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Abstract. A set of Na-Sr-phosphate glass and glass-ceramic samplés,gesteral formula
xSr0:(0.55x)Na,0:0.45R0s, were prepared and analysed by solid stie nuclear magnetic
resonance spectroscopy and X-ray powder diffraction. The results Bhgwesence d' and Q?
phosphate species in all samples. At low concentrations 9f (8r< 0.20) the strontium is
preferentially incorporated in $rQ" crystalline phases, and only at highef* $oncentrations are
crystalline phases present whicli*Ss associated witf)? phosphate units.

Introduction

Glasses and glass-ceramics are widely used as biomaterafdy as bone replacement materials
[1] and as base materials for dental restorations [2, 3]. One ohaire advantages of phosphate
based materials, and particularly the Na-Ca-phosphate systénejrichemical relationship with
hydroxylapatite, one of the main constituents of bone and teeth. Howeray,examination of the
restoration is often necessary and this demands the use of matéhaa higher radiopacity. The
substitution of CaO for SrO improves the material’s radiopacity.

The structures of phosphate glasses and glass-ceramics adedmasetworks of corner
sharing phosphate tetrahedra. Four types of phosphate moiety can be prgisbndre commonly
described usin®" nomenclature, whene represents the number of bridging oxygens (BO) of the
unit. Accordingly, the (P> (Q% unit has no BO, the (R®* (Q") unit has 1 BO, the (PP (Q%)
unit has 2 BO, and the (B@ (Q% unit has 3 BO. These phosphorous environments can be
distinguished by'P solid state magic angle spinning (MAS) nuclear magnetaneese (NMR)
spectroscopy, due to their characteristic isotropic chemical(glijtand chemical shift anisotropy
(CSA) ranges in glass and ceramic structures [4].

In this study, a set of sodium strontium phosphate glasses and gjlasses, with general
formulaxSrO:(0.55x)Na0:0.45RB0s, were synthesised. The crystalline phases were analysed by X-
ray diffraction (XRD) and the phosphorous environment was probed by saéd’§taMAS NMR
spectroscopy.

M aterials and methods

Anhydrous sodium carbonate (Analar, 99.9 %), strontium carbonate (Hopkin &aMéliLtd, 98
%) and diammonium hydrogen phosphate (BDH, 97 %) were used to prepdarefaNseSr-
phosphate glass samples of general composi®o0:(0.55x)Na0:0.45B0s, with x = 0.00, 0.09,
0.19, 0.29, 0.39, 0.49 and 0.55, by melt quenching. The starting materials were grawhargsin
ethanol using an agate mortar and pestle. After drying at 70°EHdhe mixtures were placed in
platinum crucibles and heated at 300° C for 30 min to allow the re}¢&© and NH, at 650° C
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for 30 min to allow the release of G@nd at temperatures between 1000-1300° C to produce the
melts. After 1 h at that temperature, the melts were splat quenched in air ombeassteel plate.

The glass transition temperaturg)(@nd crystallization temperaturecf Wwere measured by
differential scanning calorimetry (DSC) using aluminium pans dPekkin-Elmer DSC 7 under
nitrogen atmosphere and at a heating rate of 10° ¢.min

Glass-ceramics were prepared by heating the glass samplesgbveat temperatures
between fand T.

The crystalline and amorphous materials were analysed by peragter diffraction (XRD)
on an automated Phillips PW1050/30 diffractometer, in flat [tl&t@ geometry using Ni filtered
Cu Ka radiation. Data were collected from 5 to 76° ®ith a step width of 0.05° and a count time
of 2 s per step. Diffraction patterns were modelled by Rietveld refinement uskfg [B5

3P MAS NMR spectra of the glasses and glass-ceramias avgpuired at a frequency of
242.9 MHz on a Bruker AVANCE 600; a simple single pulse, acquire sequwasesed, with a
recycle delay of 60 s and a pulse width qfslwhich corresponds to a flip angla 1. 24 FIDs,
each of 16384 data points were accumulated, from which, 8192 points werea Eamséormed.
MAS rates were set to 12 kHz. The spectra were fitted avitfit [6], to obtainds,, CSA and the
relative concentration of each species.

