the viscosities of molten salts are relative-
ly low and only a few systems are known to vitrify [14]. 

So, the question is: what kind of new information can 
we really produce with a single NMR line, in a liquid 
known to consist in a number of different structural spe-
cies? 

2. Experimental 

Up to now, NMR measurements at high temperature 
has been limited by a number of technical problems. For 
instance, for reactive and corrosive melts, the container 
must be chosen so as to avoid chemical interaction with 
the sample. The container must also be airtight to pre-
vent evaporation of the sample or reaction with the sur-

0932-0784 / 99 / 0200-172 $ 06.00 © Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com 

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



Report 163 

Glass 
(disorder) 

Crystal (6 sites) 
powder : £ all orientations 

Liquid (1900°C) 
(averaged signal) Fig. 1. 27Al spectra of C a A l 2 0 4 in 

the melt, the crystal powder and the 
glass (RT) [8], 

100 
(ppm) 

rounding atmosphere. Boron nitride of very high purity 
maintained in an inert gas has proved to be successful 
[9-12] , The space available for heating devices in high 
field cryomagnets is very limited: the radiofrequency 
(RF) coil is close to the sample, and thus close to its tem-
perature. 

The heating system developed in Orleans, is based on 
the direct irradiation of the sample by a C 0 2 laser [7-9] , 
This system ensures the heating of the sample in the NMR 
probe with a minimal thermal power and without pertur-
bation of the RF coil as it is generally the case when the 
furnace is included in the probe. 

Two kinds of designs can be used depending on the 
temperature range. From room temperature up to 1500 °C, 
a container device using a Boron nitride crucible with a 
screw cap insuring airtightness is irradiated by a C 0 2 la-
ser. The rf coil is protected from high temperature by a 
thermal shield made of porous stabilised zirconia. Elec-
tronics and probe are cooled by an air flow at room tem-
perature. 

The temperature is measured in a separate experiment 
and calibrated with the solid-liquid transition of the sam-
ple or of some reference sample, clearly identified by 
NMR. For higher temperature (2000 °C and above), a 
gas-flow levitation device inserted in the same probe al-
lows to heat the sample without any contact, thus avoid-
ing possible interactions with the crucible. This system 
has been successfully used in the study of molten oxides 
[5, 7, 8], 

3. Results and Discussion 

3.1. Molten Oxides 

In Fig. 1 is reported the 27A1 Spectrum of molten cal-
cium aluminate CaAl 2 0 4 at 1900°C, compared to the 
high resolution MAS responses obtained for the corre-
sponding glassy and crystalline phases [8]. In the glass, 
the spectrum is very broad with a typical asymmetric line-
shape due to quadrupolar interaction and structural dis-
order in the glassy network. 

The crystalline powder includes all the orientations of 
the crystallites. Even with high resolution solid state ex-
periments (MAS NMR) one obtains a broad signal with 
irregularities that can be modelled with several contribu-
tions corresponding to the different aluminium sites. 

In the liquid, the spectrum consists in a single narrow 
peak, well resolved, lorentzian, with a linewidth of one 
hundred Hertz due to rapid exchange between the differ-
ent environments of aluminium atoms. 

For the aluminium in oxides compounds, three coor-
dinations are known. The most usual are tetrahedral and 
octahedral with isotropic chemical shifts (<5iso) in the 
ranges from 90 to 60 ppm, and - 2 0 to 20 ppm, respec-
tively, but also a few oxides show pentacoordinated alu-
minium with a <5iso around 35 ppm. For example, in the 
crystalline compound 9 A 1 2 0 3 - 2 B 2 0 3 , four different 
crystallographic aluminium sites have been described: 
four-fold, six-fold and two different five-fold coordinat-
ed aluminium atoms, the signature of which being well 
separated by MAS NMR experiment at very high field 
(17.6 T) and high spinning rate [15]. 
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Fig. 2. 27A1 spectra of 
Y 3A1 50 1 2 (YAG) in the melt 
(200Ö°C), the glass and the 
crystal powder (RT) [7], 

In the case of Y3A1501 2 (Fig. 2), the liquid has been 
interpreted as a mixture of A104 , A105 and A106 species 
undergoing a rapid exchange [7]. This information could 
not be based on the unique knowledge of the 27AI NMR 
isotropic chemical shift (<5iso), but only by the combina-
tion with other approaches. Molecular dynamics simula-
tions [5] have described the structure of this melt with 
the coexistence of the three coordinations AlIV,v> a n d 
Alyi, where the Al v is most abundant (=60%). The 27A1 
MAS NMR spectrum of the glass at room temperature 
(Fig. 2), obtained by very rapid quenching, evidences un-
ambiguously the three components that can be assigned 
from their chemical shift to the Al coordinations 4, 5, 
and 6. 

