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An improved sol-gel synthesis of (Ca0)g 3(Nay0)g(P205)o.5 bioresorbable glass has been
developed. The structures of both the dried gel and the stabilised sol-gel glass have been

characterised using high-energy XRD, *'P MAS NMR and FT-IR spectroscopy. The structure of
the analogous melt-quench prepared glass has also been studied for comparison. The results show
that the dried gel has a structure consisting of mainly Q” and Q' phosphate units, whereas that of

the stabilised sol-gel glass comprises predominantly Q' and Q? units. Furthermore, it is
demonstrated that the structure of the sol-gel glass is similar to that of its melt-quenched
counterpart except for the presence of hydroxyl groups which terminate the phosphate chains,

reducing the connectivity of the network.

Introduction

A current trend in biomaterials development is a move from
passive, inert implant materials to those that degrade and
play an active part in the regeneration of tissue.! Implant
materials are now being designed with the aim of promoting
a specific biological response within the human body. This
new class of materials is often referred to as the “Third
Generation’ of biomaterials, and included in this class are
phosphate-based glasses.

Phosphate glasses have a number of properties which lend
them to potential applications in the field of biomaterials.'
Phosphate-based glasses containing ions routinely found in
the human body (such as Ca®>* and Na™) can be classed as
bioresorbable and biocompatible. They have predictable
dissolution rates which can be controlled by varying the
composition, and being entirely amorphous, the dissolution is
relatively uniform and there is little risk of residual fragments
causing sterile inflammation. Melt-quenched glasses in the
ternary system CaO-Na,O-P,Os with a high CaO content
(>24 mol%) and low dissolution rate show excellent in vitro
biocompatibility with a significant increase in cell proliferation
relative to the control.> There has been significant interest in
these glasses when manufactured as fibres for potential use in
tissue engineering, and in particular for any tissue with a
medium to high anisotropy, such as muscle and ligament.**
Other potential clinical applications of phosphate-based
glasses include as bacterial control devices via the incorpora-
tion of antimicrobial ions such as silver,>® as neural repair
devices when manufactured in a tubular form”™® and as a
component in oral healthcare products when doped with
fluoride ions.™'”
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Preparing CaO-Na,O-P,Os glasses by a sol-gel method
offers some significant advantages over conventional melt-
quenching techniques. Firstly, glassy films can be prepared
which allows scope for devices to be coated with a biocom-
patible layer, and secondly, the processing can be modified
to produce porous materials, which is important in tissue
engineering where meso- and macrostructure are vital in terms
of cell growth and nutrient supply to regenerated tissue. The
low temperature nature of the sol-gel route also offers
potential for the inclusion of biocompatible polymers in the
synthesis to produce composite materials with improved
mechanical properties and for the incorporation of active
molecules such as antibiotics, growth factors and for the
delivery of DNA.

The preparation of phosphate-based glasses by sol-gel
methods is significantly more demanding than the preparation
of silicate glasses by the same methods: the hydrolysis of alkyl
phosphates is very slow under sol-gel conditions and
phosphate anions (¢.g. PO,>”) tend to form precipitates rather
than network structures based upon P-O-P bonding.'' To
date, the most successful sol-gel method for the preparation of
Ca0O-Na,0-P,0s5 glasses is based upon the reaction of mono-
and di-substituted ethyl phosphate with reactive alkoxides of
calcium and sodium.'? This method, however, has significant
disadvantages in that relatively high temperatures are required
to remove the ethylene glycol solvent from the gels and the
resultant glasses do not exhibit significant porosity, possibly as
a result of the necessary heat treatment. Recently, we have
developed a new sol-gel route to phosphate-based materials
that produces glassy gels at lower temperatures than pre-
viously reported. Furthermore, this method can be used to
produce porous foams, which have potential applications as
tissue engineering scaffolds.

Here we report the structural characterisation of CaO-
Na,O-P,05 sol-gel glass prepared by the new method. We
have used a combination of high-energy X-ray diffraction
(HEXRD), 3P magic angle spinning (MAS) and 'H-3'P
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cross-polarisation (CP) MAS NMR, and FT-IR spectroscopy
to understand the structure of the new materials and how
this relates to the structure of the analogous melt-quenched
glass. Further characterisation of the samples was provided
by thermal analysis, high-temperature X-ray diffraction
(HTXRD) and 'H-*)C CP MAS NMR. The nominal
composition of (Ca0),3(Na>0)q 2(P>0s)o.5 was chosen because
the melt-quenched glass of this composition exhibits good
biocompatibility and can be readily drawn into fibres.!* This
composition has formed the basis of a number of studies
involving the partial substitution of Na,O for another metal
oxide to improve the properties, e.g. Fe,Oz to improve the
chemical durability of fibres designed to transplant muscle
precursor cells as a treatment for muscle diseases and CuO to
impart antimicrobial properties.'?

