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From window panes to bone regeneration:
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Silicate glasses are not only used for everyday items such as windows or drinking glasses. By altering
their composition, one can adjust their properties to allow them to become degradable and help to
regenerate bone. Here, we investigate how compositional changes from conventional soda lime silicate
glasses to low-silica content compositions affect their structure and properties. Results show that
silicate network polymerisation, known as network connectivity, controls many properties, including
viscosity, which is relevant for processing, and reactivity in aqueous environments. Correlating our data
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represented by their modifier content and non-bridging oxygen concentration, allow us to turn bioinert
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Introduction

We all use glass in our daily lives, and soda lime silicate glasses
are the best-known glass system, as its high silica content
compositions are commonly used for everyday articles such
as window panes or drinking vessels. But even staying within
this well-known ternary system, properties can change drama-
tically if we change the composition, leading to very different
fields of application. The chemically stable glasses used in
architecture and household ware are at one end of the compo-
sitional range, while towards lower silica contents, the glasses
become less chemically durable and can be partially or fully
dissolved in aqueous solutions.

Because of its common use, the high silica content composi-
tional range has been the focus of most publications characteris-
ing their structure and properties through various characterisation
techniques (see publication by Neuville' and references therein).
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soda lime silicate glasses into bioactive materials to enhance bone formation.

Owing to the increasing crystallisation tendency for composi-
tions of lower silica content (below 60 mol% SiO,), they have
been investigated much less often. Low silica content glasses,
however, have attracted great interest as biomaterials for several
decades now; and while the most well-known bioactive glasses
contain small amounts of phosphate,>™* even simple soda lime
silicate glasses do promote in vivo bone formation if the silica
content is low.”

Even though this has been known for a number of years, and
bioactive glasses have been the focus of structural analyses for
nearly as long,® a systematic investigation of how a decrease in
silica content affects atomic arrangement and, thus, causes the
change in properties from bio-inert to bio-active, is still lacking.
For this reason, we investigated glasses in the system CaO-
Na,0-Si0, with silicate contents between 70 and 50 mol%,
combining structural analyses by solid-state nuclear magnetic
resonance spectroscopy with viscosity measurements, chemical
durability studies and molecular dynamics simulations. In
addition, we correlate our findings with those from in vitro
and in vivo bioactivity studies in the literature.

Results and discussion
Glass structure

Analysed glass compositions were close to the nominal ones
(Table 1). XRD results showed no sharp reflexes, thus confirm-
ing the absence of any crystalline phases in the materials
(results not shown).

This journal is © The Royal Society of Chemistry 2025
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Table 1 Nominal and analysed glass compositions in molar percentages and network connectivity (NC) based on nominal (nom.) and analysed (an.)
composition as well as on MAS NMR analyses and molecular dynamics simulations (MD); n.d. — not determined

Sio, CaO Na,O NC
Glass nom. an. nom. an. nom. an. nom. an. NMR MD
Si70 70 69.4 + 1.5 15 15.8 £ 1.4 15 14.8 £ 0.2 3.14 3.12 3.24 3.15
Si65 65 65.8 + 1.8 17.5 17.0 £ 1.7 17.5 17.2 £ 0.4 2.92 2.96 n.d. 2.93
Si60 60 60.4 + 0.6 20 19.9 £ 0.3 20 19.7 £ 0.3 2.67 2.69 2.68 2.67
Si55 55 55.8 £ 0.7 22.5 22.4 + 0.9 22.5 21.8 +£ 0.3 2.36 2.42 n.d. 2.38
Si50 50 51.1 £+ 0.6 25 25.0 + 0.4 25 23.9 + 0.6 2.00 2.09 2.19 2.02

MAS NMR spectra of glasses Si50, Si60 and Si70, shown in
Fig. 1, exhibit a broad peak between —60 and —105 ppm, with
the maximum position moving to less negative values with
decreasing silicate content. This change indicates that the
glasses are becoming more depolymerised as expected from
compositional changes.” In silicate glasses, the main building
units of the network are SiO, tetrahedra of silicon atoms
surrounded by four oxygens. These tetrahedra are typically
referred to as Q" groups, with n being the number of bridging
oxygen atoms (BO; =Si-O-Si=) connected to the central
silicon atom. The deconvolution of the >°Si MAS NMR spectra
into Gaussian signals for the different Q" species provided
information on the relative amounts of these groups and how
they change with SiO, content (Fig. 1). Results agree with the
expected depolymerisation of the silicate network with decreas-
ing silica content, as increasing network modifier contents
(here sodium and calcium oxide) turn BO into two non-
bridging oxygen atoms each (NBO; =Si-O~ M", where M" is
a modifier cation).

