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A Neutron and X-Ray Diffraction Study of Bioglass®
with Reverse Monte Carlo Modelling**
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By Victoria FitzGerald,* David M. Pickup, David Greenspan, Gautam Sarkar, John J. Fitzgerald,
Kate M. Wetherall, Rob M. Moss, Julian R. Jones, and Robert J. Newport

A class of melt-quenched silicate glasses, containing calcium, phosphorus and alkali metals, and having the ability to promote
bone regeneration and to fuse to living bone, creating strong implants with less danger of interfacial instability than previous
materials, is produced commercially as Bioglass® and sold under the brand names of PerioGlas®, NovaBone® and NovaBone-
C/M®. We have collected the first high energy X-ray and neutron diffraction data, on this important material in the hope of pro-
viding more direct experimental insight into the glass structure. Similarly, the first solid state MAS (magic angle spinning) %S,
’1p, and Na NMR data on the material is presented. The diffraction data has been modeled using the reverse Monte Carlo
(RMC) method to allow the identification of the atomic-scale structural features present; the solid state NMR data is used
explicitly within the model-building process as a constraint on the connectivity of the network. The *’Si NMR suggests that the
host silica network primarily consists of chains and rings of Q* SiO, tetrahedra, with some degree of cross linking as represent-
ed by the presence of Q° units. The diffraction-based RMC model suggests a Na—O distance of 2.35 A and a corresponding
coordination of ~ 6; the coordination number is supported by the Na NMR data presented here which reveals that the likely
sodium environment is six-coordinate in pseudo-octahedral arrangement. The RMC model provides evidence for the non-uni-
form distribution of Ca, which is in line with previous molecular dynamics simulation results, and the data is also suggestive of

CaO as the associated structural motif within the high calcium content regions of the glass.

1. Introduction

Average life expectancy in the Western world has increased
dramatically with better nutrition and improvements in medi-
cal care. To allow people to remain active, and to contribute to
society for longer, the need for new materials to replace and
repair worn out and damaged tissues becomes ever more im-
portant. The Kent team has joined a program of study under-
way in the USA involving the company who produce a number
of products made from Bioglass®. Bioglass® is a bioactive ma-
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terial that has been shown to form a bond with bone when im-
planted into a bony defect.!'"”] There have been numerous stud-
ies during the past 20 years that have attempted to correlate
the chemistry of these Bioglass materials with their reactivity
and the corresponding reactions with tissue in the body.[3"5]
Generically, these novel glasses have become known as bioac-
tive glasses. While a great deal has been learned about the sur-
face reactivity with respect to compositional differences and
the resulting response in the body, the atomic-scale structural
details of these materials have not been extensively studied.

The family of bioactive glasses are, in essence, calcium sili-
cate glasses with additional alkali and alkaline earth modifiers.
The study of atomic-scale structure undertaken hitherto is
largely limited to electron microscopy and IR spectroscopy, to-
gether with exploratory molecular dynamics, MD, simulation.
We have collected the first high energy X-ray and neutron dif-
fraction data, and solid state MAS (magic angle spinning) *Si,
3P and #Na NMR data on this important material in the hope
of providing more direct experimental insight into the glass
structure. The experimental data has been modeled using the
reverse Monte Carlo (RMC) method, primarily as an aid to the
interpretation of atomic-scale structural features present in the
diffraction-derived pair correlation functions. For a relatively
complex system such as this multicomponent glass, no one
structural probe is able to provide a definitive structural model.
Complementary methods need to be employed within a mate-
rials-centred methodology. Here we have employed both X-ray
and neutron diffraction, alongside solid state NMR measure-
ments using several key nuclei.
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There is a significant difference between the experimentally
determined X-ray and neutron structure factors due to the dif-
ferences in weighting factors derived using Equation 4, and
which are shown graphically for each partial in Figure 1.

