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bstract

9F magic angle spinning nuclear magnetic resonance (MAS-NMR) spectroscopy was used to characterise the local environment of fluorine in three
ypes of fluorine containing glass-ceramics. The glass-ceramic compositions studied included four that crystallised to fluorcanasite, one which
rystallised to barium fluorphlogopite and one which crystallised to fluorrichterite. In the fluorcanasite glasses, prior to crystallisation, the fluorine
as present solely as an F–Ca(n) species whilst following crystallisation it was also present as an F–Ca(n) species in the fluorcanasite phase and

n those glasses containing AlPO4 it was also present as an F–Ca(n) species in fluorapatite.

In the fluorrichterite and fluorphlogopite glasses the fluorine was present predominantly as F–Mg(3) and following crystallisation it was also

resent as F–Mg(3) in the fluorrichterite and fluorphlogopite phases. In all these glass-ceramics fluorine appears to be preferentially associated
ith the cations of highest charge to size ratio and the local environment of fluorine in the glass and the crystal phase is almost identical.
2009 Published by Elsevier Ltd.
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. Introduction

There are a significant number of synthetic glass-ceramics
hat have been developed based on fluorine containing crys-
al phases. Examples include fluorapatite (Ca5(PO4)3F),1–3

otassium fluorphlogopite (K2Mg6Si6Al2O18F4),4–6 flu-
rrichterite (KNaMg5Si8O22F2)5,7,8 and fluorcanasite
(Na,K)6Ca5Si12O30F4).9 These phases are the fluorine
nalogues of the natural hydroxyl containing mineral phases.
he fluorine analogues are utilised for two reasons; fluorine has
similar charge to size ratio as a hydroxyl ion and fluorine is
asier to retain in the glass melt.
Solid state MAS-NMR is a powerful technique for charac-

erising solids and gives information on co-ordination states,
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ext nearest neighbours, bond lengths and bond angles. Whilst
uclei such as 29Si, 27Al, 7Li and 31P have been widely used to
haracterise minerals, glasses and glass-ceramics,10,11 there are
ery few studies of 19F magic angle spinning nuclear magnetic
esonance (MAS-NMR) applied to glasses and glass-ceramics.
evelopment of MAS probes with spinning rates > 20 kHz have

ontributed to reduction in line broadening and minimising the
eed for multiple pulse techniques.12 The 19F nucleus is 100%
bundant and is the most sensitive nucleus after hydrogen, with
spin = 1/2 and with a large degree of chemical shift anisotropy.
he chemical shift of 19F ranges from +500 ppm to −500 ppm

hus the chemical shift of fluorine is very sensitive to its chem-
cal environment. The observed 19F chemical shift has been
hown to correlate with the fluorine-cation distance in alkali

etal fluorides.13

Different aspects affecting the co-ordination of F− in
-bearing silicates and aluminosilicates have also been
xamined.13–17 An investigation into the competition between

mailto:mdo@bioceramictherapeutics.com
dx.doi.org/10.1016/j.jeurceramsoc.2009.01.009
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Table 1
Composition of the glasses studied in mole%.

Na2O K2O BaO CaO CaF2 MgO MgF2 Al2O3 P2O5 SiO2

Can 1 10.00 5.00 0.00 15.00 10.00 0.00 0.00 0.00 0.00 60.00
Can 2 9.76 4.88 0.00 14.63 9.76 0.00 0.00 1.22 1.22 58.54
Can 3 9.52 4.76 0.00 14.29 9.52 0.00 0.00 2.38 2.38 57.14
C .30
B .00
F .62
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an 4 3.80 5.10 0.00 19.20 10
FP 0.00 0.00 6.52 2.61 0
1 3.33 3.33 0.00 0.00 6

ations of different field strengths to form F–M(n) species12

emonstrates that F preferentially bonds to higher field-strength
odifier cations. In another study, NMR analysis was performed