The positions of the peak maxima, the half width at half
maximum (hwhm) and intensity of different Q" distributions
(I%) are presented in Table 2. The structure of glass Si70, close
in composition to window or container glass, is dominated by
Q® species, with Q* being present to a lesser extent and small

Si50

Intensity (a.u.)

Si60

T T T T T T
50 60 70 -80 -9  -100 -110 -120
295i chemical shift (ppm)

Fig. 1 2°Si MAS NMR spectra and their deconvolution for glasses Si50,
Si60 and Si70.
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Table 2 Observed *°Si MAS NMR peak position (3 in ppm), linewidth (half
width at half maximum in ppm) and relative amounts of Q" groups (/ in %)
based on MAS NMR results and on the nominal composition (Iy,; assuming
a binary distribution) for glasses Si50, Si60 and Si70 (n.d.: not determined;
—: not detected)

Si70 Si65  Si60 Si55  Si50
Q° 6 (hwhm) — nd. — nd. —
Invr — nd. — nd. —
I 0 0 0 0 0
Ivp 0.0 02 05 1.9 4.2
Q' 6 (hwhm) — nd. — nd. -67.1(2.3)
Inmr — nd. — nd. 4.5
I 0 0 0 0 0
Ivp 2.5 45 7.5 15.8 24.8
Q> 6 (hwhm) -78.2(4.0) nd. -75.3(49) nd. —74.3(4.9)
Inmr 6.3 nd. 347 nd. 71.8
Iin 0 7.7 333 63.6 100
Ivp 16.2 240 31.6 352 40.9
Q* 6 (hwhm) -87.1(5.6) n.d. -83.9(57) n.d. —83.3(5.5)
hovr 63.7 nd. 623 nd. 237
In 85.7 92.3  66.7 364 0
Ivp 45.4 44.6 451 371 25.1
Q* 6 (hwhm) -97.7(6.1) n.d. -93.9(3.6) nd. —
Inmr 30 nd. 3 nd. —
L 14.3 0 0 0 0
Ivp 35.9 26.6 15.3 10.0 4.9

amounts of Q> being found as well, which corresponds to a
typical 3D silicate network. With decreasing silica content,
the relative amounts of Q" groups with smaller values for n
increase, with glass Si50, close to bioactive glass compositions,
mostly showing Q” species, with lesser amounts of Q* and small
amounts of Q". The structure of Si50 therefore is a weekly cross-
linked silicate network, containing significant parts consisting
of Q? chains.

As the amount of NBO formed, i.e. the depolymerisation of
the silicate network, depends on the relative amount of modi-
fier oxides compared to silica,’ one can estimate the relative
amounts of Q" groups from the nominal or analysed composi-
tion of simple glasses.” The results of these calculations (both
for nominal and analysed compositions) show good agreement
with results obtained from MAS NMR experiments (Fig. 2a).
Results from MD simulations, while giving the same trend,
show a broader distribution of Q" groups, including isolated
orthosilicate (Q%) groups for all glasses except Si70, which has
been commonly observed with MD simulations."®
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Fig. 2 (a) Changes in the relative amounts of Q" groups with SiO, content.
(b) Network connectivity as a function of SiO, content. Solid lines correspond
to values calculated from nominal compositions, closed circles: calculated
from the analysed composition, open circles: results of deconvolution of 2Si
MAS NMR spectra and triangles: results from MD simulations.

Instead of describing glass structure by the relative amounts
of each type of Q" group, it is easier to use a single parameter
describing the degree of silicate network polymerisation. Net-
work connectivity (NC; Table 1) is one such parameter.'’ It
describes the average number of BO per SiO, tetrahedron (the
maximum value of 4 corresponding to the fully polymerised
network of fused silica), thereby providing an average value of n
of all Q" groups present in the glass. In simple soda lime
silicate glasses NC is calculated as:

=

(a)

Fig. 3 Residual network structure of glasses (a) Si70,
Ca®* cations) were removed.
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(b) Si60 and (c) Si50 obtained from MD simulations after the largest network pieces (and Na* and
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NC = (4¢sio, — 2(cna,0 *+ Cca0))/Csio, (1)
with ¢; representing the molar concentration of each glass
component.

