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The techniques of X-ray powder di�raction and solid-state magic angle spinning (MAS) 23Na, 27Al, and 31P nuclear magnetic
resonance (NMR) spectroscopy have been combined to investigate the speciation in a series of glasses and glass ceramics of
general formula (P2O5 )0.45(CaO)0.24 (Na2O)0.31−x(Al2O3 )x , x=0.0–0.05. The principal phosphate species are shown to be various
P2O74− containing phases, and cylic trimetaphosphates bridged by Ca, i.e. Na4Ca(PO3 )6 (instead of open-chain metaphosphates).
Higher concentrations of Al2O3 result in glass ceramics which are phosphate-depolymerised (Q2�Q1 ) with respect to the parent
glasses. At a lower level of Al2O3 (2%) the aluminium is present in octahedral coordination, while the higher level (5%) results in
the formation of tetrahedrally coordinated aluminium. X-Ray powder di�raction of the ceramic with the higher aluminium content
indicated the presence of Na5Ca2Al(PO4 )4 , and the 31P NMR spectrum provides evidence for Q12 species similar to phosphorus in
aluminium metaphosphate. The more detailed structural information available from the aluminium-free glass ceramic, and the
similarity in the Q1/Q2 ratio between the glass and its derived ceramic leads to the thesis that the ceramic structure may, in
favourable cases, be used to model phosphate speciation in the glass.

There is a general need for some type of bone replacement for 31P NMR spectroscopy is particularly useful and can enable
the quantification of the relative amounts of Qn phosphoruspatients who have su�ered from trauma, chronic degenerative

diseases leading to bone loss, or congenital abnormalities. species present, PO4−n (OP)n , since in favourable cases reson-
ances due to each of these species are resolved in the magicSome bioactive materials are available, which might potentially

be used in this clinical situation and they are based on calcium angle spinning (MAS) spectra. Hartmann et al.5 used 31P
NMR in their study on a series of Ca/Na/Al/phosphate glassesphosphates,1 e.g. hydroxyapatite (HA), tricalcium phosphate

(TCP), fluorapatite (FHA). The bioactivity of these materials and ceramics and found predominantly Q1 and Q2 phosphorus
units. Their aluminium-free glasses contained 39–53% Q2is normally attributed to their close chemical relationship to

the inorganic phase of bone. Other bioactive materials are also units, and for glasses containing aluminium they found a
significant decrease in Q2 content from 67 to 30% as the Al2O3available based on silicates, e.g. BioglassA , and apatite

wollastonite glass ceramic (AWGC),2 which maintain high content increased from 1.1 to 3.1%. In a subsequent investi-
gation on glasses and ceramics of similar compositionbioactivity through a dissolution–reprecipitation mechanism

as opposed to a close chemical a�nity. These materials how- Hartmann et al.6 used 31P 2D exchange NMR to show the
contribution of pyrophosphate to the Q1 region of the spec-ever, have serious limitations. Firstly, the calcium phosphate

based materials are crystalline compounds and their chemistry trum, and also showed a connectivity between the Q1 and Q2
regions indicating the presence of open chain metaphosphatemay not easily be altered, due to their stoichiometry. The

second group of materials are hindered in their use by being groups. Fletcher et al.7 reported qualitative 31P NMR data on
binary calcium phosphate glasses which showed Q1 , Q2 andsilicate based and are therefore essentially insoluble and fur-

thermore, their long-term e�ects are unknown. In this respect Q3 units. Brow et al.8 quantified Q1 , Q2 and Q3 units from
binary sodium phosphate glasses, whereas Born and co-soluble phosphate glasses and glass ceramics o�er potential

advantages, particularly the ability to alter the solubility to a workers9,10 found only Q2 and Q3 units in a sodium phosphate
glass and from 31P 2D NMR experiments showed connectivityrate suitable for the application. The development of bioactive

glass ceramics has been reviewed by Vogel and Höland.3 between the two types of unit suggesting an almost regular
alternating sequence for the Q2 and Q2 units.Our interest focuses on CaO–Na2O–P2O5 glasses including