Experimental
Sample preparation

The following precursors were used, without further purifica-
tion, in the sol-gel preparation: 1 : 1 molar mixture of mono-
and di-substituted n-butyl phosphate (OP(OH),(OBu") and
OP(OH)(OBu“),, Alfa Aesar, ~98%). sodium methoxide
solution (NaOMe, Aldrich, 30 wt% in methanol) and calcium
methoxyethoxide solution (Ca-methoxyethoxide, ABCR,
20 wt% in methoxyethanol).

The sol-gel preparation is outlined by the flowchart in Fig. 1.
The n-butyl phosphate was first added dropwise using a
syringe through a septum to a vessel containing the NaOMe
solution: the solution was stirred magnetically throughout this
addition. After one hour, the Ca-methoxyethoxide solution
was added using the same method. The sol was then allowed to
gel, which typically took ~2 h, and left overnight. During this

OP(OH)(Bu"),/ Na-methoxide
OP(OH);(OBu") in methanol
1 hr
Ca(methoxyethoxide) o
in 2-methoxyethanol sturing
EX
RT, 1 day
wet gel
60 °C, 1 week
120°C, 2 weeks

dried gel

250 °C, 15 min

Fig. 1 Flow diagram of the sol-gel preparation.

period the gel liquefied, allowing the resultant sol to be cast in
a polypropylene container. This sol was aged at 60 °C for one
week, during which time the final gelation occurred, before
drying at 120 °C for two weeks. This rather strange gelation
behaviour is probably the result of the formation of solid
oligomeric alkoxide intermediates during the early stage of the
reaction, which later slowly dissolve in the solvent. The final
gelation is the result of polymerisation of the phosphate
groups which is known to be slow.!! Half of the dried gel was
heated to 250 “C to remove solvent, water and organic
molecules. This calcination temperature was chosen on the
basis of a thermogravimetric measurement (see later), which
showed that the organic material remaining in the sample is
driven off at ~250 °C.

The analogous melt-quenched glass sample was prepared
using sodium dihydrogen orthophosphate (NaH,PO,, BDH,
99%), calcium carbonate (CaCO;, BDH, 99+%) and phos-
phorus pentoxide (P,Os, BDH, 97%). The precursors were
weighed out, mixed, placed in a Pt-10% Rh crucible
(Type 71040, Johnson Matthey) and loaded into a preheated
furnace (Carbolite, RHF 1500). The mixture was left at 300 “C
for half an hour, raised to 600 °C for a further half an hour
and finally melted at 1100 °C for one hour. The molten glass
was then quenched by pouring onto a heavy steel plate.

Characterisation necessary for a quantitative analysis of
the X-ray diffraction data was performed: elemental analysis
(ICP-AES and gravimetric) was carried out by a commercial
company (Medac Ltd) and macroscopic densities were
determined by helium pycnometry using a Quantachrome
Multipycnometer. The elemental analysis revealed that the
composition of the oxide components of all the samples was
within + 3 mol% of the nominal composition. As expected, the
sol-gel samples contained some residual carbon and hydrogen:
the dried gel contained 6.1 wt% C and 2.1 wt% H, whereas the
sample calcined at 250 °C contained 1.7 wt% C and 0.4 wt% H.

Thermal analysis

Simultaneous thermogravimetric and differential thermal
analysis of the sol-gel sample was carried out on a Setaram
Labsys™ TG-DTA16 instrument. A heating rate of
20 °C min~' to 1000 °C was used with a purge gas of nitrogen.
The data were baseline-corrected using a blank run.

FT-IR spectroscopy

Infrared spectra were recorded in transmission mode on a
Biorad FTS175C spectrometer controlled by Win-IR software.
Samples were diluted in dry KBr and scanned in the range
4000-400 cm™!. Each spectrum was the result of summing
64 scans.