A decrease in NC corresponds to a depolymerisation of the
silicate network, with an NC of 2 describing a chain structure,
held together by chain entanglements and ionic bridges
between chains rather than by covalent cross-links. This
decrease in network connectivity with decreasing silica content
is shown in Fig. 2b for nominal and experimental values of the
glasses studied here as well as values from MD simulations, all
showing a consistent trend.

Soda lime silicate glasses from our MD simulations show
network structures similar to our experimental ones, with net-
work connectivity being consistent with *Si MAS NMR results
and theoretical predictions (Table 1). To better visualise the
simulated glass network structures, residual network structures
are shown in Fig. 3, where the largest covalently connected
silicate network units have been removed (modifier cations
such as Na* and Ca** were also removed for clarity). For Si70,
which has an average NC of 3.15, most of the SiO, units were in
the largest piece of the network structures (Fig. 3a), confirming
a highly polymerised silicate network as shown by *°Si MAS
NMR results and theoretical predictions. The small amount of
small silicate moieties remaining is likely to originate from the
broader distribution of Q" groups in MD simulation results.
Glass Si60, which has an average NC of 2.67, only shows some
branched chains left after removal of the largest network units
(Fig. 3b). By contrast, it can be seen that the Si50 glass network
structure is highly depolymerised, and the removal of the
largest network unit left behind branched moieties as well as
chains and islands (Fig. 3c), suggesting a highly disrupted glass
network consistent with a network connectivity of 2.02.

Another way of characterising the glass network structure is
the ring size distribution, shown in Fig. 4a for all glasses. Ring
size distributions have a first peak centred at 6-membered
rings; peak intensity increases with silica content. Average ring
size of the present glasses is relatively constant for glasses Si70,
Si65 and Si60; however, for lower silica contents (glasses Si55
and Si50) it decreases rapidly. This is in contrast to NC, which

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Results from MD simulations on soda lime silicate glasses: (a) primitive ring size distributions, (b) average ring size and network connectivity vs.
SiO, content, (c) calculated neutron broadened total correlation function T{r) and major partial contributions for Si60 and (d) partial T(r) and
corresponding coordination numbers (CN) for Si60.

changes more continuously with silica content as shown by >?Si
MAS NMR experiments (Fig. 2b) and MD simulation (Fig. 4b).

MD simulations can also give information on the short-range
order. In Fig. 4c and d, neutron broadened total correlation

function 7(r) and major partial contributions as well as partial
T(r) and corresponding coordination numbers are presented.
Silicon is perfectly four-fold coordinated in all glasses, agreeing
with it being present as SiO, tetrahedra exclusively. Si-O peak
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Fig. 5 Viscosity of the glasses as a function of temperature fitted with (a) the Vogel-Fulcher—Tammann and (b) the Adam—-Gibbs method. Symbols show
experimental data points and dashed lines show fitting. (c) Viscosity of the glasses as a function of network connectivity, plotted for various temperatures.
Symbols show values fitted by Adam-Gibbs, and lines are visual guides only. (d) Bo/S<"(T,) (Table S2, ESI+) plotted as a function of network connectivity.
Dashed line is a visual guide only.
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distance is 1.61 A. Ca-O coordination number is 5.8 (peak
distance 2.38 A), while Na-O coordination number is 5.3 with
an Na-O peak distance of 2.40 A, in good agreement with results
from neutron diffraction.'> The change with composition is
fairly small, indicating that while changing the ratio of network
former (SiO,) to network modifiers affects glass structure
on a longer range (silicate network connectivity and ring
size distributions), its influence on the short-range order is
negligible here.

Viscosity, diffusion and thermal properties

Fig. 5a shows the low-temperature viscosity data (around T,)
plotted as a function of temperature. Data were fitted with the
Vogel-Fulcher-Tammann (VFT) equation (eqn 2):"

10g;7:A+T_Tl (2)

The three adjustable parameters, A4, B and T3, are listed in
Table S1 (ESIT); data and fitted curves are plotted together in
Fig. 5a. It is noticeable that the difference in viscosity between
glass Si65 and Si70 is smaller than between the other composi-
tions. The fitting curves for all compositions are nearly parallel,
suggesting comparable rates in viscosity change.

Combined data of low-temperature and high-temperature
viscosity measurements were fitted with the Adam-Gibbs equa-

tion (eqn 3):""?

B.