This figure demonstrates that X-ray diffraction data are to
be preferred for studying the intermediate-range order of oxide
glasses, because the weighting factors of the Si---Si, Si---Ca and
Ca---Ca correlations, which are strongly related to intermedi-
ate-range order of these glasses, are relatively larger for X-rays
than for neutrons. The figure also shows that the neutron data
is better conditioned for obtaining data associated with O---O
correlations (as well as for the provision of better resolved
real-space data per se as per Eq. 6). To this information we add
the element-specific short-range data derived from NMR; the
ability to use all of this data simultaneously within a single co-
gent model building process leads to the generation of a robust
structural picture of the material.

A detailed quantitative knowledge of the structure of these
bioactive glasses is a pre-requisite for a full understanding of
how changes in materials processing, composition etc. affects
in vitro reactivity and the resultant in vivo response of the
body. For example, the rate of dissolution of the glass, and in
particular the rate at which Ca, P, Si ions enter the fluid sur-
rounding the glass, is known to be a crucial factor in the gene
switching needed to initiate the required oesteoblast activ-
ity.[6'7] Thus, one may immediately ask what it is about the envi-
ronment of the Ca site within the glass that allows it to be facile
in this way. Similarly, Na would in silica act as a network modi-
fier (increasing the solubility of the glass as a result of reduced
network connectivity), but its role may be significantly altered
in the presence of phosphate moieties. It is on this basis that
elucidation of the atomic-scale structure of the glass will help
to make it possible to improve the functional performance of
bioactive glasses via controlled discrete tailoring.

2. Results and Discussion

The #°Si, >'P, ?Na NMR spectra are shown in Figure 2.

The »Si spectrum exhibits one broad and asymmetric peak
which can be deconvolved by Gaussian fitting into two reso-
nance peaks centered at —88.1 and -80.4 ppm. ’Si NMR spec-
tra from oxide materials are normally discussed in terms of Q"
units, which describe the connectivity of the SiO,4 tetrahedra
that make up the structure. Thus, Q% Q!, Q% @3 and Q* units
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Figure 2. Solid state MAS NMR spectra: a) *Si, b) *'P, and ¢) *Na.
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represent SiO,4 groups connected to O, 1, 2, 3, or
4 other such groups, respectively. The two peaks ob-
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Figure 1. Histogram comparing relative X-ray and neutron scattering weighting fac-
tors for each pair correlation peak analyzed in the fitting process (the total areas have

in both cases been normalized to unity).
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served in the *’Si NMR spectrum from Bioglass® at
-88.1 and -80.4 ppm are assigned to Q* and Q? units,
respectively.[x’g] The relative intensity (from Gaussian
fitting) of the Q° and Q? peaks is 31 % and 69 %, re-
spectively. This result therefore suggests that the sili-
ca network of the structure mostly consists of chains
and rings of Q* SiOy tetrahedra with some degree of
cross linking as represented by the presence of the
Q® units.

The 3'P NMR spectrum consists of one broad reso-
nance at 8.1 ppm. This can be assigned to the pres-
ence of phosphorus in an orthophosphate environ-
ment® and thus suggests that phosphorus exists in
isolated PO,> anions in the structure, thereby re-
moving sodium and calcium cations from a network-
modifying role in the silicate network."™! In fact, the
chemical shift of the phosphorus resonance is mid-
way between that of Ca3(PO,), (0 ppm) and that of
Na,(PO,) (15.6 ppm).'" providing evidence that the
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PO,* anions are associated with the metal cations. In a molec-
ular dynamics, MD, study[“] performed on Bioglass® the pres-
ence of some Q! species were suggested (~33 %), and also
some Q7 (~2 %), the Q? relating specifically to the presence of
P-O-Si bonds. FTIR studies of the sol-gel synthesized variants
of Bioglass® were also interpreted as showing evidence of
labile P-O-Si bridge.[lzl However, these unstable P-containing
bridges are present only on the surface of the sol-gel materials
after dehydration; indeed, exposure of the sol-gel material to
atmospheric moisture was sufficient to open the bridges. Thus,
if such bridges are present in a high-density (i.e., pore-free)
melt-quenched (i.e., arguably more thermodynamically stable)
glass such as that studied here, their concentration would prob-
ably be low by comparison. This conjecture would seem to be
in agreement with optical spectroscopic data on Bioglass®, col-
lected by the same group who studied the sol-gel material,
which showed no evidence of P-O-Si bonds.®! The new NMR
data presented herein cannot rule out the presence of low lev-
els of P-O-Si bridges, but given that the spectra may be fitted
satisfactorily without the need to include Q' or Q? species we
are forced to conclude that their levels must be significantly
less than those suggested by MD. The experimental data is of
course limited by its intrinsic sensitivity, and a small fraction of
Q' species may therefore be present — but, taken together, the
NMR and optical data would seem to rule out the ~33 % pos-
tulated as a result of the MD study. Given the labile nature of
Si—O-P bridges, this is an important observation in the context
of the dissolution of Bioglass® in physiological fluids.