High-temperature X-ray diffraction (HITXRD)

The HTXRD was measured on a Bruker D8 Advance
diffractometer equipped with a LynxEye detector and an
Anton Paar HTK 1600 heating stage fitted with a Pt electrode.
XRD patterns were collected from 20 = 15 to 30" with a step of
0.02° and counting time of 19 s per point using Ni-filtered Cu
Ka radiation generated at 35 kV and 45 mA. Data were
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collected between 40 and 1000 °C at intervals of 10 “C using air
as a purge gas. The heating rate between temperature points

was 6 °C s L.

MAS NMR

The 3P single-pulse MAS NMR experiments were carried out
on a CMX Infinity spectrometer attached to an 8.45 T magnet
giving a *'P Larmor frequency of 145.77 MHz. Samples were
placed in the magnet using a Doty 4 mm MAS probe and spun
at 10-12 kHz. The Spinsight software was used to run experi-
ments with a 2.7 ps pulse length corresponding to a w/6 tip
angle with a pre-acquisition delay of 10 ps. A 20 s repetition
time was used and no saturation was observed. Typically,
150 scans were accumulated to obtain a good signal to noise
ratio. Solid NH,H,PO, was used as a secondary reference at
0.9 ppm such that the shifts reported here are given relative to
the primary reference of 85% phosphoric acid (0 ppm).

The CP MAS experiments were carried out on a CMX
Infinity+ spectrometer attached to a 7.05 T magnet. The
Larmor frequencies for B¢, 3P, and 'H were 75.47, 121.50,
and 300.14 MHz, respectively. A Bruker 4 mm MAS probe
was used and the samples spun at 12 kHz. For the proton
channel, 100 kHz power was applied in order to obtain a 2.5 pis
90° pulse as well as effective decoupling during the acquisition
period of 10.24 ms and 40 ms for *'P and '*C experiments,
respectively. For both nuclei, 128 transients were accumulated
with a repetition time of 3 s and a pre-acquisition delay of
60 ps. Optimal contact times were 3.5 ms for '°C and 1 ms
for 3'P. The *C spectra were referenced to the 20.5 ppm
resonance from alanine (relative to tetramethylsilane at
0 ppm), whereas the *'P spectrum was referenced to the
0.9 ppm resonance from NH4H,PO,.

High-energy X-ray diffraction (HEXRD)

The HEXRD data were collected on Station 9.1 at the
Synchrotron Radiation Source (SRS), Daresbury Laboratory,
UK. The finely powdered samples were enclosed inside a
0.5 mm thick circular metal annulus by kapton windows and
mounted onto a flat-plate instrumental set-up. The wavelength
was set at 2 = 0.5092 A and calibrated using the K-edge of a Pd
foil; this value was low enough to provide data to a high value
of momentum transfer (Quax = 4nsinf/A ~ 22 Afl). The data
were reduced using a suite of programs written in-house: the
initial stage of analysis of XRD data from an amorphous
material involves the removal of background scattering,
normalization, correction for absorption and subtraction of
the self-scattering term.'> No correction was made to account
for multiple scattering since it may be neglected in high energy
X-ray diffraction from thin samples such as these, given the
relatively low sample attenuation.'® The resultant scattered
intensity, i(Q), can reveal structural information by Fourier
transformation to obtain the pair-distribution function:

el

T()=1"()+ j 0i(Q)M(Q)sin(0d(Q) (1)

0

where 7°(r) = 2n%rp,, ( is the atomic separation between atoms
and p, is the macroscopic number density) and M(Q) is a

window function necessitated by the finite maximum experi-
mentally attainable value of Q.

Structural information can be obtained from the diffraction
data by modelling the Q-space data and converting the results
to r-space by Fourier transformation to allow comparison
with the experimentally determined correlation function.'” The
structural parameters used to generate the Q-space simulation
are varied to optimise the fit to the experimental data. The
Q-space simulation is generated using the following equation:

V4 (Q)i/' )

_ N,'/'W,'/' sin QRU exp - nglgj
¢ QRy 2

where p(Q);; is the pair function in reciprocal space, Ny, Ry
and ¢; are the coordination number, atomic separation and
disorder parameter, respectively, of atom i with respect to j, ¢;
is the concentration of atom j and wy; is the weighting factor.
The weighting factors are given by:

]»>U=2C’C”;;((Q))‘f Q) it i) 3)
or,
AT
Wi = 70y if i=) 4

where f{Q) represents the Q-dependent X-ray form factors.