1 = AC Y i —
ogn e (7 ®3)

Here, A. is a pre-exponential factor and B, is a parameter
showing Gibbs-free energy barriers hindering configurational
rearrangement ability in the liquid." Data obtained from fitting
with the Adam-Gibbs equation are presented in Table S2 (ESIt);
curves are shown in Fig. 5b. Eqn 4 shows that viscosity data can
be linked to the configurational entropy of the melt at tem-
perature T, 5™ (T):

T (~conf
CP

Sconf(T) _ Sconf(Tg) + J dT (4)

Ty

The configurational entropy of the glass remains constant
up to the glass transition temperature, S°"(T,). Changes in
configurational entropy in the melt are associated with config-
urational heat capacity, C5>"."*>'* For silicates, C5”™ has been
described as the difference in heat capacity between the liquid
and the glass at transition temperature.'”

Besides the decrease in viscosity with increasing tempera-
ture, the glasses also show a decrease in viscosity with decreas-
ing silica content (Fig. 5c). This originates from the reduction
in network connectivity, i.e. the presence of smaller silica
moieties, with lower silica content (illustrated by MD shown
in Fig. 3), facilitating movement at a given temperature. Visc-
osity is closely connected to glass processing at elevated tem-
peratures. With decreasing network connectivity, a given
viscosity (as well as T,, which corresponds to a viscosity of
10" Pa s, Fig. 7a and b) is reached at lower temperatures,

3452 | J Mater. Chem. B, 2025, 13, 3448-3459
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facilitating glass processing. This advantage is counterba-
lanced, however, by the increase in crystallisation tendency
resulting in the typical poor processing shown by bioactive
glasses of low silica content and network connectivity.'¢™®

Toplis plotted B./S°*™(T,) over SiO, content for a series of
sodium silicate glasses with varying silica content,'® showing
that the ratio remained relatively constant up to 67 mol% SiO,
before increasing steeply. He explained this by differences in
viscous flow mechanisms: for SiO, contents below 67 mol%,
one can, on average, expect at least one NBO per silicon,
resulting in a constant energy barrier for viscous flow in this
range. At larger SiO, contents, by contrast, the energy barrier
can be expected to be higher owing to less NBO being present.
In our present study, we also find an increase in Be/S“’“f(Tg)
with silica content (plotted over network connectivity in
Fig. 5d), despite remaining in the compositional region where
Toplis found constant values.

The fragility of a glass melt describes how quickly upon
cooling its viscosity (plotted as log 1) approaches the viscosity of
10'* Pa s, corresponding to T,. It therefore refers to the slope of
the curve logn vs. Ty/T near T,. Strong liquids show a linear
increase in viscosity with increasing T,/T (Fig. 6a), while for
fragile liquids the curve shows a deviation from the linear line,
resulting in a more rapid increase in viscosity nearing 7,.*’
With decreasing silica content, i.e. with decreasing network
connectivity, the fragility of the glasses in the present study
increases (Fig. 6a), as expected.

Oishi et al.®" experimentally determined the self-diffusion
coefficients of oxygen for a soda lime silicate glass of the
composition 71.75i0,-12.8Ca0-15.5Na,0 (in mol%; given by
the authors in weight percentages as 72S5i0,-12Ca0O-16Na,0)
from the melt to the solid glass. The authors compared their
results with the self-diffusion coefficients of calcium and
sodium in the same composition from the literature as well
as with the diffusion coefficient calculated from viscosity data
using Eyring’s relationship.>** The authors show that for the
soda lime silicate glass (as well as for a soda silicate glass, not
shown here) diffusion coefficients calculated from the viscosity
show good agreement with self-diffusion coefficients of oxygen,
at least in the liquid range (Fig. 6b). This agrees with activation
energies for oxygen self-diffusion in the liquid state being close
to the activation energies for viscosity for both of these glasses,
which the authors interpret as viscous flow being rate-
controlled by the diffusion of oxygen ions in these two silicate
glasses.”* The authors point out that these are not necessarily
free oxygen ions but rather the exchange of oxygen ions
between neighbouring silicate units, meaning that their diffu-
sion does not necessarily involve electrical charge transport.

The diffusivity derived from the viscosity data (Fig. 6b) using
Eyring’s relationship has been calculated for the present
glasses (Fig. 6b). Both viscosity and diffusivity pronouncedly
change with temperature but in opposite directions. Variation
with network connectivity also is in opposite directions, as the
diffusivity increases with decreasing network connectivity, i.e.
increasing modifier content. Increasing diffusivity (albeit dif-
ferences being small, Fig. 6b) with increasing modifier content,

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Viscosity plotted over T,/T to display the fragility of the melts.