n alumino-silicate-lanthanum fluoride glasses. As well as LaF3
pecies forming there was also evidence of Si–F and Al–F bond-
ng. Zeng and Stebbins17 have investigated the reduction of
ridging oxygens (BOs) and formation of Al–F in aluminosili-
ates when F− is added and attempted to establish how this is
ependent on the chemical composition of the glass. The pro-
ortion of non-bridging oxygens (NBOs) upon addition of F−,
n conjunction with the amount and type of modifying cations
nd competition between modifying cations, Al and Si for F−
ons, all disrupt the silicate and aluminosilicate network. This in
urn affects the macroscopic properties of the glass. It is still
ot understood which of these factors is dominant in deter-
ining how F− co-ordinates and this aspect requires further

nvestigation.
A major drawback to 19F MAS-NMR is that parts of the

MR instrument, probe and rotor are often constructed from
achinable ceramic. For example a fluormica glass-ceramic in

he probe or the fluorinated polymer rotor cap. There is thus
considerable 19F background signal. However with care this

ignal can be eliminated by a number of background techniques.
he MAS speed of the rotor can also be a problem, due to overlap
f spinning sidebands with the central resonance in the material
aking quantitative characterisation of species difficult. This is

urther complicated by dipolar broadening in crystalline materi-
ls and exacerbated by the peak broadening seen in amorphous
aterials. This paper characterises three types of glass-ceramic
ystems based on; fluorphlogopite (FP), fluorrichterite (FR),
nd fluorcanasite (FC) using 19F MAS-NMR. Previous studies
y Stamboulis et al.18,19 have investigated calcium fluorapatite

able 2
eat treatments used for the glass-ceramics.

lass-ceramic Heating rate ( ◦C min−1) Heat treatment

an 1 10 695 ◦C 1 h and 780 ◦C 1 h
an 2 10 720 ◦C 1 h and 825 ◦C 1 h
an 3 10 750 ◦C 1 h and 850 ◦C 1 h
an 4a 5 650 ◦C 2 h
an 4b 5 850 ◦C 2 h
FP 10 644 ◦C 2 h and 1225 ◦C 5 h
1a 5 650 ◦C 4 h
1b 5 700 ◦C 4 h
1c 5 800 ◦C 4 h
1d 5 900 ◦C 4 h

2

i

2

f
(
p
s
n
r
b
p
s

0.00 0.00 0.00 0.00 61.60
27.25 13.04 7.68 0.87 42.03
33.35 0.00 0.00 0.00 53.37

FAP) glass-ceramics and mixed calcium/strontium fluorapatite
lass-ceramics.20

. Experimental

.1. Binary fluoride salts

Reagent grade CaF2, SrF2, MgF2 and BaF2 were obtained
nd used to construct a reference plot of chemical shift against
he fluoride ion–metal cation distance.

.2. Glass compositions

Glasses were melted with reagent grade SiO2, Na2CO3,
2CO3, CaCO3, CaF2, P2O5, Al2O3, BaCO3, MgO and MgF2.
he nominal glass compositions are given in Table 1 and further
etails of processing can be found in the references below. They
onsist of:

Four canasite glass-ceramics (Can 1–4), one based on the sto-
ichiometry of fluorcanasite (Na4K2Ca5Si12O30F4), another
two with 0.25 and 0.5 M additions of Al2O3 and P2O5 and
finally a calcium oxide rich fluorcanasite.21–23

A fluorphlogopite glass-ceramic (BFP) based on the
ternary composition 90% barium fluorphlogopite
(Ba0.5Mg3Si3AlO10F2), 4% cordierite (Mg2Al4Si5O18), 6%
tricalcium phosphate (Ca3(PO4)2).24

A stoichiometric fluorrichterite (KNaMg5Si8O22F2) glass-
ceramic composition termed F1.25

.3. Heat treatments

The heat treatments for the glass-ceramics are summarised
n Table 2.

.4. 19F MAS-NMR

The 19F measurements were conducted at a resonance
requency of 188.29 MHz, using an FT-NMR spectrometer
DSX-200, Bruker, Germany). The spinning rate of the sam-
le at the magic angle was 15 kHz which would position the
pinning sidebands around ±80 ppm from the central reso-
ance. The recycle time was 120 s for 19F. The 19F spectra were

ecorded using DEPTH pulse sequence to suppress the probe
ackground.26 The reference material for the chemical shift (in
pm) was CaF2 taken as −108 ppm relative to the more common
tandard of CFCl3.
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Fig. 1. Chemical shift against F-cation distance open diamonds values taken
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Table 3
19F chemical shifts of crystalline species.