structure-modifying oxides, and we present here our data on For glasses incorporating Al2O3 , 27Al MAS NMR spectra
can be used4 to quantify relative amounts of four-, five-, orthese glasses doped with Al2O3 .In order to optimise the glasses, techniques need to be six-coordinate aluminium in the structure. 23Na MAS NMR
has been applied in relatively few studies8,11 of glasses, and theapplied to probe their chemistry and currently, because of the
information content from these spectra has been restricted bynon-crystalline nature of glasses, the number of techniques
their relatively poor resolution and the relatively large second-available is few. Solid-state nuclear magnetic resonance (NMR)
order quadrupole e�ects which influence the spectra. Moreis one of these few techniques and it can give a wealth of
recently Koller et al.12 presented a systematic analysis of theinformation, which may be used to develop models relating
23Na NMR parameters from a series of crystalline sodiumthe chemical structure and bonding to the bioactivity of the
compounds, and their data may provide a sound basis for theglass. The application of NMR to the study of phosphate
interpretation of spectra from glasses.glasses has been recently reviewed by Kirkpatrick and Brow.4

Heating of glasses above the glass transition temperature Tgresults in crystallisation within the glass matrix to form a glass† Present address: Department of Chemistry, University of Durham,
South Road, Durham, UK DH1 3LE. ceramic. The phases crystallised in this way can be stoichio-
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metric or non-stoichiometric depending on the parent glass. using nickel-filtered Cu-Ka radiation in the range 2h 5–70°, in
steps of 0.02°.Materials prepared in this way generally contain a mixture of

crystalline phases with some residual glass. Whilst the individ-
ual phases may not reflect the composition of the original NMR spectroscopy
glass the overall composition is the same. The advantage of The one-dimensional single-pulse 23Na, 27Al and 31P spectracrystallising glasses is that other techniques such as X-ray were measured in London using a Bruker MSL-300 spec-powder di�raction can then be used in the study of the material trometer operating at 79.4 MHz for 23Na, 78.2 MHz for 27Aland the results extrapolated to the glass. In addition the NMR and 121.5 MHz for 31P. The samples were contained in 4 mmlinewidths of crystalline phases are much narrower due to the o.d. rotors and magic angle spinning (MAS) was used at ca.smaller range of chemical environments in ordered crystalline 10–11 kHz for 23Na and 27Al, and 7.5 kHz for 31P. Typicallysolids when compared to glasses. 300–1000 transients were acquired for the 23Na spectra usingWe present here our 23Na, 27Al and 31P MAS NMR a 2 s relaxation delay, up to 10 000 transients for the 27Aland X-ray powder di�raction data on a series of spectra with a 0.5 s relaxation delay, and 16 transients for theglasses and glass ceramics of general formula 31P spectra using a 60 s relaxation delay. The two-dimensional(P2O5 )0.45 (CaO)0.24 (Na2O)0.31−x(Al2O3 )x , x=0.0–0.05. This triple-quantum MAS spectrum14–16 was measured in Lisboncomposition was chosen because it has an accessible melting using a Bruker MSL-300 spectrometer. The sample was con-point, and glasses with this composition are likely to exhibit a tained in a 4 mm o.d. rotor and MAS used at 14 kHz; 72significant bioactivity.3 The Ca/P ratio was held constant in transients were acquired with a 10 s recycling time; 512 andorder to minimise the number of variables across the quatern- 256 points were acquired in the F1 and F2 dimensionsary glass series. respectively.

Experimental NMR spectral simulation

Preparation of glasses and ceramics The 23Na MAS NMR spectra were simulated using the pro-
gram QUASAR.17 The overlapping resonances in the 31P MASSamples of three glass compositions were prepared using NMR spectra were deconvoluted using the XEDPLOT routineappropriate molar quantities of CaCO3 , NaH2PO4 , CaHPO4 , within the Bruker XWINNMR software.P2O5 and AlPO4 . The mixtures were blended in a Seward 400

stomacher prior to heating, and were then melted at 1200 °C
Resultsin a platinum crucible for 1 h. Previous work8,13 has shown

that compositional changes due to evaporation of volatile
23Na solid-state NMR spectracomponents during glass formation in such materials are

negligible especially over short intervals as used in this study. The single-pulse solid-state magic angle spinning (MAS) 23Na
The melt was then poured into a preheated (600 °C) graphite NMR spectra of the glass 1 and the corresponding ceramic
mould and slowly cooled from 600 °C to room temperature at are shown in Fig. 1. The overall widths of the two spectra are
4 °C min−1 . The glass rods produced of approximately 12 mm about the same, however it is clear that there is significantly
diameter were cut into discs of approximately 2 mm thickness improved resolution of the band shape for the ceramic. It
using a diamond saw. appeared likely that there were two chemical shifts contributing

