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ABSTRACT

Anhydrous glasses of jadeite + NaF and jadeite + cryolite compositions were quenched
from melts at 1250 °C and 3.0-3.5 kbar. *F to #’Al cross-polarization MAS-NMR exper-
iments at a magnetic field of 8.45 T and single pulse ?Al MAS-NMR experiments at 14.1
T demonstrated the presence of “Al, BIAl and Al in both glasses. The Al is thought to
be present in AIF2- complexes, a previously unknown species.

INTRODUCTION

The presence of dissolved volatile components in nat-
ural magmas has long been recognized as being of crucial
importance in controlling their physical properties and
volcanic eruptive behavior. The effect of F is particularly
significant in strongly differentiated felsic magmas; it af-
fects phase relations (Wyllie and Tuttle, 1961; Manning,
1981; Foley et al., 1986) and lowers viscosities (Dingwell,
1987). These effects are similar to those of H,O, and sim-
ilar dissolution mechanisms for these two volatile com-
ponents have often been proposed. The phase relations
of F-bearing systems combined with thermodynamic ar-
guments have been used to infer structural features such
as the presence of AIF2~ units (Manning et al., 1980;
Burnham and Nekvasil, 1986) and the absence of Si-F
bonds (Kogarko and Krigman, 1973). Mysen and Virgo
(1985) interpreted Raman spectra of glasses of NaAl-
Si,0,_.F,. and NaAlSi,O,;_,F,, composition in terms of
F- charge balanced by Na*, A%, and Na,Al**, with a
resultant depolymerization of the silicate framework and
the formation of Q3*-O~ and Q>-(O"), units in addition to
residual Q* units. Foley et al. (1986) used phase equilib-
rium results in the Ks-Fo-Qz + F system, together with
infrared studies of quenched glasses to infer the presence
of F complexes with K, Mg, and Al. They also stressed
that bulk composition crucially affects the solubility
mechanism, particularly whether F replaces O or is added
as a metal fluoride. This is an important point because
the compositions used here were made by adding fluo-
rides, whereas in some other studies addition of F was
accompanied by removal of O.

NMR is an ideal technique for studying the structure
of glasses (see Kirkpatrick et al.,, 1986 and Dupree and
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Holland, 1989 for reviews) as the chemical shift is sen-
sitive to local environment and gives information on co-
ordination numbers. Recently 27’Al NMR has been used
to demonstrate the presence of Al and ©Al in a variety
of glasses and other amorphous solids in the system ALO;-
SiO, (Dupree et al., 1985; Risbud et al., 1987; Farnan et
al., 1989). In this study we use single-pulse 2’Al magic-
angle-spinning (MAS) NMR methods at two different
magnetic fields (8.45 T and 14.1 T) and "*F-’Al cross-
polarization (CP) to study aluminum complexing in glasses
quenched from F-bearing melts and to deduce informa-
tion on the polymerization of such melts.

EXPERIMENTAL DETAILS

A glass of jadeite composition was prepared from SiO,,
AL O,, and Na,CO; by melting at 1500 °C for 3 h and
cooling rapidly. Mixtures of this material with NaF (to
produce the Jd-NaF glasses) and with cryolite (to produce
the Jd-Cry glasses), with or without the addition of H,0,
were melted at pressures between 2 and 3.5 kbar and
temperatures of 1200-1300 °C in an internally heated
pressure vessel using standard techniques and quenched.
Optical examination and X-ray diffraction showed that
the two anhydrous glasses were completely free of any
crystalline material; however the hydrous glasses contain
many tiny (< 10-7 m) crystals of cryolite, which must have
formed during the quench. Essentially all the F in the
hydrous glasses is present in the cryolite quench crystals.
The presence of quench cryolite crystals in hydrous
F-bearing glasses has been used to support the idea that
cryolite-like complexes are present in the melt prior to
quenching (Manning et al., 1980), and this interpretation
could be consistent with the fact that cryolite rather than
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TaBLE 1. Conditions of glass synthesis