Phase δ (ppm) Refs.

Fluorapatite −103 [18–20,33]
Fluorite −108 [27]
Fluorcanasite −116 This work
NaF −225 [27]
Si–F −130 [12]
Al–F–Ca(n) −150 [17]
MgF2 −170 [27]
Al–F–Mg(n) −150 [35]
F
F
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rom the literature. FP = fluorphlogopite and FAP = fluorapatite.♦= data from27:
n = ZnF2, Mg = MgF2, Cd = CdF2, Ca = CaF2, Sr = SrF2 and Pb = PbF2 and
a = BaF2.

.5. X-ray powder diffraction

X-ray powder diffraction using Cu K� radiation was used to
haracterise the crystal phases formed on heat treatment of the
lasses.

. Results and discussion

Fig. 1 shows the chemical shifts for 19F plotted against the
uorine-cation distance obtained from crystallography data for
range of binary compounds.27 In a similar fashion to alkali
etal fluorides there is a linear relationship between bond dis-

ance and the observed chemical shift.28 Chemical shifts were

alculated from the F-cation distances for the crystalline phases
ound in the glass-ceramics from the literature: fluorcanasite,29

etrasilicic fluormica30,31 and fluorrichterite.32 The data for the
ther fluorine containing phases; fluorphlogopite, calcium fluo-

a
t

t

Fig. 2. 19F MAS-NMR traces for a stoichiometric fluorcanasite glass and the g
luorphlogopite −178 [36]
luorrichterite −174 This work

apatite, strontium fluorapatite from previous studies18–20,33 are
hown on the plot in Fig. 1 and Table 3 and were used to generate
he line of best fit in addition to the NMR data on binary fluoride
alts.

.1. Fluorcanasite

Fig. 2 shows the 19F MAS-NMR spectra for the stoichiomet-
ic canasite composition. Can 1. The base glass exhibits a single
road peak at about −108 ppm corresponding to F–Ca(n). Fluo-
ite has a chemical shift of −108 ppm, but the peak for the glass
s much broader than that observed for the fluorite crystal phase,
owever we can say that the fluorine in the glass is in a fluorite
ike environment. There is surprisingly no evidence of F–Na(n),
–K(n) or Si–F species. On heat treatment at 695 ◦C for 1 h and

hen 780 ◦C for 1 h, the peak appears to split slightly suggesting
hat the presence of CaF2 (fluorite) at −108 ppm and fluorcan-
site at about −116 ppm. The spinning side band to the right at

bout −225 ppm is slightly shifted and amplified suggesting a
race of an F–Na(n) species is present.27

The 19F MAS-NMR spectra for the two glass composi-
ions with added Al2O3 and P2O5 (Can 2 and 3) are shown

lass heat treated for 1 h at 695 and 1 h at 780 ◦C. * = spinning side band.
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ig. 3. 19F MAS-NMR traces for a stoichiometric fluorcanasite glass Can 2 wit
h at 825 ◦C. * = spinning side band.

n Figs. 3 and 4. Previous studies of calcium and sodium
uoro-alumino-silicates have shown evidence of Al–F–Ca(n)
nd Al–F–Na(n) species12,17 however in these samples there
s no evidence of Al–F–Ca(n), Al–F–Na(n) or Al–F–K(n) type
pecies. Essentially all the fluorine is still in a fluorite type envi-
onment. On heat treating the Can 2 glass at 720 ◦C for 1 h and
hen at 825 ◦C for 1 h there are three peaks at about −103 ppm,

116 ppm and −225 ppm corresponding to fluorapatite, fluo-
canasite and F–Na(n).27 Fluorcanasite was identified on the
asis of its predicted chemical shift based on the F-calcium dis-
ance obtained from.29 The canasite is present in much greater

mounts than the fluorapatite. There is a broad background sug-
esting there is appreciable fluorine in the residual glass phase
s F–Ca(n) type species and there is a weak shoulder at about
150 ppm corresponding to Al–F–Ca(n) (Table 3).