The “Na NMR spectrum exhibits one broad asymmetric res-
onance at —6.1 ppm. The asymmetry is due to residual second-
order quadrupolar interactions which are not completely
removed under MAS conditions.”®! Sodium ions present in dif-
ferent coordination environments have been correlated with
distinct but overlapping solid-state *Na NMR chemical shifts
or chemical shift ranges (4-coordinate sodium ca. —50 ppm,
S-coordinate sodium ca. —21 ppm and 6-coordinate sodium
from ca. 7.2 ppm to -3.0 ppm) for a num-
ber of compounds.!'*'! The Na NMR
chemical shift for Bioglass®reveals that 0.08
the likely sodium environment is six-coor-
dinate in a pseudo-octahedral NaOg ar-
rangement, although the presence of five-
coordinate Na™ ions cannot be completely
excluded.

model. Changes to the constraints, within a reasonable limit,
had little effect on the structural statistics derived from the fi-
nal resultant model (i.e., after it had also been constrained by
the diffraction data, see below), indicating that the model
structure is itself robust against errors in the data. It also rein-
forces the important fact that 3-D RMC models, derived as
they are from one-dimensional data, cannot be regarded as
unique solutions. Due to the slightly different compositions of
the two samples shown in Table 1, two separate models were

Table 1. Sample characterization: density measurements are based on he-
lium pycnometry; X-ray fluorescence was used to provide compositional
analysis. The compositions used in the RMC model were obtained on the
basis of XRF measurements, charge balancing and solid state NMR data.

Bioglass® powder Bioglass® rod

sample for XRD sample for ND

Density [g cm™] 2.709 2.700
Density atoms [A”] 0.077 0.077
Composition XRF [mol-%]

CaO 26.9 26.2

SiO, 46.1 47.2

P,0s 2.60 3.15

Na,O 24.4 23.8
Composition of Model [mol-%]

CaO 259 26.2

Sio, 48.0 47.2

P,0s 2.60 3.15

Na,O 23.1 23.8
Side Length of RMC box [A] 32.78 32.77

generated initially — one for each of the powdered sample for
the X-ray diffraction data and the glass rod for the neutron dif-
fraction data.

The diffraction data and the corresponding RMC fits for
each data set are shown in Figure 3 (S(Q)’s) and Figure 4

(T(r)’s).

This direct experimental information is
now utilized to produce an RMC model.

In particular, the *’Si NMR data was used 0.4
to determine the Q speciation of the Si 0.0
network. In each of the models generated, @ 0.4
a constraint was included on the Si to en- 2]

sure that the model contained 31 % Q3 -0.8
units and 69 % Q? units. Also, a constraint -1.2

was added to the P in terms of its bonding
to oxygen to ensure that it was present in
an orthophosphate environment. These
constraints were subsequently varied to
examine the effect they had on the overall

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Neutron diffraction data from the Bioglass® sample: Q-space structure factor S(Q)
(solid line) together with RMC fit (dotted line); and b) high energy X-ray diffraction data from the
Bioglass® sample: Q-space structure factor S(Q) (solid line) together with RMC fit (dotted line).
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T(r)

The parameters obtained from the
RMC model are shown in Table 2.