Synthesis conditions

wt % Pl
Sample Composition HO TPC kbar Time/h
Dry Jd-NaF Na,AlLSi,0,,F 0 1250 35 35
Hydrous Jd-NaF  NajAlLSi,0,,F 75 1270 20 25
Dry Jd-Cry Nag g7Al; 395k 5301F 0 1250 30 6.0
Hydrous Jd-Cry Nag 6;AL 35Si5 20:0F 50 1250 30 6.0

NaF quench crystals are present even in the hydrous Jd-
NaF glass. Only the spectra for the anhydrous glasses will
be presented here, and the subsequent discussion will also
apply only to the anhydrous glasses. The glasses were
analyzed by electron probe microanalysis, and the com-
positions in terms of Si, Al, and Na were very close to
the expected values. The measured concentrations of F
were slightly lower than expected (5-10% low), but be-
cause there may be difficulties in analyzing volatile bear-
ing glasses, the nominal compositions are assumed to be
correct and are given together with the synthesis condi-
tions of the glasses in Table 1. It should be noted that the
amount of dissolved F (expressed as the F/(F + O) ratio
for example) is considerably lower for the Jd/Cry sample
than the Jd-NaF sample. Al and *F-27Al CP-MAS spec-
tra were obtained at a frequency of 93.83 MHz using a
Bruker MSL 360 spectrometer. To improve the resolu-
tion among the different species present, some additional
spectra were obtained at a higher magnetic field using a
homemade probe and a Varian VXR 600 (magnetic field
14.1 T) operating at 156.325 MHz. This higher field will
narrow the resonance if quadrupolar broadening, arising
from the electric field gradient at the nucleus, is a major
contribution to the linewidth. Fitzgerald et al. (1989) have
used previously a 14.1 T spectrometer to obtain signifi-
cantly improved data for Al in dehydrated pyrophyllite.

RESULTS AND DISCUSSION

The MAS-NMR spectrum of F-free, anhydrous jadeite
glass (Fig. 1a) consists of a single peak at ~55 ppm due
to WAL which is broadened to the more shielded side of
the peak. This line shape is typical of 2’Al in glasses or
materials where a distribution of electric field gradients
is present (Phillips et al., 1988; Kohn et al., 1989). The
addition of NaF (Fig. 1b) results in a significant narrow-
ing of the main part of the tetrahedral peak and the ap-
pearance of an additional peak at —5 ppm, a typical
chemical shift for WAL In addition there appears to be a
change in slope of the right hand edge of the tetrahedral
peak at about 30 ppm. In the absence of other data, this
shoulder could result from a relatively narrow peak with
an isotropic chemical shift of about 25 ppm or a much
broader feature with an isotropic shift similar to that of
the tetrahedral peak, broadened to more negative shifts.

The changes in the 2’Al spectrum on the addition of
cryolite (Fig. 1c) are very small, although it again seems
that the tetrahedral peak is narrowed, that there is a change
in its slope at around 30 ppm, and that a very small
octahedral peak is produced.
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Fig. 1. The 2?A1 MAS-NMR spectra obtained at 93.83 MHz,
using a pulse length of 1 us (7/12) and a recycle delay of 2 s. (a)
F-free jadeite glass, 1600 pulses; (b) Jd-NaF glass, 500 pulses;
(¢) Jd-Cry glass, 400 pulses.
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Cross-polarization from '°F to an abundant nucleus such
as YAl is effectively a method of spectral editing because
it enhances the signal from Al nuclei near F nuclei rela-
tive to the signal from other Al nuclei. The “F-2’Al CP
spectra for both the F-bearing glasses (Fig. 2) consist of
three peaks at 57 ppm, ~22 ppm, and —1 ppm. The 57
ppm and —1 ppm peaks are clearly due to “IAl and €IA],
respectively. However, the position of the 22 ppm peak
is outside the normal ranges for either. F does not appear
to have a large effect on the chemical shift of 1Al, since
AlQ,, AlF,, and AIO,F, (in topaz, our unpublished data)
all have similar shifts, near 0 ppm, therefore the 22 ppm
peak seems likely to be caused by 'Al. Furthermore, be-
cause the peak is enhanced in the CP spectrum, it must
have F in its coordination shell. As the peak has a rela-
tively narrow resonance, it can probably be assigned to
AlF%- because mixed pentahedra would probably have
large electric field gradients and give a very broad line.
An alternative possibility, which could conceivably give
rise to a small field gradient, is a mixed O and F penta-
hedron, with a either a trigonal arrangement of three O
atoms and two trans F atoms, or the same arrangement
with the F and O transposed, i.e., three F atoms and two
O atoms. In addition it should be noted that the shift is
significantly different from that of AlO, groups, which
have isotropic shifts in the range 30-40 ppm. We have
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Fig. 2. The "F-27Al CPMAS-NMR spectra obtained using a
F pulse length of 5 us, a contact time of 1 ms, and a recycle
delay of 10 s. (a) Jd-NaF glass, 3000 pulses; (b) Jd-Cry glass,
2308 pulses.