d
c
t
N

ig. 4. 19F MAS-NMR traces for a stoichiometric fluorcanasite glass Can 3 with 0.5
h at 825 ◦C. * = spinning side band.
mole of Al2O3 and P2O5 and the same glass heat treated for 1 h at 710 ◦C and

On crystallisation of the Can 3 glass at 750 ◦C for 1 h and
hen 850 ◦C for 1 h, the glass shows a peak at −103 ppm cor-
esponding to fluorapatite and a shoulder at about −116 ppm
orresponding to fluorcanasite. The peak at −103 ppm is the
trongest suggesting there is more fluorapatite in this sample
han fluorcanasite and there is more fluorapatite than in the
an 2 sample. The peak is quite broad and there is probably
significant fluorine content in the residual glass with F–Ca(n)
l–F–Ca(n) and Al–F–Na(n) species.
The XRD patterns of these two glasses showed only fluorcan-

site following the chosen heat treatment; fluorapatite was not

etected. However, a glass with slightly higher Al2O3 and P2O5
ontent was found to crystallise to fluorapatite on casting from
he melt so the detection of fluorapatite is not unlikely. MAS-
MR is sensitive to short range local order or structure, whilst

mole of Al2O3 and P2O5 and the same glass heat treated for 1 h at 710 ◦C and
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F
a
more F–Mg(n) than F–Ca(n) and there is much more Mg than
Ca in the composition. After heat treating at 650 ◦C for 4 h a
new peak forms at −178 ppm that is identical to the chemical
shift observed for fluorphlogopites.36 This peak corresponds to
Fig. 5. 19F MAS-NMR spectra for the Can 4 fl

RD detects long range periodic order. MAS-NMR is capable of
etecting the earliest stages of fluorapatite crystallisation since
nlike XRD it is not sensitive to crystallite size effects.20,33

Can 4 has, like the other canasite glasses a 19F spectra (Fig. 5)
hat is similar to fluorite with a broad peak at about 108 ppm.
n heat treating at 650 ◦C for 2 h the 19F spectra shows a much

harper peak at 108 ppm corresponding to fluorite. Many flu-
rcanasite glass-ceramics are widely known to crystallise to
uorite prior to the crystallisation of canasite.9,23,34 This heat

reatment has also been found to result in the crystallisation of
uorite by XRD.23 On heat treating to 850 ◦C for 2 h there is
new sharp peak at −116 ppm that we have previously associ-

ted with fluorcanasite. There is probably some F–Ca(n) species
n the residual glass, plus there is a slight shoulder at about

130 ppm that may correspond to an Si–F species.12

.2. Barium fluorphlogopite (BFP)

The 19F MAS-NMR spectrum for the BFP glass is shown
n Fig. 6. This is a glass with the composition 90 mole% bar-
um fluorphlogopite 6 mole% tricalcium phosphate, 4 mole%
ordierite. The NMR trace of the base glass shows two peaks
t about −100 ppm and about −170 ppm. These are associated
ith F–Ca(n) and F–Mg(n).27 There is much more F–Mg(n)

han F–Ca(n) as expected on the basis of the composition of
his glass. The asymmetric tail to the F–Mg(n) peak could pos-
ibly indicate a small amount of Al–F–Mg(n) which would be
xpected to be seen at approximately −150 ppm.13,35

Fig. 6 shows the 19F MAS-NMR spectrum of the heat-treated

lass that XRD shows to have crystallised to barium fluorphlo-
opite (a trisilicic mica). There is a single very sharp line at about
178 ppm corresponding to F–Mg(n) where n is close to 3 that

s an exact match to the chemical shift of fluorphlogopite36 and
F
*

anasite glass-ceramic. * = spinning side band.

orresponds to the fluorine in the brucite layer. There is a small
eak at about −150 ppm, which is quite sharp that corresponds
o a very small amount of a highly ordered phase contain-
ng/corresponding to Al–F–Ca(n)17 or Al–F–Mg(n).13,35 There
s very little fluorine left in the residual glass phase (<10%).