RMC modeling provides a non-unique
3-D model of a structure which is consis-
tent with all the constraints applied; it is
an extremely useful heuristic tool but, as
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with all empirical methods, care must be
taken in order to avoid over-interpreta-
tion of the results. Due to the very small
amount of phosphorous present (1.8 at %,
corresponding to only ~ 50 P atoms within
the model), very little genuinely reliable
information about the phosphorous envi-

o
N
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‘ 1 ronment within the glass network beyond
the first oxygen shell. Thus, one cannot
place any weight on the details of the

Figure 4. a) Neutron diffraction data from the Bioglass® sample: pair distribution function T(r) ~ P-..X bridging correlations within the
(solid line) together with RMC fit (dotted line); and b) high energy X-ray diffraction data fromthe  RMC model, and these parameters have

Bioglass® sample — pair distribution function T(r) (solid line) together with RMC fit (dotted line).

After careful examination of the closely similar partial pair
correlations and model structures resulting from each RMC
model, it was considered appropriate to average the partial
pair correlation functions, and thereafter to treat the data as
coming from one combined model. In Figure 5, nine principal
partial T;(r) functions output from the RMC models are
shown.

been included at the bottom of Table 2
for completeness only. Therefore, whilst
the model is seen to contain some Si-O-P bridges, their num-
bers are not statistically significant.

Given that the >'P NMR results are consistent with ortho-
phosphate (Q") units, and that the data indicates that the PO,*
anions are associated with the metal cations, one would expect
to observe a P-O,, bond at ~1.53 A as found in Caz(POy), [16]
and in Naz(PO4).[17] Both of these materials exhibit one P-O,,
bond as long as ~1.58 A however this
does not agree with the four P-O,;, bonds

o @ (b) ® © at ~1.6 A shown in Table 2. Despite the
8 » statistical limitations of our model, we
15 6 » nevertheless note the fact that the RMC
= = = model gave a P-O,, coordination of
= ~ 4 0 ~3.9 and a P-O,, coordination of ~0.03.
5 2 . This would indicate the predominant pres-
o ‘ o ‘ ‘ , ‘ ‘ ence of orthophosphate (Q°) units within
0 2 4 0 2 4 0 2 4 the model, as shown by the NMR data
r/A 6 r/A 10 r/A (and independent optical spectroscopy
® @ © s ®  data¥) and explicitly incorporated into
2 4 our model-building process. The asso-
o™ = = 6 ciated modeled bond distance of ~1.6 A is
~ o =, S more usually associated with P-Oy
5 5 bonds,"®! but more probably indicates that
W the dominant Si-O correlation at 1.6 A is
% 2 4 % 2 4 % 2 4 affecting our ability accurately to fit the

s r/A u r/A 6 r/A relatively very weak P-O contribution.
@ 4 ) 1 0] The partial pair correlation functions
6 10 12 derived from the RMC model place the
8 10 Si-O peak at 1.61 A with a coordination
= 4 '\E\_. 6 l’g : of slightly less than 4, as expected in silica
5 4 4 based materials."” The Ca-O partial is
2 2 seen to be an asymmetric feature in Fig-
0 0 . 0 ure 6 centered at ~2.5 A but extending

0 2 4 0 2
r/A r/A

2” A ¢ from 2.05 A to 2.90 A with two partially

resolved peaks, and a total coordination

Figure 5. RMC partial T;(r) functions, a) Si---Si, b) Si---Ca, ¢) Si-O, d) P-O, ) Ca-0O, f) Na-O, (g)  number of ~5. This is in good agreement

O---0, (h) Ca---Ca, (i) Na---Na.

Adv. Funct. Mater. 2007, 17, 3746-3753 © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

with previous data obtained in a recent
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Table 2. Structural parameters obtained from RMC modelling; because
there are relatively few P atoms in the RMC box, the parameters returned
are regarded as having qualitatively less meaning. (s is the full width half
maximum of the peaks).