also performed variable contact-time experiments on the
Jd-NaF glass. For shorter contact times than the 1 ms
illustrated in Figure 2a the 1Al peak is relatively larger,
and the Al peak is relatively smaller, compared with the
1Al peak. For longer contact times, the opposite is true.
This shows that most of the Al peak is due to Al not
directly coordinated to F, because AlF ; units would have
shorter Al-F bonds and hence would be likely to have
shorter optimum contact times than AlIFZ- and AIF}-.
However, a significant Al peak can be seen for contact
times as short as 0.1 ms, suggesting that some AlF ; may
be present. The fact that the Al peak is increased in
intensity relative to the ®1Al peak for shorter contact times
indicates that the Al-F distance is shorter in the 1Al com-
plex, as would be expected. There are interesting differ-
ences in the relative intensities of the three peaks for the
1 ms contact time spectra of the two samples. Although
the overall intensity for the Jd-Cry sample is less than
that for the Jd-NaF sample, it has larger WAV/€Al, WAL/
1AL, and S1A1/1A] ratios.

As the three peaks observed in the CP experiments on
the anhydrous F-bearing glasses were not resolved in our
8.45 T single pulse experiments, we also obtained single
pulse spectra at 14.1 T, the highest available field on a
commercial spectrometer. These spectra are shown in
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Fig. 3. The Al MAS-NMR spectra obtained at 156.325
MHz, using a pulse length of 2 ps (7/12) and a recycle delay of
0.5 s. (a) Jd-NaF glass, 1632 pulses; (b) Jd-Cry glass, 1824 puls-
es.

Figure 3. The spectrum for the Jd-NaF glass contains
three clearly resolved peaks at 56 ppm (¥Al), 22 ppm
(51Al), and —4 ppm (®Al). The Jd-Cry glass appears to
yield the same three peaks, although the Al peak is not
as well resolved because the JAI/#Al ratio is smaller and
the Al peak is broader than that in the Jd-NaF glass.
The position of the 1Al peak is the same as that in the
CP spectrum, despite the difference in applied magnetic
field; this indicates that the true isotropic chemical shift
is close to the peak position. Accurate quantification of
the 14.1 T data is difficult because of problems with fit-
ting the line shapes, possible loss of signal from broad
components during the dead time of the spectrometer,
etc. However an estimate gives the following figures for
the percentage of Al in each coordination state:

Jd-NaF glass,

WAl = 93.5%, BAl=2.7% ©Al=3.8%;
Jd-Cry glass,

“Al = 98.1%, Al = 1.3%, ©Al=0.7%.

Note that the “Al/©A] WAL/SIAL and WAL/®A] ratios are
all larger for the Jd-Cry glass than the Jd-NaF glass, the
same result as from the CP spectra.