Investigation of crystallisation and glass transition tempera- to the spectrum of the ceramic, and to confirm this the two-
tures was carried out by di�erential scanning calorimetry using dimensional triple quantum MAS spectrum14–16 was acquired.
a Perkin Elmer DSC 7, varying the temperature from 25 to
600 °C at a heating rate of 20 °C min−1 . Subsequent conversion
to ceramic samples was carried out by heating glass discs on
gold foil for ca. 2–3 h at temperatures just below the crystallis-
ation temperatures. The compositions of the glasses and
conditions for crystallisation are summarised in Table 1.

X-Ray crystallography

X-Ray di�raction data were collected on powdered glass
ceramic samples on a Siemens D5000 di�ractometer in flat-
plate mode using graphite-monochromated Cu-Ka radiation
(l=1.5418 Å). Data were collected in the range 2h 10–90°, in
steps of 0.03°. Data for glass ceramic 3 were collected on an
automated Philips PW 1280 di�ractometer in flat-plate mode

Table 1 Compositions (%) of the glasses and crystallisation conditions

glass 1 glass 2 glass 3

P2O5 45 45 45
Na2O 31 29 26
CaO 24 24 24
Al2O3 0 2 5
Tga/°C 250 380 415
Tcb/°C 478 522 —
ceram.c 2 h, 430 °C 2 h, 520 °C 3 h, 539 °C

Fig. 1 The 79.4 MHz 23Na MAS NMR spectra of glass 1 (upper) andaThe glass transition temperature. bThe crystallisation temperature.
cThe length of time and temperature (°C) for ceramic formation. ceramic 1 ( lower). For both spectra the MAS rate was 10.5 kHz.
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Fig. 3 Experimental (upper) and simulated (lower) 79.4 MHz 23Na
MAS NMR spectrum of ceramic 1. The parameters from theFig. 2 The 79.4 MHz 23Na triple quantum 2D MAS NMR spectrum
simulation are given in Table 2, and the arrows indicate the isotropicof ceramic 1. The MAS rate was 14 kHz and the diagonal arrows
chemical shifts.indicate the two distinct sites.

The result is shown in Fig. 2, which shows two principal
sodium sites. The extractable parameters from the spectrum
are the isotropic chemical shifts and the ‘second order quadru-
pole’ parameters15 (SOQE):

SOQE=CqA1+gq2
3 B1/2 (1)

where Cq and gq are the quadrupole coupling constant and
asymmetry parameter respectively, and the values obtained
are given in Table 2.

With the information from the 2D-3Q MAS experiment as
a starting point the single-pulse 23Na MAS spectrum was
simulated. The parameters obtained from this fitting procedure
are also collected in Table 2, and the calculated spectrum is
shown in Fig. 3. As can be seen there is good agreement
between the quadrupole coupling parameters from the two Fig. 4 Experimental (upper) and simulated (lower) 79.4 MHz 23Na

MAS NMR spectrum of ceramic 2. The parameters from themethods, and between the isotropic shifts. There is a small
simulation are given in Table 2, and the arrows indicate the isotropicdi�erence (2–3 ppm) in the isotropic shifts from the two
chemical shifts.experiments, and those values from the single-pulse spectrum

are probably the more reliable. The 23Na spectrum of ceramic
3 was similarly fitted as two sodium sites (Table 2) while that 31P solid-state NMR spectra
for ceramic 2 showed evidence, at the high-frequency edge of The solid-state 31P MAS spectra of glass 1 and of ceramic 1the band, for a third site. The spectrum of ceramic 2 was fitted are shown in Fig. 5. As with the 23Na spectra (Fig. 1) theas three sites (Fig. 4) and gave the parameters in Table 2. spectra are basically similar, but that of the ceramic shows

considerably improved resolution, and it is possible to resolve27Al solid-state NMR spectra eight resonances in the high-frequency band (band B, d 0 to
−10) and four resonances in the low-frequency band (bandThe 27Al data for the glasses and ceramics 2 and 3 are given

in Table 3. The chemical shifts are measured directly from the A, d −20 to −23). The integrated intensities of the individual
lines were determined by deconvolution of the experimentalspectra and so are not corrected for the quadrupolar shift.