The dashed line represents a strong liquid. (b) Diffusivity calculated from
the viscosity data of the glasses in this study together with that of glasses of
the nominal molar composition 50SiO,-50Ca0O (NC50.00), 60SiO,-
40Ca0 (NC60.00) and 60Si0O,-40Na,O (NC60.40).' Results are com-
pared with literature values for a soda lime silicate glass of a related
composition  (71.7Si0,-12.8Ca0-15.5Na,O, mol%), including self-
diffusion coefficients of ions in obtained by isotope tracer technique for
oxygen (Do; red crosses) by Oishi et al.,?! sodium (Dy,+; blue crosses) and
calcium (Dcg2+; grey crosses) by Johnson et al. (cited and plotted by Oishi
et al?) and diffusivity calculated from the viscosity data (D, black crosses)
by Oishi et al.?*

as observed for the present glasses with constant calcium to
sodium ion ratio, can be explained by a decrease in the
activation energy for diffusion.” For comparison, we are also
showing diffusivity results from three glasses of nominal com-
position 50Si0,-50Ca0 (NC50.00), 60SiO,-40Ca0 (NC60.00)
and 60Si0,-40Na,0 (NC60.40)." Glasses NC50.00 and
NC60.00 show very similar values, with differences probably
being within the error limits. Comparison of glasses NC60.00
(Ca** as modifier only), Si60 (both Ca** and Na" as modifiers)
and NC60.40 (Na" as modifier only), by contrast, clearly shows
the influence of the type of modifier cation (or, rather, modifier
cation field strength) on diffusivity, with the sodium silicate
glass having the highest diffusivity, the corresponding calcium
silicate glass the lowest and the mixed soda lime composition
lying in between.

The results by Oishi et al. also show that in the soda lime
silicate glass oxygen diffusivity is lower than diffusivity of
calcium and sodium ions (Fig. 6b).>" They showed this to be
opposite to a calcium aluminosilicate slag (40Si0,-20A1,05-
40Ca0, in wt%), where oxygen diffusivity was higher than

This journal is © The Royal Society of Chemistry 2025
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diffusivity of calcium or aluminium. The experimental diffu-
sivity values of the present study, obtained from viscosity data,
also are much lower than diffusivity of calcium or sodium ions
for compositions related to the present ones published in the
literature, including obsidian, diopside, orthoclase and albite
glasses (Fig. 6b and Fig. S1, ESI{).>"**** This, we interpret as
diffusivity in soda lime silicate glasses being rate controlled by
the oxygen ions in the silicate network, as described above.

Similar to viscosity, glass transition temperature and dilato-
metric softening point vary with network connectivity (Fig. 7a).
For comparison, Fig. 7b shows the glass transition temperature
obtained from viscosity experiments, ie. the temperature
corresponding to a viscosity of 10" Pa s, which also shows an
increase with increasing network connectivity. The thermal
expansion coefficient, by contrast, shows a pronounced
decrease with increasing network connectivity, owing to lower
numbers of modifier ions in the glass vibrating in their oxygen
polyhedra.

Correlation with degradation and bioactivity data

The dissolution behaviour of the glasses has been investigated
under very dilute and constant conditions (37 °C, pH 7.45) to
prevent solution feedback or precipitation of secondary phases.
The glass dissolution rate was obtained from the step height
resulting from dissolution of a flat surface and comparing it to
a protected, pristine one (Fig. 8a). This method follows a
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version of the low dissolution samples.

recently published ASTM standard (standard test method for
measurement of glass dissolution rate using stirred dilute
reactor conditions on monolithic samples, ASTM C1926-23).
Again, network connectivity had a pronounced effect: Results
show a drastic decrease in dissolution rate from glass Si50
(NC 2.0) to Si55 (NC 2.36), while the remaining glasses show
more similar dissolution rates (Fig. 8b). This shows that the
more depolymerised glasses, ie. glasses with lower network
connectivity, dissolved faster, as explained in the following.
During the corrosion process, a highly connected three-
dimensional network provides more resistance to glass corrosion.
This trend with network connectivity is related to several factors,
including the interaction of water molecules with glass surface
features and water diffusion into the glass. Tilocca’s molecular
dynamics simulations have shown that the depolymerisation of
the silicate network by modifiers plays an important role in the
interaction between water molecules and glass surfaces.””® Modi-
fiers not only act as hydrophilic sites; as Lewis acids they also aid in
the dissociation of water molecules. The latter causes fast ion
release as well as formation of Si-OH groups. The diffusivity of
water molecules at high temperatures also increases with increasing
modifier content, as previously shown for sodium silicate glasses,”
which, together with the molecular dynamics simulations, suggests
easier water diffusion in the glass with increasing modifier content.
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In borosilicate, aluminosilicate and boroaluminosilicate
glasses with an overall network connectivity of 3 and above,
corrosion rate was shown to increase proportionally with the
average ring size.”® This was explained by water molecules
diffusing into the glass structures needing to pass through
these rings. The larger the average ring size, the easier water
molecule diffusion and penetration into the bulk glass, hence
the higher the dissolution rate. This model worked well for
more connected network structures, e.g. nuclear waste glasses
designed for high chemical durability. The present glasses
show the opposite trend, however, with average ring size being
largest for glasses with the highest network connectivity
(Fig. 4b), i.e. for glasses with the lowest solubility (Fig. 8). This
suggests that for glasses of low network connectivity, ring size is
less important owing to the highly depolymerised silicate net-
work containing chain-like areas in its structure.