Although we would not wish to overemphasize the sig-
nificance of these figures, it appears that in both cases
some F is present in a form other than AlFZ- or AlF3-
complexes (approximately 30% for the Jd-NaF glass and
around 60% for the Jd-Cry glass). As discussed above,
some may be present as AlF; complexes or as Al in
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the framework with one or more F atoms replacing bridg-
ing O atoms, or alternatively in complexes with Na or
attached to framework Si. The presence of the Al-F com-
plexes implies the presence of nonbridging O atoms,
probably attached to framework Si. This would be con-
sistent with our °Si data (not shown), as the shift in an-
hydrous Jd-NaF glass is —89.5 ppm compared with —93
ppm in the jadeite glass.

The presence of a 2’Al peak at about 22 ppm, which
we have assigned to AlFZ-, is a very unexpected feature.
We know of no crystalline compounds containing 51Al
coordinated by F, therefore this appears to be the first
observation of this species in any material. However, a
recent computer simulation has suggested the presence of
small concentrations of the AIF 2~ species in cryolite melt
in addition to the major species, Na*, AIF?-, AlF;, and
F- ions (Qiu and Xie, 1988). The observation of a new
species in a glass is not unprecedented; for example ©ISi
has been observed in K,Si,O, glass quenched from high
pressure, whereas it is not known in any crystalline sili-
cates (Stebbins and McMillan, 1989).

These results may help explain some previous obser-
vations on the effect of F in aluminosilicate systems. For
example, Luth and Muncill (1989) have shown that the
presence of F in anhydrous plagioclase melts decreases
the activity of the anorthite component relative to the
albite component. They suggested that this result is due
to F preferentially complexing Ca rather than Na. The
results reported here (and also some unpublished results
for the NaAlSi,O,F, composition) suggest that much of
the F is involved in complexes with Al. An alternative
explanation of Luth and Muncill’s (1989) results is that
the remaining Al (that which is not in fluoride complexes)
is preferentially charge balanced by Na rather than Ca
[due to the relative stabilities of the NaAlO, and Ca, ;AlO,
complexes (Navrotsky et al., 1982)], in effect resulting in
a decreased activity of anorthite in the melt.

In conclusion this work has shown that the solution
mechanism of F appears to be entirely different from that
of H,0O (Kohn et al., 1989). The broad similarity in the
effects of H,O and F on viscosity and phase relations
would therefore appear to be coincidental. Further work
is currently underway to investigate changes in the solu-
bility mechanisms when F is added as F,O_, instead of
NaF or Na,AlF,, and the roles of varying Al/Si and bulk
NBO/T ratios.

ACKNOWLEDGMENTS

We acknowledge NERC for the provision of research grant GR3/6974
and a research fellowship to S.C. Kohn, SERC for access to the VXR 600,
and D. Reed (University of Edinburgh) for help in obtaining the high-
field spectra. M.G. Mortuza participated in this study while on leave from
the Department of Physics, University of Rajshahi, Rajshahi, Bangladesh.
We thank R.J. Kirkpatrick and an anonymous referee, whose comments
significantly improved the manuscript.

REFERENCES CITED

Burnham, C.W., and Nekvasil, H. (1986) Equilibrium properties of gran-
ite pegmatite magmas. American Mineralogist, 71, 239-263.

KOHN ET AL.: FIVE-COORDINATED Al COMPLEXES

Dingwell, D.B. (1987) Melt viscosities in the system NaAlSi,O,-H,O-
F,O_,. In B.O. Mysen, Ed., Magmatic processes: Physicochemical prin-
ciples. The Geochemical Society, Special Publication No. 1, University
Park, Pennsylvania.

Dupree, R., and Holland, D. (1989) MAS NMR: A new spectroscopic
technique for structure determination in glasses and ceramics. In M.H.
Lewis, Ed., Glasses and glass-ceramics, p. 1-40. Chapman and Hall,
New York.

Dupree, R., Farnan, 1., Forty, A.J., El-Mashri, S., and Bottyan, L. (1985)
A MAS NMR study of the structure of amorphous alumina films, Jour-
nal de Physique, 46, C8, 13-117.

Farnan, L., Dupree, R., Forty, A.J., Yeong, Y.S., Thompson, G.E., and
Wood, G.C. (1989) Structural information about amorphous anodic
alumina from Al MAS NMR. Philosophical Magazine Letters, 59,
189-195.