Table 2 23Na NMR parameters for the ceramics

disoa site occupancy (%) SOQE/MHz Cq/MHz gq
ceramic 1 −2.7 1.59
(2D-3Q) −13.4 2.47
ceramic 1 −0.7 45±2 1.62 1.55±0.03 0.53±0.05
(single pulse) −10.3 55±2 2.45 2.27±0.04 0.69±0.05
ceramic 2 −2.4 40±2 1.52±0.01 0.68±0.01
(single pulse) −11.4 48±2 2.26±0.01 0.72±0.01

5.7 12±2 1.41±0.04 0.50±0.1
ceramic 3 −1.8 44±2 1.51±0.01 0.60±0.01
(single pulse) −10.6 56±2 2.36±0.02 0.65±0.02

aThe chemical shifts are referenced to external NaCl solution. We are unable to estimate the error on the shifts from the 3Q MAS experiment,
but the errors are ±0.4 and ±0.8 ppm respectively for the high- and low-frequency signals from the single-pulse experiment.
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Table 3 27Al NMR data for the glasses and ceramics of bands B and A are shown schematically in Fig. 6 and 7
respectively. For the ceramic samples the isotropic chemical

da Dn1/2b/Hz shift (diso , Table 4) for each band is calculated by:
glass 2 −15 540 diso=∑

i
nidi (2)

(10, 37)c (ca. 500)c
ceramic 2 −14, −21 130 where the index i runs over the number of resonances within

that band, di is the shift of each resonance and ni is theglass 3 −16 620
fractional intensity of the ith resonance in that band. The full(8, 33)c (ca. 500)c
width at half height (Dn1/2) quoted in Table 4 for each band isceramic 3 −17 (93%) 220
the average for the resolved resonances in that band.39 (7%) 150

The intensities of the spinning side bands were analysed by
aChemical shifts in ppm to high frequency of external 1.0  AlCl3 . the method of Herzfeld and Berger,18 as we have previously
bFull-width at half height. cThese are minor resonances that constitute described.19 This analysis yields the principal components (d11 ,<10% of the total 27Al spectrum. d22 , d33 ) of the chemical shift tensor, for which the isotropic

chemical shift (diso ) is given by:

diso=(d11+d22+d33 )/3 (3)

These principal elements were ordered according to the
Haeberlen convention:20 |d33−diso |>|d11−diso |>|d22−diso |.The chemical shift anisotropy (Dd ) and asymmetry parameter
(g) are given by:

Dd=d33−(d11+d22 )/2 (4)

g=(d22−d11 )/(d33−diso ) (5)

These data are reported in Table 4 for each of the bands in
the glasses and the ceramics. The analysis was not performed
for the individual resonances within band A and within band B
because of the large errors in the integrals of these resonances
in the weaker side bands.

A selected range of the X-ray patterns for the three glass
ceramic samples are shown in Fig. 8. The pattern for ceramic
1 has been successfully indexed21 with Na4Ca(PO3 )6 as the
major phase. Ceramic 2 has a similar pattern and again
indicates that Na4Ca(PO3 )6 is the major phase present with a
slight shift in lattice parameters, indicative of solid-solution
formation with aluminium. At 5% Al2O3 in ceramic 3 the
appearance of a second major phase, which has been indexed
as Na5Ca2Al(PO4 )4 based on the reported crystal structure,22
suggests that this phase becomes increasingly more favoured
as the Al concentration increases. Again a shift in lattice
parameters for Na4Ca(PO3 )6 is observed. Table 5 summarises
the Na4Ca(PO3 )6 lattice parameter variation with ceramic
composition.