Sample Correlation R N g [A
A

45S5 RMC Si-O 1.61 ~3.7 0.06
partials Ca-O 2.31,2.59 ~4.9 0.24
Na-O 2.35 ~6.0 0.16

O---0 2.64 ~3.0 0.15

Si---Na 2.96 ~4.0 0.31

Si---Si 3.03 ~2.3 0.10

Ca---Na 3.05 ~3.6 0.16

Si---Ca 3.25 ~1.6 0.26

Ca---Ca 3.48 ~1.7 0.20

Na---Na 3.75 ~3.3 0.26

P-O 1.60 ~3.9 0.04

p---P 2.9 ~0.2 0.1

P---Ca 3 ~2.6 0.6

P---Na 3 ~4.5 0.4

P---Si 3 ~0.3 0.1

Si---P 3 ~2.6 0.1

Figure 6. Example of phosphorous in an orthophosphate environment. P
atom (brown) connected to four O, atoms (blue)

neutron diffraction with isotopic substitution experiment un-
dertaken on an analogous bioactive calcia-silica sol-gel glass,ml
and also with a corresponding molecular dynamics study.”!!
These results are in good agreement with bond distances ob-
tained from molecular dynamics studies of the same materi-
al.'"! The molecular dynamics results showed the Si-O peak at
1.59 A, the Ca-O peak at 2.29 A and the Na-O peak at 2.34 A,
The model Na—-O partial pair correlation function in this study
indicates a distance of 2.35 A, which is consistent with previous
measurements,ml and a coordination of ~6, agrees with the
Na NMR data which indicated that the sodium environment
is six-coordinate within a pseudo-octahedral NaOy arrange-
ment.

The model O---O partial pair correlation is found as ex-
pected in a silica based material, and as found in the molecular
dynamics study,[m at 2.64 A, with a coordination of ~3. The
O-Si—O coordination number would tend towards six in a fully
densified silica network, but is reduced here due to the pres-

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ence of Oy atoms. This would imply that the presence of Ca
and Na is causing significant disruption to the base silica net-
work.

The Si---Si, Si---Ca, and Ca---Ca partial pair correlation
functions derived from the RMC model give peak distances of
3.03, 3.25, and 3.48 A respectively. The Si---Si coordination
number of just above 2 agrees with the fact that Si is mostly
present in Q units.

Figure 7 shows an example of silica tetrahedra and Figure 6
shows a phosphorous tetrahedra from one of the RMC models
after fitting to the data.

Figure 7. Example of Si atom (yellow) connected to three O, atoms
(green) and one O,, atom (blue).

The model shows some evidence of a heterogenous distribu-
tion of calcium ion, i.e., clustering. This spatial clustering has
been observed previously in a MD study.'*! The nearest neigh-
bors distance of 3.48 A obtained from the empirical RMC
model, is significantly less than the Ca---Ca distance of 5.2 A
obtained by assuming a completely homogeneous (i.e., gas-
like) Ca distribution. Also, the coordination expected for a
homogenous distribution of ions, given by Nc,...cu(hom.) =
(4/3)nR3p(Ca) - 1, where R, is the first minimum in the partial
T(r) function, Tc,...ca(r), and p(Ca) is the number density of
Ca in our model, predicts a Ca---Ca coordination of ~0.9,
whereas the RMC model returns ~1.7. There is some uncer-
tainty associated with these estimates, associated with the need
to define the first minimum in the 7(r), but not enough to obvi-
ate the overall conclusion. Thus, both approaches offer clear
evidence for calcium clustering in Bioglass®. A comparable
effect has previously been observed in analogous samples of
sol-gel bioactive glasses, wherein it was suggested that cluster-
ing occurred, on the surfaces of the glass, as the concentration
of Ca in the samples increased (and as a consequence influ-
enced the acid/base properties of the bioactive glass sur-
face).m] The results presented herein are necessarily limited to
the suggestion that Ca clusters exist, per se; given that Bio-
glass® is a high-density melt-quenched glass, the question of
surface segregation does not arise. Clustering does however
have an immediate consequence for the observed bioactivity of
the material in the sense that diffusion/dissolution pathways
will be heavily influenced by the existence of connected
volume elements of high Ca concentration within a modified
silicate network.