The errors associated with the HEXRD data arise mainly
from the fitting process due to the problem of overlapping
correlation shells. They have been estimated on the basis of the
tolerance that a particular parameter may have without
significantly changing the overall quality-of-fit. Some addi-
tional systematic error may occur from the data reduction
process as a result of the approximations subsumed into the
various data corrections (e.g. for Compton scattering), but
past analysis of test-sample data, and data collected at
different wavelengths, suggest that these errors are small
compared to those arising from the numerical modelling of the
experimental data.

Results and discussion
Sol-gel processing

Fig. 2 shows the combined TGA/DTA (thermogravimetric
analysis/differential thermal analysis) trace obtained from
the thermal analysis of the dried (CaO),3(Na>O),2(P>0s).s
sol-gel sample. Note that the small rise at the beginning of the
TG trace is due to a slight mismatch with the blank
background run which shows up as an increase in weight
when subtracted from the actual data. The TGA trace exhibits
two regions of significant mass loss: a sharp decrease in mass
between 200-400 °C, and a gradual loss starting at about
600 °C. The sharp mass loss is most likely due to the loss of
hydroxyls and unreacted alkoxide groups as consolidation of
the sol-gel network structure occurs. This assignment is
supported by a broad endothermic peak in the DTA trace
centred at 275 °C which is consistent with the consumption
of heat energy to decompose the alkoxide groups and drive off

This journal is © The Royal Society of Chemistry 2007
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Fig. 2 Simultaneous TGA (solid line) and DTA (dashed line)
measurements from the (CaO)g3(Na>0)g»(P>0s)o.5 sol-gel sample.

—OH groups. The second region of mass loss corresponds to a
sharp endothermic peak in the DTA trace at 730 °C. This
endothermic peak is probably associated with the densification
of the material via the loss of micropores and increased
network connectivity, and the decrease in mass due to the
further loss of ~OH groups as this occurs.

Fig. 3 shows the HTXRD data from the same sample along
with the DTA trace which has been overlaid to allow some
features in the XRD data to be correlated with thermal events.
The onset of crystallisation can clearly be observed in the
HTXRD data at ~470 °C. The appearance of Bragg peaks in
the HTXRD data is accompanied by four sharp peaks in the
DTA curve (two exothermic at 479 and 487 °C and two
endothermic at 492 and 500 °C). The Bragg peaks in the
HTXRD data continue to grow with temperature until 725 "C
at which point the peaks at 20 = 17.4, 26.9 and 28.6" all shift to
lower angles and a new peak appears at 28.9°. The new
Bragg peak grows in intensity very rapidly as a function of
temperature. These changes in the XRD pattern suggest a

TR WL AT F

o
[=]
o

Pt

(2] ~ o]

(=] o [=3

o o (=]
I T

Temperature / °C
a
o
S

400+
300+
200+
100}, :
- 18 ‘ 20 22 214 26 218 50
2theta / degrees

Fig. 3 HTXRD data from the (CaO);3(Na>O),2(P>0s5)y5 sol-gel
sample. The solid black line is the DTA trace from Fig. 2 that has
been overlaid to illustrate correlations between features in the two
sets of data.

second crystallisation event and correlate very well with the
sharp endothermic peak in the DTA trace at 730 °C. The fact
that the peak in the DTA trace associated with the second
crystallisation event is so much larger than that associated with
the onset of crystallisation may indicate that phase separation
is occurring with crystallisation of a minority phase at ~470 °C
followed by bulk crystallisation at 730 “C. Although further
measurements would be required to confirm this, the
important result in the context of this work is that the
combined DTA/HTXRD results accurately map the thermal
stability of the sol-gel material. At 900 °C, all the Bragg peaks
disappear indicating that the sample has melted.

The TGA/DTA and HTXRD data described above are
invaluable when deciding upon the necessary heat treatment of
the dried gel. The aim is to produce a stable product with as
much of the residual organic components removed as possible.
On the basis of the results described above, a calcination
temperature of 250 °C was chosen because it lies beyond the
temperature at which the structure starts to consolidate and
yet well below the onset of crystallisation.

The presence of residual organic fragments in the dried gel
and their removal by heat treatment was confirmed by ‘H-!3C
CP MAS NMR. There are five sharp peaks in the spectrum
from the dried gel (not shown), whereas for the gel heated to
250 °C no '"H-'>C CP NMR signal could be detected. This
removal of organic groups by heat treatment is consistent with
the large weight loss shown in the TGA between 200 "C and
400 °C. Similar behaviour has previously been observed in
silicate-based sol-gel materials.'® The fact that no 'H-'*C CP
NMR signal could be detected from the heat-treated sol-gel
sample despite the elemental analysis showing the presence of
1.7 wt% C suggests that this carbon is not hydrogenated and is
probably present as a separate phase.