Discussion

23Na solid-state NMR spectra

Inspection of the data in Table 2, from the fitting of the single-
pulse spectra, shows two principal sodium sites with isotropic
chemical shifts d −1.6±0.9 and −10.7±0.6, and the occu-
pancy of the lower frequency site is slightly greater. The
quadrupole coupling constants are consistent over the three
ceramics with values 1.4–1.6 MHz and 2.3–2.4 MHz, respect-

Fig. 5 The 121.5 MHz 31P MAS NMR spectra of: (upper) glass 1 with ively for the low- and high-frequency sites. There is a paucityMAS rate 8.0 kHz, (middle) ceramic 1 with MAS rate 7.4 kHz, ( lower)
of published 23Na solid-state NMR data on sodium phosphateexpansion of the centre band region for ceramic 1
phases, but it is noteworthy that the parameters obtained here
are very similar to those measured by Koller et al.12 for thespectrum, as described in the Experimental section, and the cyclic trimetaphosphate phase Na3P3O9 , wherein there are23total intensity of each band (A and B) was obtained by two equally populated, five-coordinate sodium sites.summation over all spinning side-bands. The result for glass 1

was band B 22% and band A 78%, and for ceramic 1 band B 27Al solid-state NMR spectra29% and band A 71%. A similar analysis was performed for
glasses and ceramics 2 and 3, and the results are given in The features of the aluminium spectra reported in Table 3 have

also been measured by Hartmann et al.5 The lower frequencyTable 4. For ceramic 2 bands A and B were treated as
comprising four and eleven overlapping resonances respect- resonances in the range d −14 to −21 are due to aluminium

octahedrally coordinated by oxygens, Al(OP)6 (see Browively, and for ceramic 3 these two bands comprised four and
ten overlapping resonances. In addition the spectrum of cer- et al.24 ), while the higher frequency band (d 33–39) is most

likely25 arising from four-coordinate aluminium, probably asamic 3 showed two new bands C (a single resonance) and D
(three overlapping resonances). The results of deconvolution AlPO4 . The signals at intermediate chemical shift, d 8–10, are
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Table 4 31P chemical shifta tensor components for the glasses and the ceramics

%b diso Dn1/2c d11 d22 d33 Dd g

glass 1
band B (Q1) 22 −5 940 −80 −22 87 138 0.62band A (Q2 ) 78 −21 1190 77 16 −158 −204 0.45
ceramic 1
band B (Q1) 29 −5.1 137 −73 −21 80 127 0.61band A (Q2 ) 71 −21.1 183 91 25 −181 −239 0.42
glass 2
band B (Q1) 27 −7 1360 −88 −15 82 134 0.81band A (Q2 ) 73 −21 1430 73 13 −149 −192 0.47
ceramic 2
band B (Q1) 49 −10.6 199 −87 −20 75 128 0.78band A (Q2 ) 51 −21.1 175 91 26 −179 −238 0.41
glass 3
band B (Q1) 25 −9 1313 −86 −27 87 143 0.61band A (Q2 ) 75 −21 1729 63 11 −138 −175 0.44
ceramic 3
band C (Q1 ) 4 −0.4 1035 −86 −9 94 141 0.83band B (Q1) 41 −10.0 204 −87 −16 73 124 0.86band A (Q2 ) 44 −20.5 202 74 25 −159 −209 0.35band D (Q12 ) 11 −28.3 187 −91 −35 41 104 0.81
a31P chemical shifts, diso , the tensor components dii , and the anisotropy, Dd, are in ppm. The chemical shifts are referenced to external 85%
aqueous phosphoric acid. Errors on the dii values estimated to be ca. ±5 ppm for the ceramic bands Q1 and Q2 the isotropic chemical shifts are
the weighted average of the shifts of the individual resonances within the band. bErrors are believed to be <10% of the stated value. cFull width
at half height of the resonances, obtained from deconvolution of the MAS spectra as described in the Experimental section. For the ceramics the
values given are the average of the individual resonances within that band. Errors are ca. ±90 Hz for the glasses.