Similarly, the nearest neighbor Na---Na correlation shell is
determined to be centered at 3.75 A, compared to a calculated

Adv. Funct. Mater. 2007, 17, 3746-3753
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distance of 4.3 A if one assumes a completely homogeneous
Na distribution. Likewise, the coordination number of ~3.3 de-
rived from the RMC model may be compared with the value of
~2.9 expected for a homogeneous distribution. Thus, there is
again some evidence, albeit weaker than in the case of Ca, for
the possibility of sodium clustering. In the MD study of Bio-
glass® referred to above, ' it was suggested that Ca dominates
the coordination of the orthophosphate groups.

3. Conclusions

Given that the bioactivity of the glass is intimately related to
—indeed, determined by — the release of ions from the glass as
the dissolution process takes place in physiological fluids, and
the consequential interplay between surface charge on the
glass and fluid pH, it is of central importance that one under-
stands the local environment of the various chemical species.
Interatomic bonds must be broken (and sometimes re-ar-
ranged) for this process to occur: an understanding of the
atomic-scale structure of the glass is therefore vital. Of particu-
lar importance is the role of Na as a network terminator (since
it is likely to affect overall dissolution rates) and Ca as the net-
work modifier having the most profound biological affect in
terms of its gene-switching role. Additionally, labile species
such as the Si—O-P bridges postulated by MD studies would, if
present, be an important factor in the determination of surface
chemistry —i.e., of dissolution reactions in physiological fluids.

A model has been generated and interpreted on the basis of
the first high energy X-ray and neutron diffraction study and
the first multi-nucleus solid state NMR data on Bioglass®. The
diffraction data, analyzed using an RMC model which expli-
citly incorporates the results of the solid state NMR data, show
a significantly disrupted silica network.

The 2’Si NMR suggests that the host silica network primarily
consists of chains and rings of Q? SiO, tetrahedra, with some
degree of cross linking as represented by the presence of Q°
units. The *'P NMR indicates that phosphorus exists as isolated
PO, anions in the structure, which will remove sodium and
calcium cations from a network-modifying role in the silicate
network. However, there is a possibility that a small number of
pyrophosphate units are present. No confirmation of the postu-
lated presence of significant concentrations of Si—-O-P bridges
was discerned.

The diftraction data show a broad Ca-O pair correlation at
~2.05-2.90 A, with a total coordination of ~ 5, which is consis-
tent with previous NDIS and MD results from an analogous
bioactive calcia-silica sol-gel glass. The diffraction data suggest
a Na-O distance of 2.38 A and a corresponding coordination of
~6, which is in good agreement with previously published
values; the coordination number is supported by the *Na
NMR data presented here, which reveals that the likely sodium
environment is six-coordinate in pseudo-octahedral NaOg
arrangement, although there is the possibility of the presence
of five-coordinate Na* ions.

There is evidence of a non-homogeneous distribution of Na
within the glass, which is important in the context of the rela-

Adv. Funct. Mater. 2007, 17, 3746-3753
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tively slow dissolution of the modified silica network. The data
provides evidence of Ca clustering, which is consistent with the
predictions of a molecular dynamics simulation for a similar
sample, and also implies the presence of CaO as the structural
motif. This latter observation is of direct relevance to the un-
derstanding of the facile nature of Ca within such glasses which
gives rise to its relatively rapid diffusion from the solid into so-
lution (and therefore to its behavior in terms of the material’s
overall bioactivity).

4. Experimental

Sample Preparation: The samples of Bioglass® for X-ray diffraction
and solid state NMR experiments were supplied by Novamin Technol-
ogy, Inc. (Alachua, Florida). The samples were in granular form; their
composition and density are reported in Table 1. The Bioglass® sample
for neutron diffraction was supplied by Imperial College London, pre-
pared in the same fashion, but caste in the form of a solid glass rod, the
composition and density are reported in Table 1. Composition analysis
for both sets of samples was performed using a Bruker S4 X-ray fluo-
rescence instrument. Density measurements were based on helium pyc-
nometry performed using a Quantachrome multipycnometer.