Fitzgerald, J.J., Dec, S.F., and Hamza, A.L. (1989) Observation of five-
coordinated Al in pyrophyllite dehydroxylate by solid-state Al NMR
spectroscopy at 14 T. American Mineralogist, 74, 1405-1408.

Foley, S.F., Taylor, W.R., and Green, D.H. (1986) The effect of fluorine
on phase relationships in the system KAISi0,-Mg,Si0,-8iO, at 28 kbar
and the solution mechanism of fluorine in silicate melts. Contributions
to Mineralogy and Petrology, 93, 46-55.

Kirkpatrick, R.J., Dunn, T., Schramm, S., Smith, K.A., Oestrike, R., and
Turner, G. (1986) Magic angle spinning NMR spectroscopy of silicate
glasses: A review. In G.E. Walrafen and A.G. Revesz, Eds., Structure
and bonding in non-crystalline solids, p. 303-327. Plenum Press, New
York.

Kogarko, L.N., and Krigman, L.D. (1973) Structural position of fluorine
in silicate melts (according to melting curves). Geochemistry Interna-
tional, 10, 34-40.

Kohn, S.C., Dupree, R., and Smith, M.E. (1989) A multinuclear magnetic
resonance study of the structure of hydrous albite glasses. Geochimica
et Cosmochimica Acta, 53, 2925-2935.

Luth, R.W., and Muncill, G.E. (1989) Fluorine in aluminosilicate sys-
tems: Phase relations in the system NaAlSi,0,-CaAl,Si,0,-F,0_,. Geo-
chimica et Cosmochimica Acta, 53, 1937-1942,

Manning, D.A.C. (1981) The effect of fluorine on liquidus phase relations
in the system Qz-Ab-Or with excess water at | kbar. Contributions to
Mineralogy and Petrology, 76, 206-215.

Manning, D.A.C., Hamilton, D.L., Henderson, C.M.B., and Dempsey,
M.J. (1980) The probable occurrence of interstitial Al in hydrous,
F-bearing and F-free aluminosilicate melts. Contributions to Mineral-
ogy and Petrology, 75, 257-262.

Mysen, B.O., and Virgo, D. (1985) Structure and properties of fluorine-
bearing aluminosilicate melts: The system Na,0-Al,0,-SiO,-F at 1 atm.
Contributions to Mineralogy and Petrology, 91, 205-220.

Navrotsky, A., Peraudeau, P., McMillan, P., and Coutures, J.-P. (1982)
A thermodynamical study of glasses and crystals along the joins silica-
calcium aluminate and silica-sodium aluminate. Geochimica et Cos-
mochimica Acta, 46, 2039-2047.

Phillips, B.L., Kirkpatrick, R.J., and Hovis, G.L. (1988) ¥Al, »Si, and
2Na MAS NMR study of an Al, Si ordered alkali feldspar solid solution
series. Physics and Chemistry of Minerals, 16, 262-275

Qiu, Z., and Xie, G. (1988) Computer simulation of the structure of the
cryolite-alumina melts. Light Metals 1989, 315-324.,

Risbud, S.H., Kirkpatrick, R.J., Taglialavore, A.P., and Montez, B. (1987)
Solid-state NMR evidence of 4-, 5-, and 6-fold aluminium sites in
roller-quenched SiO,-Al,O, glasses. Journal of the American Ceramic
Society, 70, C10-C12.

Stebbins, J.F., and McMillan, P. (1989) Five- and six-coordinated Si in
K,S$1,0, liquid at 1.9 GPa and 1200 °C. American Mineralogist, 74,
965-968.

Wyllie, P.J., and Tuttle, O.F. (1961) Experimental investigation of silicate
systems containing two volatile components: Part II. The effects of NH,
and HF in addition to H,O on the melting temperatures of albite and
granite. American Journal of Science, 259, 128-143.

MAanNuscriPT RECEIVED OcTtoBer 30, 1990
MANUSCRIPT ACCEPTED JANUARY 2, 1991