Published molecular dynamics simulations have revealed
that the depolymerisation of the silicate network in composi-
tions of large modifier contents (Fig. 3), resulting in the
presence of small network moieties including chain-like units
or rings,*® also plays a critical role in glass dissolution, owing to
a lower energetic cost of their release into solution.*’ As a
result, the initial dissolution rate of the well-known Bioglass
45S5* is several orders of magnitude larger than that of other
silicate glasses (including soda lime similar to Si70 and Roman
glass) included in a recent review paper.*'

During immersion in simulated body fluid (SBF), pH
increased with time (Fig. 9a) as a result of the reaction of water
molecules with the glass network and the formation of silanol
groups as described above. This pH increase, again, is more
pronounced with decreasing network connectivity (Fig. 9b).
Silicon concentrations in solution increased with time but also
with decreasing silica content and network connectivity, with
glass Si50 showing the largest concentrations (Fig. 9¢). While
the concentrations of soluble silica species in solution depends
on various factors including solution pH,** changes in silica
solubility are small in the pH range studied here, i.e. between
pH 7.45 and 7.8, and this trend therefore seems to confirm the
increased dissolution rate observed in diluted conditions pre-
sented above (Fig. 8b).

The effect on solution pH may help us to further understand
the high solubility of glass Si50 under very dilute conditions
presented above. Although the set-up of the stirred reactor
coupon analysis maintains the solution pH constant (as con-
firmed by measurements), pH changes within the hydrated
silicate network may still have played a role here. As shown by
computer simulations,*® modifiers provide pathways for water
penetration into the network. In addition, non-bridging oxygen
anions act as proton acceptors (forming silanol groups),
thereby facilitating dissociation of water molecules. The latter
will increase the pH locally (and potentially also generally,
depending on the conditions), owing to formation of hydroxyl
anions.* It is known that high pH values enable dissolution of
the silicate network by nucleophilic attack through hydroxyl
anions.** As these above occur more often in glasses with larger
modifier contents, i.e. lower network connectivity,35 a more

This journal is © The Royal Society of Chemistry 2025
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connectivity during immersion of glass powders in SBF. Lines are visual guides only.

pronounced pH increase locally*® within the hydrated parts of
the silicate network is more likely to occur for Si50 than the
remaining glasses. The resulting localised high pH may pro-
mote dissolution of the silicate network and, thus, may be the
reason for the large difference between glass Si50 and the
remaining compositions, and it may be described as an auto-
catalytic effect promoting glass dissolution.

Calcium concentrations in solution increased rapidly at
early time points of immersion (Fig. 9d). Absolute concentra-
tions are also highest for glass Si50; however, as this glass has
the highest modifier content, the result is not that meaningful
(owing to the inherent calcium concentrations of SBF, normal-
isation to the amounts present in the glass is difficult). Phos-
phate concentrations in SBF show an opposite trend: while
concentrations for glasses with high silica contents remained

This journal is © The Royal Society of Chemistry 2025

relatively constant, concentrations decreased with time for
glasses with lower silica contents (Fig. 9e). As a result, concen-
trations at later time points (shown from 7 days in Fig. 9f)
increased with increasing network connectivity. As the glasses
studied here are phosphate free, all phosphate in solution
originates from the SBF. Fig. 9e shows that the phosphate
concentration for glass Si70 (NC 3.14) during immersion
remains the same as before immersion, within the error limits.
The observed decrease in phosphate content with decreasing NC
is therefore related to precipitation of phosphates from solution.
SBF is used to test for apatite surface mineralisation in vitro, and
its composition not only mimics the concentrations of inorganic
components in blood plasma, it is also close to saturation with
regard to apatite.’” The apatite forming capacity of soda lime
silicate glasses in SBF has been demonstrated by Fujibayashi
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et al.,” who investigated the same compositions as studied here:
glasses Si50 to Si65 all formed apatite surface layers during
immersion in SBF (Fig. 10), with the time point of first apatite
detection varying from 12 hours (Si50, NC 2.0) to 21 days (Si65,
NC 2.92). Glass Si70 did not form an apatite surface layer within
the time period studied (28 days).