X-ray and Neutron Diffraction Methods und Data Analysis: The high
energy X-ray diffraction (HEXRD) data was 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 within a flat-
plate instrumental set-up. The wavelength was set at 2 = 0.4875 A, and
calibrated using the K-edge of a Ag foil; this value was low enough to
prov1de data to a high value of wavevector transfer (Qmax = 478iN0nax/
4 ~23 A™). The data were corrected using a suite of programs written
in-house, but based upon the methodology of Warren [24].

The initial stage of analysis of X-ray diffraction data from an amor-
phous material involves the removal of background scattering, normali-
zation, correction for absorption and inelastic scattering, and subtrac-
tion of the self-scattering term [25]. No correction was made to account
for multiplc scattering since it is a ncgligible cffect in HEXRD from
thin samples having low sample attenuation.

The neutron diffraction (ND) data was collected on the GEM total
scattering instrument at the ISIS pulsed muon and neutron source at
the Rutherford Appleton Laboratory. The data was reduced using the
program gudrun [26], to produce a corrected differential cross-section
curve. The data are corrected for absorption and multiple scattering,
and then are normalized to vanadium - an almost wholly incoherent
scatterer — and combined to produce a final structure factor, S(Q), on
an absolute cross-section scale.

Both the XRD and ND methods are governed by the same generic
physical principles. After data reduction and the consequent generation
of the structure factor, S(Q), one may derive the associated real space
pair correlation function, 7(r), by Fourier transformation via the fol-
lowing equation:

oo

T(r)== / QOS(Q)sin(Qr)dr + T°(r)

0

3)

For multicomponent systems, such as under discussion here, 7(r) may
also be defined in terms of the partial correlation functions, Tj(r), for
pairs of atomic species i and j as

Z nin; Z;Z;Ty(r) (4)
and T%(r) is defined as
(r) = 47zr/)(zi n;Z %)
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where p is the atomic number density; #; is the fraction of atom type i,
and Z; is the corresponding atomic number (X-rays) or coherent scat-
tering length (b;) (neutrons), for. It is possible to obtain structural
information from 7(r) (e.g., bond lengths, coordination numbers etc.)
via a modelling process.

We note that the effective resolution of features within 7(r) is

(6)

2983, *' P, and ¥ Na MAS NMR: The *Na, »’Si, 3P NMR spectra were
measured on a Bruker ASX-400 spectrometer (9.45 T) using a Bruker
HP WB 73 A MAS probe at 105.857, 79.49, and 16 997 MHz, respec-
tively. The **Na and *'P NMR measurements were made using a 4 mm
probe (typically 0.14 g sample size) at 13.0 to 13.5 kHz sample spinning,
while the Si NMR measurements were made using a 7 mm probe
(0.64 g sample) at 7 kHz sample spinning speed. The ’Si and *'P NMR
spectra were acquired using a single-pulse sequence. The *Na NMR
spectrum was acquired using a spin-echo pulse sequence to suppress
the effect of “probe ringing” and to obtain a flat baseline. An echo time
of one rotor period (1t = 76.92 us) was used. The chemical shifts (5)
were referenced to 1 M NaCl for *Na and 85 % H;PO, for *'P (0 ppm).
The *Si spectrum was referenced to a secondary standard of kaolinite
(0 = -91.5 ppm relative to tetramethylsilane as its primary standard).
The Y0° pulse widths for *’Si and *'P NMR were 5 ps and 3.5 ps, respec-
tively. A selective pulse width of 2.5 ps (half of the liquid 90° pulse
length) was used for 2Na to observe the central transition (V4 < — ).
The recycle delay times used for *Na, >'P and Si were 1 5, 3 5, and 60
s, respectively. These values are sufficiently long to allow the complete
relaxation necessary to obtain quantitative information about spin po-
pulations. The total number of scans used for **Na, Si, and *'P NMR
spectra were 512, 256, and 5000, respectively.