3.2. Molten Fluoroaluminates 

Gilbert and Co-workers have extensively studied the 
structure of fluoroaluminate molten salts and proposed a 
quantitative description of the melt in terms of ionic com-
plexes [1 -3] . Their model combines results from Raman 
spectroscopy and thermodynamic data and involves the 
three fluoroaluminate species A1F4, A1F2~ and A1F|~ to-
gether with free fluorides. The existence of major 
amounts of A1F2~ is still disputed. 

We have performed, in collaboration with Robert and 
Gilbert, 27A1 NMR measurements in molten NaF-AlF 3 

systems over the same composition range as by the Ra-
man study (from 0.2 to 0.5 for A1F3) [12]. 

The 27A1 chemical shift increases with the amount of 
A1F3, while between 25 and 40 mol%, i.e. between the 
cryolite and the chiolite composition, the variations of Ö 

(ppm) 

Fig. 3. High temperature 27A1 NMR spectra of N a F - A l F 3 . 

are rather small and the average value is around 21 ppm 
(Figure 3). 

The observed peak position is the average of the chem-
ical shifts of the individual species, weighted by their mo-
lar abundance. NMR alone cannot really proove the ex-
istence of 2 or 3 different species. We need some addi-
tional information that is given typically by Raman data. 
Figure 4 reports the correspondence between the chem-
ical shifts calculated from the concentrations of each in-
dividual species given by Raman [3], and the NMR chem-
ical shifts measured experimentally. 

The NMR and Raman data coincide rather well in the 
whole composition range. 

The NMR chemical shift is characteristic of the local 
environment of the investigated nuclei (coordination, lo-
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Fig. 4. NaF-A1F 3 melts: comparison between the AI NMR chemical shifts measured and calculated from the Raman data [12]. 
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Fig. 5. 27AI NMR chemical shift range 
in ox ides and f l u o r o a l u m i n a t e s . T h e 
experimental values measured for A1F2-

and AIF4 are pointed by the two arrows 
and correspond respectively to 21 and 
38 ppm 
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cal symmetry.. .) . The chemical shift ranges for the dif-
ferent aluminium coordinations in oxides are well separ-
ated: 90 to 55 ppm for A10|" , 30 to 40 ppm for A l O ^ 
and 20 to - 2 0 ppm for AlOg - [7]. To our knowledge, on-
ly a very few NMR studies of fluoroaluminate melts have 
been reported [16-19], The combination of 23Na and 
27AI MAS NMR and XRD data for the different crystal-
line phases of the N a F - A F 3 system shows that the chem-
ical shift for octahedral aluminium in these compounds 
ranges from - 1 5 to +4 ppm. 

The chemical shift corresponding to the A1F4 coordina-
tion is deduced from the high temperature NMR spectra of 
the NaAlF4 melt. Raman studies have shown that only A1FJ 
is present in this liquid [3], Thus the chemical shift mea-
sured at 38 ppm has been assigned to the A1FJ species [12]. 

Kohn et al. [20] studied a jadeite glass doped with cryo-
lite and proposed an 27Al chemical shift of 21 ppm for 
A1F2-, which corresponds to the average value of the S6 

(AlFg-) and the S4 (A1FJ). We used this to describe the ev-
olution of the high temperature spectra in the cryolitic melts. 
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F igure 5 shows the 2 7A1 chemica l shi f t ranges fo r ox-
ides and f luoroa lumina tes . It is wor th not ing that in both 
the oxide and the f luor ide sys tems the range of chemica l 
shif ts for the d i f fe ren t a lumin ium coord ina t ions are well 
separated. Moreover , the averaged va lues fo r the a lumin-
ium oxides are s ignif icant ly higher than those of the f lu-
orides. Thus , any ox ide-conta in ing impuri ty in f luoroa-
luminates will result in an impor tan t increase of the m e a -
sured 2 7A1 chemica l shift . 

Conclusion 

C o n s i d e r i n g the h u g e c o m p l e x i t y of h igh t e m p e r a -
ture l iquids , a fu l l de sc r ip t i on of the i r s t ruc tu re m u s t 

o b v i o u s l y invo lve the c o m b i n a t i o n of several expe r i -
m e n t a l a p p r o a c h e s . E a c h t echn ique has its own par t ic -
u lar i t ies (i .e. t ime scale , in terac t ion r anges . . . ) , and o n e 
shou ld seek their c o m p l e m e n t a r i t y ra the r than the i r 
con t r ad i c t i ons in o rde r to p r o d u c e a fu l ly in tegra ted 
m o d e l . 
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