Structural characterisation

The structures of phosphate glasses are known to comprise
PO, tetrahedra connected by between 1 and 3 bridging
oxygen atoms (BOs) to form a network.'” The connectivity of
this phosphate network is commonly described by Q" notation,
where 1 refers the number of BOs in the PO,*~ group. Thus a
Q® PO, unit has 3 BOs to other PO,*~ groups and one non-
bridging oxygen (NBO). whereas a Q° PO,>~ unit has 4 NBOs
and is unconnected to other PO,*” tetrahedra. This con-
nectivity is affected by the glass composition. Vitreous P,Os
has a structure composed entirely of Q> units; whereas the
addition of metal oxides to phosphate glasses reduces this
connectivity and introduces Q' and Q’ groups into the
structure. In such cases, the fractions of the various Q”
species can be estimated on the basis of glass composition,
(Myvo)x(ons)l—x~19 The (Ca0)y.3(Nay0)o2(P>0s)o s samples
studied here are close to the metaphosphate composition
(ie. x = 0.5) and as such are expected to have structures
composed entirely of Q species.

Phosphorus NMR provides a method for measuring the
relative quantities of the various Q" species that comprise the
glass structure. Fig. 4 shows *'P MAS NMR spectra from
the (Ca0)p3(Nay0)o2(P>0s)o5s samples and the 'H-3'P CP
MAS NMR spectrum from the stabilised sol-gel glass. Also

4780 | J. Mater. Chem., 2007, 17, 4777-4784
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Fig. 4 *'P MAS NMR spectra from the (CaO)g3(Na,0)o»(P>0s)o.s
samples showing the Gaussian deconvolution of the various reso-
nances present: (a) dried gel, (b) stabilised sol-gel glass, (¢c) "H-*"P CP
spectrum from the stabilised sol-gel glass and (d) melt-quenched glass.

shown is the Gaussian deconvolution of the various resonances
present; the results of which are given in Table 1, along with
the assignments of the resonances. The resonances at about
—4, —13 and —26 ppm are assigned to Q”, Q' and Q? species,
respectively, according to a previous *'P NMR study of
(Ca0)y5_(Na-0)(P,0s)ys melt-quenched glasses.> The
narrow resonance at close to —1 ppm is assigned to unreacted
monomeric phosphates (e.g. OP(OH);_(OBu"),)*' and given
the label Q% to distinguish it from the other orthophosphate
Q° resonance: the narrowness of this resonance suggests that
these monomeric phosphates are either more ordered in this
sample or partially mobile. The results in Table 1 show the
effect that the heat treatment has on the structure of the
sol-gel. The dried gel has a structure dominated by Q° and Q'
groups, whereas that of the stabilised sol-gel glass is composed
of mainly Q' and Q? species. This is better illustrated by the
average P-O-P coordination number (Np...p) which can be

170 5
160
150 S
140
130 1
120
110 1
100 1
90
80
704
60
50
40
304
20 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Transmittance / %

Wavenumber / cm”
Fig. 5 FTIR spectra from the (CaO);3(NayO)2(P,05)o5 samples:

dried sol-gel (lower curve), stabilised sol-gel glass (middle curve) and
melt-quenched glass (upper curve).

calculated from the Q" speciation using the equation Np...p =

fo' + 210" where fo" refers to the fraction of each Q" group.

Utilizing this approach, we arrive at a P-O-P coordination
number of 0.6 + 0.3 for the dried gel and 1.3 + 0.2 for the
stabilised sol-gel glass. This increase in Np..p represents an
increase in the connectivity between the phosphate groups with
heat treatment, indicative of the structural evolution from a
soft gel material to a stable glassy material. The *'P CP MAS
NMR spectrum shows an increase in intensity of the Q° and
Q! resonances relative to the Q? resonance suggesting that the
lower Q species are more strongly associated with protons.
Considering this result alongside the '*C CP MAS NMR
results described earlier, we conclude that the reduced con-
nectivity in the dried gel is associated with organic fragments
and hydroxyl groups, whilst that in the stabilised sol-gel glass
is associated only with hydroxyl groups. As expected, the *'P
NMR spectrum from the melt-quenched glass is dominated by
the Q? resonance (95%) with a small peak due to Q! species.
resulting in a P-O-P coordination number of 2.0 + 0.2.
Further information on the nature of the bonding in the
sol-gel samples can be gained from vibrational spectroscopy.
Fig. 5 shows the FT-IR spectra from the dried gel and
stabilised glass together with that from the melt-quenched
sample for comparison. The absorption bands are assigned