Fujibayashi also performed in vivo experiments on the soda
lime silicate glasses presented here, by implanting granules of the
glasses into holes drilled into the femurs of rabbits.” Subsequently,
they quantitatively analysed the amount of new bone ingrowth
from the outer edge of the defect towards the centre. Their results
at six weeks are plotted in Fig. 10, showing a linear decrease with
increasing network connectivity of the glass, representing a change
from bioactive at low NC to bio-inactive at high NC. The authors
interpreted their results as bone ingrowth among glass particles
increasing in proportion to their in vitro apatite-forming capacity,
concluding that evaluating apatite formation in SBF is a good
screening test for the in vivo bioactivity of materials. However, the
relationship shown by Fujibayashi et al. between in vitro apatite
precipitation and in vivo bone formation probably may not hold
true for all types of glasses, which becomes obvious if one
considers glasses containing toxic elements such as barium.

Based on our results on glass structure and other properties, we
explain the trends observed both in vitro (besides apatite precipita-
tion also dissolution, ion release and pH changes) and in vivo
(formation of new bone) to originate from the differences in silicate
network polymerisation as represented by their network connectiv-
ity values and ring size distributions. Increasing concentrations of
NBO and modifier ions make the glasses more susceptible to water
attack,>**> which can be a disadvantage for more conventional
applications of soda lime silicate glasses but also proves to be a
great benefit in the area of biomaterials for bone regeneration.

Experimental
Glass synthesis

Glasses in the system CaO-Na,O-SiO, (Table 1) were prepared
by a melt-quench method; reagents Na,CO;, CaCO; and SiO,
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were used as starting materials. Powder of the starting materi-
als was pre-dried at 350 °C for Na,COj3, 500 °C for CaCO; and
1000 °C for SiO, overnight. Stoichiometric amounts of powders
were thoroughly mixed to make 100 g batch of glass. Glasses
were melted in covered platinum crucibles in an electric
furnace. Batches were held at 850 °C for 30 min for decarbona-
tion, then the temperature was increased to 1500 °C and held
for 3 hours. Afterwards, samples were quenched in a 4 mm
height copper mould and transferred to a pre-heated annealing
furnace set to 550 °C and cooled to room temperature in the
switched-off oven overnight.

XRD and compositional characterisation

Glasses were milled into powder and the absence of crystalline
phases was tested by powder X-ray diffraction (XRD; Rigaku
MiniFlex 300; Cu Ko; 10 to 70°26, 1° min~'; measurements
performed at room temperature). Glass composition was ana-
lysed by electron probe micro-analyzer (EPMA) on bulk samples.

Thermal analysis

Dilatometry was performed on cylindric specimens (4 mm in
diameter and 20 mm in length) at a heating rate of 5 K min~" to
obtain glass transition temperature (T,), dilatometric softening
point (T) and thermal expansion coefficient (o; between 100
and 400 °C).

Solid state nuclear magnetic resonance spectroscopy

*°Si magic angle spinning nuclear magnetic resonance (MAS
NMR) spectra were acquired at 12.5 kHz using a Bruker Avance III
400 MHz NMR spectrometer with an operating field strength of
9.4 T at room temperature. The powder samples in a particle
range 38 to 125 um were filled into a ZrO, rotor with 4 mm
diameter and spun at a spin frequency of 12.5 kHz. The spectra
are made up of an accumulation of 2048 scans with a pulse angle
of 90° and a recycle delay of 30 s between pulses. Line broadening
(LB) equal to 200 Hz was applied for the processing parameter.
NMR data were collected and deconvoluted using the software
Fityk. Spectra were deconvoluted into Gaussian functions using as
few Gaussian curves as necessary and trying to keep peak position
and linewidth constant for the same Q" species.