Table 5 Variation of lattice parameters for Na4Ca(PO3)6 with ceramic to the values (Dd −176 and −204) for the Ca/Na/Al/phosphate
composition glasses and ceramics studied by Hartmann et al.5

The individual chemical shift tensor components determinedceramic a/Å b/Å c/Å b/° V /Å3 here for band B (Table 4) in both the glass and ceramic are
close to the values indicated by Haubenreisser et al.27 for Q11 13.06(13) 8.04(8) 14.46(12) 94.1(3) 1515

2 13.11(9) 8.05(5) 14.32(8) 94.7(2) 1506 units (dii −55, −30 and +75), and similarly the values here
3 13.18(8) 7.90(17) 14.03(9) 94.2(4) 1456 for band A are close to the reported values for Q2 units (dii+80, +20 and −155).

When Hartmann et al.5 formed ceramics from their glasses
they obtained incomplete crystallisation, but in their ceramicmore di�cult to assign unambiguously. Dupree et al.26
phases there was a clear reduction in the Q2 content for thosereported octahedral Al(OAl)6 shifts in the range d 1–12, while
samples containing Al2O3 , whereas they reported no suchBrow et al.24 assign a 27Al peak at d 15, from a sodium
reduction for the aluminium-free samples. Our ceramic 1aluminophosphate glass to arise from five-coordinate Al(OP)5 contains no detectable glass contamination, is aluminium free,sites. Hartmann et al.5 assigned 27Al peaks at d ca. 11, from
but does show a slight reduction (ca. 7%) in Q2 content whenNa/Ca/Al/phosphate glasses to Al(OM)6 (M=metal ) sites.
compared with the glass. However this reduction is not signifi-The linewidths of the intermediate shift 27Al peaks in this
cantly greater than the error limits (ca. ±5%) we estimatestudy are ca. 6 ppm, and therefore we are probably observing
from the integrations.signals from the six-coordinate Al sites with metal in the

second coordination sphere, but we cannot categorically
exclude the five-coordinate Al sites. Composition of the glasses

A major di�erence between the data reported here and that of31P solid-state NMR spectra the glasses prepared by Hartmann et al.5 is the relative
proportion of the Q1 and Q2 units. The aluminium-freeThe spectra of both the glasses and the ceramics consist of

two principal bands each, with the lower frequency band A CaO/Na2O/P2O5 glasses from Hartmann et al.5 contained
39–53% of Q2 units, and those glasses with low levels of Al2O3assigned to Q2 phosphate units and band B to Q1 units (see

Table 4). The assignment of these bands respectively to Q1 contained 67–30% Q2 units. For all three glasses in this study
the Q2 content is in the range 73–78% and clearly the presenceand Q2 phosphate units has recently been discussed by

Hartmann et al.5 The isotropic chemical shifts fall within the of aluminium in our glass structures, at the expense of sodium,
does not significantly change the Q1/Q2 ratio. This observationranges quoted by Haubenreisser et al.27 for polycrystalline

phosphates as d 4 to −33 for Q1 units and d −18 to −53 for is in contrast to that of Hartmann et al.5 who observed a
significant decrease in Q2 content with increase in Al2O3 .Q2 units. In addition the 31P chemical shift anisotropies for

the Q1 and Q2 units were originally established27 to be in the However in those glasses investigated by Hartmann et al.5
other factors varied, for example they maintained a fairlyranges Dd 14–80 and −160 to −250 respectively. Our values

for band B in the glass and ceramic (Dd 138 and 127) are constant mol% Na2O (ca. 28.4%) whereas the atom ratio P/Ca
varied in the range 2.17–2.69. In the glasses reported here theoutside that original range, but in agreement with the sub-

sequent data of Hartmann et al.5 for Q1 units with sodium atom ratio P/Ca was constant at 3.75 and the mol% Na2Ovaried in the range 26–31%. The preponderance of Q2 unitsand calcium ions in the second coordination sphere (Dd=
137±6). The values for Dd reported here for band A in the over Q1 units in our samples suggests a relatively high pro-

portion of cyclic phosphate structures.glass and the ceramic (Dd −204 and −239) are within the
range quoted by Haubenreisser et al.27 (see above) and similar To consider the e�ect of aluminium content on the glass
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Fig. 7 Schematic presentation of the results of deconvolution of the
Fig. 6 Schematic presentation of the results of deconvolution of the 31P resonance bands B for the ceramics 1 (upper), 2 (middle), and 3
31P resonance bands A for the ceramics 1 (upper), 2 (middle), and 3 ( lower); this also includes band C at d −0.7. The height of the bars
(lower). The height of the bars indicates the total integrated intensity indicates the total integrated intensity of each resonance and does not
of each resonance and does not reflect the width of the resonance. reflect the width of the resonance.