Table 1 Results of the deconvolution of the 3'P MAS NMR spectra from the (CaO)g 1(Na>0)g 2(P,0s) sol—gel and melt-quenched samples using

Gaussian functions

Sample Assignment Chemical shift (ppm) +1.0 ppm Width (ppm) +2.0 ppm Relative intensity (%) +5.0%
Dried gel (120 °C) Q¥ -13 1.9 29
Q' -28 11.0 49.7
Q! -133 10.4 37.9
Q? —25.7 1.2 9.5
Stabilised glass (250 °C) QY -1.4 1.0 0.3
Q° —43 8.1 14.6
! -13.5 11.0 41.9
N —26.2 10.1 433
Stabilised glass (250 "C) (‘"H->'P CP) Q° =36 6.4 21.2
Q! -13.5 8.4 67.6
Q? -25.8 9.9 1.2
Melt-quenched glass Q! =79 7.4 5.0
Q? —24.2 10.1 95.0

This journal is © The Royal Society of Chemistry 2007
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Table 2 Infrared band assignments” for the (CaO)g3(NayO) -
(P205).5 sol-gel and melt-quenched samples

Associated Q"

Wavenumber/cm ! Assignment? (where applicable)

532 o(P-O-P)

725 vs(P-O-P)

770 vs(P-O-P)

900 vas(P—O—P) Q?
1000 vs(PO3)*~ Q'
1100 Vas(PO3)?~ Q!
1270 Vus(PO2)~ Q?
1640 0(H,0)
2970 w(C-H)
3430 v(O-H)

“ Abbreviations: 4§, deformation; v, stretching; s, symmetric; as,
asymmetric. © Refs. 22-25.

according to previous studies of phosphate-based glasses using
infrared spectroscopy.”>>> These assignments are listed in
Table 2. Also included in Table 2, where applicable, is the Q"
species associated with each vibrational mode. The spectra
from the sol-gel samples both exhibit the bands characteristic
of P-O-P bonding at 532, ~750 and 900 cm ! indicating that
a significant number of these bonds are formed during the
sol—gel reaction. Consistent with the 3'P NMR results, all
the spectra contain bands exclusive to Q' and Q* groups: the
presence of Q' units is characterised by the symmetric and
asymmetric PO5>~ stretching modes at 1000 and 1100 cm ™',
respectively, and the presence of Q2 groups is evidenced by
the asymmetric P-O-P and PO,” vibrations at 900 and
1270 cm ™ L. The vibrations at about 2900 cm ™! in the spectra
from the sol-gel samples are indicative of the presence of some
residual organic material, whereas the bands at ~ 3400 and
1600 cm ™" are due to the presence of hydroxyl groups and
adsorbed moisture. There are two regions of significant
difference between the spectra from the sol-gel samples.
Firstly, the intensity of the bands at 1600, 2900 and
3400 cm ! is significantly reduced in the spectrum from the
stabilised sol—gel glass, providing further evidence that residual
organic components and hydroxyls are driven oft during heat
treatment. Consistent with the >'P NMR data, the infrared
spectrum from the stabilised sol-gel glass shows that although
most of the organic material is removed by the heat treatment,
a significant proportion of the hydroxyl groups remain. The
second significant difference between the spectra shown in
Fig. 5 is the relative intensities of the two pairs of Q!- and
Q?*-associated bands. In the spectrum from the dried gel, the
intensity of the Q* peak at 1270 cm™' is similar to that of
the Q' peak at 1100 cm ™' and the intensity of the Q' peak at
1000 cm ™' is only slightly less that of the Q? peak at 900 cm ™'
After heat treatment, the Q” band at 1270 cm ™' is significantly
more intense than the Q' peak at 1100 cm L. A similar change
is observed for the other pair of bands with the Q* peak at
900 cm ! growing in intensity relative to the Q' peak at
1000 cm ™!, This latter difference suggests, in agreement with
the 3'P NMR measurements, an increase in the proportion of
Q? structural units with heat treatment. The spectrum from
the melt-quenched sample is similar to that from the sol-gel
sample, although there are some significant differences.
Notably, the relative intensity of the Q* band at 1270 cm !
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Fig. 6 X-Ray diffraction data from the (CaO),3(Na>O),-(P-Os)o s
sol-gel dried at 120 “C: (a) Q-space interference function, i(Q), and (b)
pair-distribution function, 7(r), (solid line) together with fit
(dashed line).