.3. Fluorrichterite (KNaCaMg5Si8O22F2)

Fig. 7 shows the MAS-NMR spectrum of the as cast glass
1 which shows two broad peaks corresponding to F–Ca(n) at
bout −100 ppm and F–Mg(n) at about −170 ppm.27 There is
ig. 6. 19F MAS-NMR spectra for the barium fluorphlogopite glass-ceramic.
= spinning side band.
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Fig. 7. 19F MAS-NMR spectra for the F1 flu

–Mg(n) in the brucite layer. Our interpretation of this data is
hat this peak corresponds to the fluorine in the tetrasilicic mica
lus possibly some fluorine in an F–Mg(n) type environment
n the residual glass, since it is not quite as sharp as might be
xpected. On heat treating at 700 ◦C for 4 h the same peak is
resent, but is now somewhat sharper suggesting possibly fur-
her crystallisation of the tetrasilic mica, plus loss of the F–Mg(n)
pecies in the residual glass. On heat treating to 800 ◦C for 4 h,
new peak develops that is sharper than the peak at 700 ◦C and
as a slightly reduced chemical shift (about −174 ppm). This
eat treatment corresponds to the formation of two crystalline
hases determined by XRD (Fig. 8), a tetrasilicic mica and a
uorrichterite phase. It might be expected that a broader peak
ould occur if we do not resolve the 19F signal from these two
hases. However, since there is relatively little of the tetrasilicic
ica phase and the major peak corresponds to the fluorrichterite
hase, this is not the case. We can establish whether the fluor-
ichterite phase would have a chemical shift of about −174 ppm
y plotting the chemical shift against the F–Mg distance, since
here is a strong correlation between chemical shift and F-cation

ig. 8. XRD traces of stoichiometric K-fluorrichterite heat-treated at different
emperatures25.
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terite glass-ceramic. * = spinning side band.

istance. The F–Mg distance in fluorrichterite is 2.014 Å32

nd this correlates well with the observed chemical shift
Fig. 1). There is a small shoulder at about −165 ppm, which
emains unassigned. At 900 ◦C we have a single peak at about
175 ppm which probably corresponds to the fluorrichterite

hase. There is surprisingly little fluorine left in the residual glass
hase.

. Conclusions

One of the most interesting aspects of this study is that the
o-ordination environment of the fluorine in the glass appears
o be similar or in many cases almost identical to the first phase
hat crystallises from the glass and where subsequent crystals
orm the co-ordination environment of the fluorine is often
etained in the final crystal structure. Thus in the fluorphlogo-
ite and fluorrichterite glass-ceramics the F–Mg(3) species is
resent in the glass and in the crystal structure. The fluorphl-
gopite glass-ceramic composition studied did not crystallise
o precursor crystal phases, but directly to barium fluorphlo-
opite. In contrast to this, the commercial material MacorTM

s known to undergo a complicated crystallisation sequence
nvolving glass in glass, or amorphous phase separation to

magnesium rich matrix phase and aluminium–silicon rich
roplet phase. This is then followed by crystallisation of chon-
rodite 2Mg2SiO4·MgF2, which crystallises in the magnesium
ich matrix at the interface of the aluminium and silicon rich
roplet phase. The chondrodite phase then transforms to norber-
ite MgSiO4·MgF2, which finally reacts with components in the
esidual glass phase to form fluorphlogopite and a minor amount
f mullite. Both the two precursor phase have the brucite layer

tructure, that is also found in the fluorphlogopite crystal and
hus the F–Mg(3) species is probably retained from the glass to
he final crystal structure.27 Similarly, in the fluorcanasite glass-
eramics there are present in the glass F–Ca(n) species that have
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chemical shift close to that of fluorite and the same species are
resent in both the precursor crystal phase and the final crystal
hase. A similar situation also exists in the fluorapatite glass-
eramics where we have F–Ca(n) species in the glass and in
he fluorapatite crystal phase.20 Thus the authors propose that
he local environment of fluorine in the glass reflects the fluo-
ine structure of the crystal phase or phases that form on heat
reatment.
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