structure we note that the glass transition temperature (Tg) Al2O3 from 2 to 5% (glass 2 to glass 3) does not result in anincreases with increase in the aluminium content (Table 1). increase of the width of the Q1 resonance. There is however aThis observation is in agreement with that of Brow et al.24,28 further 21% increase in the width of the Q2 resonance whichwho ascribed the e�ect in sodium aluminophosphate glasses may be due to the bond angle e�ect or to the inclusion ofas being due to Al(OP)6 species altering and strengthening the lower-frequency, aluminium-containing components (see belowglass network by cross-linking neighbouring phosphate chains. the discussion of band D in ceramic 3).The data in Table 4 for the glasses show that increasing
aluminium content results in a slight low-frequency shift for

Composition of the ceramicsthe Q1 signal without significantly a�ecting the position of the
Q2 signal. By comparison with the model studies on 31P shifts A comparison of the schematic 31P spectra (Fig. 6) shows

band A in all three ceramics is dominated by the same fourfrom crystalline ortho-,29–31 pyro-30,31 and meta-phosphates31
such low-frequency shifts would be expected from replacement isotropic chemical shifts (d −18.9, −19.9, −21.5 and −23.0),

which have approximately the same relative intensities withinof PMO−Na+ or PMO−Ca2+ by PMOMAl bonds in the
structure. We use the ‘Q’ nomenclature for aluminophosphate each spectrum. These four resonances contribute somewhat

less to the total 31P spectrum for ceramic 2 than for ceramicsspecies as suggested by Grimmer and Wolf;32 i.e. Qmn where
as before n is the number of coordinated MOP groups and m 1 and 3. These isotropic chemical shifts are characteristic of

metaphosphate groups (Q2 ) with sodium ions in the secondis the number of coordinated MOAl groups. Therefore the
low-frequency shift is due to the change Q01�Q11 (in agree- coordination sphere of phosphorus; for example, Prabhakar

et al.31 reported five resolved resonances in the region d −15.6ment with the observations of Brow et al.24 ). The e�ect of the
low levels of aluminium on the linewidths of the Q1 and Q2 to −26.8 from crystalline (NaPO3 )n , and commented that the

number of resonances was not simply related to (being greaterresonances is that for 0–2% Al2O3 (glass 1 to glass 2) there is
an approximately 45% increase in the width of the Q1 reson- than) the number of crystallographically distinguishable phos-

phorus sites. It is likely that the four component signals ofance, while the width of the Q2 resonance increases by 20%.
Such increases in the linewidth can arise from a greater band A observed in this study, which have quite di�erent

relative intensities, are due to a mixture of phases. This isdiversity of the metal ions in the second coordination sphere
of phosphorus (see above) and a greater spread in PMOMP consistent with the X-ray data. The predominance of Q2 units

is indicative of cyclic or long-chain phosphates. The crystaland OMPMO bond angles.33 Further increase in the level of
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27Al signal from ceramic 3 (Table 3) is consistent with the
presence of Na5Ca2Al(PO4 )4 .On the basis of the NMR data alone the phases in the
ceramics could include the distinct35,36 crystal modifications
of sodium metaphosphate, (NaPO3 )n , or cyclic structures as
in Na3P3O9 . From the isotropic chemical shifts it is possible37
that these Q2 units have sodium and/or calcium ions in the
second coordination sphere of phosphorus although Fletcher
et al.7 reported 31P Q2 shifts from binary calcium phosphate
glasses to somewhat lower frequency, in the region d −25
to −28.