Results and discussion

%Ip MAS NMR spectroscopy indicated the presence of two phosphorous sjedtes glass
structure:Q* andQ? The assignment was based ondggand CSA of each signal. TKE species,
in the glass samples hawg, from, approximately, 1.2 to -6.3 ppm, while values of CSA, ranged
from 130.2 to 152.7 ppm [71)? species havés, from, approximately, -18.5 to -22.5 ppm while
values of CSA, ranged from -202.7 to 213.8 ppm [7]. The relative concentratiba o¥o species
was found to be 22 and 78 % for & andQ? species respectively, which agrees with the values
calculated from the equations developed by Van Wazer [4, 8].

The 3P MAS NMR spectra of the glass-ceramic samples are shovwkigi 1. Several
different species are observed within @eandQ? ds, ranges.
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Fig. 1.3’ MAS NMR spectra for glass-ceramics in the systs8n®:(0.55x)Na,0:0.45R0s.

The changes in the spectra with change in the ®ncentration reflect the stabilisation of
particular crystalline phases at certain compositions. At I@érconcentrationsx(= 0.00 to 0.19)
the Q% band is mostly unchanged in isotropic chemical shift, wherea®'thegion shows species
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with lower frequency shifts dominating as {$rincreases. The sample with= 0.29 shows the
broadest resonances and this certainly reflects the incompystalisation of this sample. The
spectra with the highest concentrations &f $ = 0.39 to 0.55) reveal a low frequency shift with
[SF*'], and small changes in tig¢ region. Turneet al [9] have shown that the cation can influence
the 3'P isotropic shift in structurally related phosphate groups, accomlitige tfactor Z/~r, where

Z is the ionic charge and is the ionic radius. In substituting Nay SF* in the material the
dominant effect is the doubling of the ionic charge, and consequentlgdioe is a larger number
for S and the negative sign results in the prediction of a shift tordegquéncy. Thus the changes
in the spectra in Fig. 1 are consistent with the introduction Of i8to the sodium phosphate
material first producing new $fQ" crystalline phases, and at higher concentrations producing new
Sr** phases.

Fig. 2 shows the XRD powder patterns of the glass-ceramics.rabesteichiometric
crystalline phases have been identified and are correlated witoitigosition of the parent glass.
Below thex = 0.39 composition, sodium phosphate phases dominate the X-ray patternstwhile
compositions with higher $rconcentrations, crystalline strontium phosphates are evident.
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Fig.2. XRD powder patterns for glass-ceramics in the sys8m:(0.55x)Na,0:0.45R0s.

At the x = 0 composition N#s0g [10] and NgPs;0i0 [11] have been identified as the
principal crystalline phases, with some evidence of a small anedbiN&;,P,O; [12]. AsXx increases,
Sr** rich phases become evident and in the fully substituted systen®.65) a-SrLP,O; [13] and
Sr(PQ).[14] have been identified. These results are consistent with the observation ataihvatia
Q' andQ? species in th&'P NMR spectra.

Theoretically, the limiting composition at which all the*Nans associated with the charge
balancing of th&" sites is withx ~ 0.20. This composition is in between samples with0.19 and
x = 0.29, where, from the analysis of tH® MAS NMR spectra the changeover from association of
S with Q' species t&? occurs.

Conclusion

The results indicate the preferential substitution of thé ¢ddions closely associated with t@é
phosphorous species, and only at a second stage the substit@fomssbciated cations occur. This
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conclusion is based on tH& MAS NMR spectra of the glass-ceramics, where, at low&r S
concentration th&" species changes its surroundings, while @especies remains in a similar
structural organization. This is consistent with a preferentibbtéution model, where the Na
cations are closely associated with @fephosphorous, while the Brcations are closely associated
with the Q" phosphorous tetrahedron. The non-random distribution of cations in the strudtiare of
Sr-phosphate glasses reported on a previous study [7] is also obsethiedyiass-ceramics with
similar compositions.
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