compared to the Q' band at 1100 cm ™! is greater for the melt-
quenched glass. Also the vs(P-O-P) bands at ~750 cm™" are
more intense for the melt-quenched glass. Both these
differences suggest greater connectivity between the PO,
structural units in the melt-quenched glass compared to the
sol-gel glass. Finally, the bands associated with hydroxyl
groups are very weak, but nonetheless observable, in the
spectrum from the melt-quenched glass. This suggests partial
hydrolysis of the network structure, probably by atmospheric
moisture, and is consistent with the presence of a small
proportion of Q' units, as observed with *'P NMR.

The HEXRD measurements give information on the pair-
wise correlations between atoms within a material. Fig. 6 and 7
show the HEXRD data from the (CaO)q3(Nay0)2(P205)g 5
sol-gel sample, both prior to and after heat treatment. Both
the r-space and Q-space data are shown, together with the fits
to the pair-distribution functions obtained using the method
described above. Fig. 8 shows the equivalent curves measured
from the analogous melt-quenched glass for comparison. The
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Fig. 7 X-Ray diffraction data from the (CaO),3(Na,0),(P20s)g 5
sol-gel heat treated to 250 °C: (a) Q-space interference function, i(Q),
and (b) pair-distribution function, 7(r), (solid line) together with fit
(dashed line).
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Fig. 8 X-Ray diffraction data from the (CaO),3(Nay0)1(P20s).5
melt-quenched glass: (a) Q-space interference function, i(Q), and
(b) pair-distribution function, 7(r), (solid line) together with fit
(dashed line).

structural parameters obtained from the fitting of the HEXRD
data are given in Table 3.

All three pair-distribution functions follow a similar profile
with features at around 1.5, 2.5 and 3.0 A. These features are
characteristic of phosphate-based structures that have at least
some connectivity between PO,>~ tetrahedra.'” The peak at
1.5 A is due to P-O bonding within the PO4>~ tetrahedron. It
is well known that phosphate-based glasses contain two P-O
distances: a shorter distance of 1.43 to 1.52 A ascribed to
P-NBO bonds and a longer distance of 1.58 to 1.63 A due to
P-BO bonds.'”?® In this case, we have simulated the 7(r)
functions with two P—O distances. The results in Table 3 show
that for all three samples the measured P-O distances are
consistent with those from previous structural studies of
similar materials'*>">® and that the total P-O coordination
number is close to four with approximately equal number of
P-NBO and P-BO bonds, as expected for glassy materials
close to the metaphosphate composition. The peak at around

2.5 A has contributions from both nearest-neighbour O---O
distances within PO4>~ tetrahedra and from distances between
oxygen atoms in adjacent connected phosphate groups. The
structural parameters obtained for this O---O correlation in
Table 3 are similar for all three samples. The third feature at
around 3 A can be ascribed to the P---P distance between the
phosphorus atoms of PO,*~ tetrahedra which are connected
by a bridging oxygen atom.

The coordination number associated with this P---P nearest-
neighbour distance displays the most variation between
samples. The melt-quenched glass has a Np..p of 2.1 + 0.2
which is very close to the expected value of two for a material
at the metaphosphate composition with a structure composed
of Q7 phosphate units and shows excellent agreement with the
value calculated from the *'P NMR results. The sol-gel glass
has a Np...p of 1.5 + 0.2, whereas the value for the dried gel is
1.1 4+ 0.3. The reduction in Np...p for the sol-gel samples is
consistent with the presence of a significant proportion of Q°
and Q! units in the structure as determined by >'P NMR. The
HEXRD Np...p values for the sol-gel samples agree with those
from the NMR work if one takes into account the experi-
mental errors, which largely result from the fitting processes
used to simulate the data. The discrepancy in P---P coordina-
tion numbers determined for the dried gel (0.6 from NMR and
1.1 from HEXRD) reflects the difficulty in fitting the data
from this sample: in the HEXRD 7{(r) function, the P---P
correlation is weak and not well-resolved from adjacent peaks,
and the Q" and Q' contributions to the *>'P NMR spectrum are
also not clearly resolved. The Np...p of ~1 obtained from the
HEXRD data seems more reasonable since this represents a
significant degree of polymerisation necessary for gelation.
The increase in Np..p with heat treatment represents con-
solidation of the sol-gel structure as hydroxyl and unreacted
alkoxide groups are driven off. The value of 1.5 for Np...p in
the heat-treated sol-gel glass is still significantly lower than
that of 2.1 measured for the melt-quenched glass due to the
reduced network connectivity associated with the presence of
hydroxyl groups as evidenced by the infrared and 'H->'P CP