The appearance of band B is di�erent for the three ceramics.
The most salient feature (see Fig. 7) is the number of distinct
chemical shifts, and this must be due to a complex mixture of
phases wherein the Q1 phosphorus atoms have di�erent combi-
nations of sodium and calcium and aluminium in their second
coordination sphere. At the high-frequency edge of the band
(d ca. 0) Q1 phosphorus influenced by sodium is expected, and
with substitution by calcium, lower frequency Q1 shifts occur.
The presence of aluminium in the ceramics results in even
lower frequency resonances, in the region d −11 to −16,
contributing to band B. This is in accord with the observations
of Hartmann et al.5 who assigned resonances in this region to
Q1 (Al, Ca, Na) species. For ceramic 2 these new aluminium-
containing species are produced at the expense of species with
resonances at the high-frequency edge of the band (sodium-
dominated Q1 units), and arise as described above by the
conversions Q02�Q11 or Q01�Q11 .The patterns of the sharp resonances from ceramics 2 and
3 are similar, with the addition in ceramic 3 of a broad
resonance (band C) centred at d −0.4. The width of band C
suggests it is due to an amorphous component in the sample.
The isotropic chemical shift is consistent with calcium ortho-
phosphate31 [Ca3 (PO4 )2] or sodium pyrophosphate30
(Na4P2O7 ). However the chemical shift anisotropy of band C
is Dd 141, which is close to that reported37 (Dd 127) for
Na4P2O7 , and very di�erent to that38 for Ca3 (PO4 )2 (Dd 0).
There is no corroborative evidence for the presence of Na4P2O7from the X-ray data since a low level of an amorphous phase

Fig. 8 X-Ray powder di�raction patterns in the range 2h=10–40° for would not give rise to identifiable features in the powderceramics 1 ( lower), 2 (middle), and 3 (upper) pattern.
With the higher level of aluminium in ceramic 3, three new

31P resonances appear (band D) at d −27.9 (7.1%), −28.7structure of the major phase present, Na4Ca(PO3 )6 , is
(3.5%) and −30.6 (0.7%). From consideration of the isotropicunknown, however it has been suggested34 that the structure
chemical shift alone these lowest frequency resonances couldis a calcium-bridged trimetaphosphate (Fig. 9). The change in
be due to one or more of the AlPO4 polymorphs which areQ1/Q2 ratio with Al content can be explained by the replace-
reported29–31,33,38 to show resonances in the region d −24.5ment of phosphorus atoms in the metaphosphate rings, through
to −29.5. Another possibility for these resonances is Q12solid-solution formation as indicated by the change in lattice
units37 similar to those from [Al(PO3 )3]n which has32 its 31Pparameters. The phosphorus environment thereby changes
resonance at d −30. The chemical shift tensor components forfrom Q02 to Q11 which is consistent with the appearance of
band D (dii −91, −35 and 41) show some similarity with31P resonances at the low-frequency edge of band B for
those for [Al(PO3 )3]n (dii −120, 15 and 15), with the chemicalceramics 2 and 3. The Q1/Q2 ratio will also be influenced by
shift anisotropy being somewhat lower for band D (Dd 104 vs.ring opening of the cyclic metaphosphates and depolymeris-
Dd 135 for aluminium metaphosphate). However the valuesation; a process suggested by Hartmann et al.5 to be catalysed
for the chemical shift tensor components and the chemicalby aluminium. The Na5Ca2Al(PO4 )4 structure proposed22 as
shift anisotropy for band D (see Table 4) are e�ective averagesa component of ceramic 3 has aluminium tetrahedrally coordi-
for the three component resonances. Therefore an interpret-nated by four crystallographically distinct Q10 PO4 groups.
ation of our data is that the major component of band D (dThe 31P chemical shift for Q10 species has not been reported, −27.9) is a Q12 resonance similar to that for aluminiumbut almost certainly it will occur within the range covered by
metaphosphate, and either or both of the other two resonancesband B. Certainly the observation of a significant tetrahedral
are from AlPO4 for which Dd is expected38 to be near zero.
The presence of the AlPO4 phase is also supported by the
tetrahedral 27Al resonance (see Table 3). The X-ray data do
not provide evidence for or against the presence of these phases
as such relatively low levels (∏7%) would not be detected in
the di�raction data.

Conclusion

The solid-state 31P spectra of the glass ceramics show a
Fig. 9 The suggested34 structure for Na4Ca(PO3)6 preponderance of Q2 units, indicative of long-chain or cyclic
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