RMC Method: RMC is a method for producing three-dimensional
models of a structure that agree quantitatively with available data. A
starting model of a material, composed of atoms in a box at the correct
density and composition, is modified by random processes in such a
way as to improve the agreement between a set of experimental data
and the equivalent function calculated from the model. The structure is
modified in this way until it agrees with the experimental data within
some satisfactory measure of the error. A full description of the RMC
method can be found in a paper by McGreevy et al. [27]. Using the dif-
fraction data, together with a set of constraints derived from our NMR
data and from prior chemical knowledge, a three-dimensional model
has been produced for the sample studied herein. The RMC model box
for the Bioglass® is made up of ~3000 atoms, with correct atomic num-
ber density and composition obtained from pycnometry measurements
and X-ray fluorescence composition analysis respectively, as per
Table 1. Charge-balancing was also used as an aid to building a box
with the correct composition (especially important in terms of refining
the oxygen content). The size chosen for the associated cubic box,
determined in order to match the measured density, is also shown in
Table 1.

In order to obtain as a starting configuration the four oxygen atoms
around each silicon atom suggested on the basis of prior chemical
knowledge, a random array of Si atoms was produced first which were
moved out to a minimum distance of 2.85 A, and then O atoms were
inserted at the medium distance between each pair of neighboring Si
atoms. The P atoms, and corresponding additional O atoms, were then
added to this pseudo-silica array at random positions. The details of the
bonding constraints imposed via the RMC algorithm were decided
upon using the solid state NMR values for Q speciation (i.e., the rela-
tive numbers of Oy, and O,,). Specifically, for the Q? units, the atoms in
the box were moved such that each silicon atom was coordinated to
two Oy and two Oy, (and each O was coordinated to only two other
atoms, neither of which could be another O). After the base silica net-
work was produced and phosphorous was included, the Ca and Na
atoms were added randomly. Within this initial phase of defining the
configuration of the box, there are two other considerations of impor-
tance: the definition of distances of closest approach for each pair of

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

atom types, and the choice and use of the target goodness-of-fit value,
0. The latter parameter, along with the magnitude of the individual
atom movements at each step, may be varied to help optimize the
speed with which the constraints (and eventually the experimental
data) are satisfied; ultimately however its value is chosen in order to
correspond as far as is practicable with the average uncertainty asso-
ciated with the experimental data. Distances of closest approach are
empirically defined using the 7(r) derived from the HEXRD and ND
data by direct Fourier transformation as far as is possible. For those
pairwise correlations that are not adequately resolved it is found that
an iterative approach is required, employing whatever starting values
might be available in the literature (e.g.. for crystalline analogues or
comparable amorphous systems). Naturally, this tends to be more prob-
lematic in the case of the HEXRD data since the real-space resolution
is not as favorable as it is in the context of the ND data. As a guiding
principle, the largest value of the distance for closest approach consis-
tent with obtaining approximately Gaussian correlation peaks was
used; e.g., care was taken to avoid setting values that resulted in having
atoms ‘pile up’ against limiting distances as the algorithm attempts to
fit the model to the experimental data. The values adopted in the pres-
ent study are shown in Table 3.

Table 3. Distances of closest approach used during the RMC modelling
process.

Distance

Al
Si---Si 2.80
Si- Op 1.45
Si-Onp 1.45
Si---P 2.90
Si---Ca 3.10
Si---Na 2.90
Op---Op 2.10
Op---Onp 2.10
Oy---P 1.35
Ca-Op 2.10
Na-Oy 2.20
Onb+*Onb 2.10
P-Onp 1.35
Ca-Opp 2.10
Na-Opp 2.20
p..-p 2.70
P---Ca 2.90
P---Na 2.90
Ca---Ca 3.30
Ca---Na 3.00
Na---Na 3.50

Only when the initially random box of atoms satisfied the above con-
straints to a satisfactory level (> 98 %) was the data added as the final
additional constraint. After the ratio of successful to failed moves of
the atoms within the box falls to its equilibrium value, about which it
will fluctuate, the model was deemed to have reached a dynamic equi-
librium. At this point, assuming an overall examination of the structure
is satisfactory (e.g., that the SiO,® units assume a roughly tetrahedral
shape) it becomes possible to interrogate the model in order to gener-
ate information on possible partial pairwise correlations, Tj(r) - i.e.,
those correlations consistent with the experimental data.
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