Table 3 Structural parameters obtained from the simulation of the HEXRD data from the (CaO)g 3(Na,0),»(P,O5) samples

Sample Density/atoms A ~? Correlation R/A N alA
Dried sol-gel (120 °C) 0.0861 P-NBO 1.50(1) 2.0(1) 0.02(1)
P-BO 1.59(1) 1.9(1) 0.05(1)
Na-O 2.32(2) 3.9(5) 0.12(2)
Ca-O 2.38(2) 4.9(5) 0.07(2)
00 2.54(2) 4.4(2) 0.08(1)
PP 2.96(2) 1.1(3) 0.07(2)
O-+-Ogpg 2.82(2) 1.0(4) 0.11(3)
Sol-gel glass (250 °C) 0.0694 P-NBO 1.50(1) 1.8(1) 0.02(1)
P-BO 1.59(1) 1.8(1) 0.04(1)
Na-O 2.34(2) 3.0(5) 0.10(2)
Ca-O 2.37(2) 4.6(5) 0.05(2)
00 2.54(2) 4.02) 0.08(1)
PP 2.96(2) 1.5(2) 0.08(2)
O--Onpg 2.81(2) 1.2(4) 0.12(3)
Melt-quenched glass 0.0726 P-NBO 1.50(1) 1.8(1) 0.02(1)
P-BO 1.60(1) 1.9(1) 0.05(1)
Na-O 2.33(2) 4.5(5) 0.11(2)
Ca-O 2.38(2) 5.2(5) 0.11(2)
0---0 2.52(1) 4.1(2) 0.08(1)
PP 2.94(2) 2.1(2) 0.08(2)
O--Onpg 2.81(2) 1.8(4) 0.13(3)
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NMR spectra. The fact that the changes in Np..p are not
reflected in changes in the numbers of P-BO and P-NBO
bonds as would be expected with a changing Q" distribution
is due to the difficulty in separating the two overlapping
contributions to the P-O peak at 1.5 A.

The contribution to the 7(r) functions from the Na-O and
Ca-O correlations appears as a shoulder on the low-r side of
the main O---O peak. The results in Table 3 concerning
the coordination spheres of the sodium and calcium cations
are similar for all three samples. Furthermore, these para-
meters are consistent with those previously measured from
(Ca0)p.5—+(Na0).(P,Os) 5 binary and ternary glasses using
neutron diffraction.?

To summarize the results of the structural study, we can say
that the sol-gel synthesis and processing (i.e. low temperature
heat treatment) produces a glassy material with a similar
structure to that of its melt-quenched counterpart. The
important difference is that the structure of the sol-gel glass
contains a significant fraction of hydroxyls which act as
phosphate-chain terminating groups leading to a reduced
connectivity of the network structure.

Conclusions

We have presented a new method for the sol-gel synthesis of
Ca0O-Na,0-P,0s5 glass with potential application in the field
of biomaterials. Thermal analysis and high-temperature XRD
characterisation of the dried gel demonstrated that consolida-
tion of the structure and removal of residual organic fragments
starts occurring above 200 “C and that the material remains
amorphous up to ~470 °C. The structural characterisation of
the heat-treated sample revealed that it comprises Q' and Q?
phosphate units with a significant concentration of hydroxyls
which act as phosphate-chain terminating groups. Comparison
of the structure with that of the melt-quenched analogue shows
that the structures of the two materials are very similar except
for the presence of a significant proportion of hydroxyl groups
in the sol-gel material. This demonstrates that glassy CaO-
Na,O-P,0s5 materials can be prepared at ‘oven’ temperatures
rather than ‘furnace’ temperatures and allows scope for the
preparation of inorganic/polymer composite materials and 3D
scaffolds for tissue engineering applications.
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