Viscosity measurements

High viscosity measurements in the range of 10% to 10" Pa s
were performed using a creep apparatus according to Neuville
et al. ™™ on rectangular glass samples (9 mm in height and
around 3 mm in width and length). The temperature on top and
bottom of the sample was recorded by two Pt-Pt/Rh10% thermo-
couples separately. A silver cylinder was fixed outside the
measurement zone to ensure the temperature difference along
the sample remained within 0.3 K throughout. The height
change of the samples was measured during compression by
means of two linear variable differential transformers located
above and below the sample, and the deformation rate of sample
was calculated with the height change as a function of time.
Dynamic viscosity # (in Pa s) was subsequently calculated as
described previously."** The high viscosity measurement for one

This journal is © The Royal Society of Chemistry 2025
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temperature was repeated more than four times under different
applied stress. The calculated viscosity data of different stresses
were averaged in the end to ensure accurate results.

Low viscosity measurements were performed as described by
Neuville' in a vertical tube furnace. This set-up can measure the
viscosity of the glass in the temperature range from 1150 to
1950 K. A tailor-made cylindrical PtRh15% or PtIr10% crucible
with a height of 50 mm and an inner diameter of 27 mm was
fixed on an alumina tube leading from below to the interior of
the furnace. After the glass in the crucible has been heated to a
molten state, a rotating cylinder, which with 23° conical extre-
mities, a diameter of 14 mm and a height of 21 mm, was
submerged into the melt from the top of the crucible down-
wards. The viscosity was then calculated by the torque exerted
on the rotating cylinder under the force of the melt at different
angular velocities as described previously." At least five torques
with different angular speeds were investigated for each tem-
perature. The viscosity in the range of 10* to 10° Pa s could not
be tested with the equipment used here, owing to crystallisa-
tion of the glasses studied.">'*

Chemical durability experiments

Dissolution rate measurements in dilute conditions using
the stirred reactor coupon analysis (SRCA) method. Here, the
glass dissolution rate is calculated from the step height resulting
from dissolution of a flat surface (Fig. 8a). Part of the surface is
therefore coated with a waterproof glue to maintain it pristine
during the alteration experiment. The step height is determined at
the end of the experiment after removing the coating. The detailed
protocol is as follows: one face of glass discs (Si50, Si55: 4 mm in
height, 10 mm in diameter; Si60: 1 mm height, 15 mm in
diameter; Si65, Si70: 4 mm in height, 15 mm in diameter) was
polished (Automet 250, Buehler, US) using SiC abrasive papers
(Presi, Germany). The final polishing was performed using a 250
CC diamond suspension (ADS polycrystalline 9 pm, Presi) on a
polishing cloth and ethanol absolute (VWR, Germany). After-
wards, the discs were cleaned in sonication bath for 5 minutes
each in ethanol and acetone and left to dry at 50 °C for one hour.
The polished surface was then partially protected with a silicone
band (clear RTV silicone, Permatex). The silicone was allowed to
cure for at least 24 hours before immersion in solution.

Dissolution experiments were performed following the SRCA
alteration test®® in a large vessel containing 8.8 L of a 0.065 M
Tris-HCl  solution®®  (tris(hydroxymethyl)Jaminomethane,
>99.8%, Sigma-Aldrich, and 37% HCI and MilliQ water) at
37 °C and pH 7.45. The solution was mechanically stirred at
60 rpm. The solution was prepared a day before and the pH was
adjusted an hour before the beginning of the experiment.
Dimensions of the samples were measured prior to immersion.
Samples were immersed simultaneously in the same solution
for 2 minutes (Si50), 5 minutes (Si55), 2.8 days (Si60) and
6.7 days (Si65 and Si70). The large differences in time are
explained by the difference of dissolution rate and the working
range of the interferometer (between a few nm and 1 mm step
height). Solution pH was measured before and after the
measurement. After removing the samples, they were thoroughly
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rinsed with ethanol and left to dry. The silicone mask was
removed and the step height between exposed and protected
surface (Fig. 8a) was measured using an interferometer (Pro-
film3D Optical Profilers, Filmetrics; measurements taken using
a PSI laser at 20x magnification). This experiment was performed
in duplicate, with 10 measurements per sample; measurements
had a repeatability of 0.1 nm. Dissolution rate was calculated
according to eqn (5):

. . H
Dissolution rate = " (5)

where H is the average of the step height of the two replicate
samples and ¢ is the time. Uncertainty of the measurements was
calculated as

ADissqution rate — 0.0224 nm til- (6)

Dissolution experiments in simulated body fluid (SBF).
Glasses were ground and sieved to obtain the particle size
range between 125 and 250 um. Afterwards, particles were
rinsed twice with isopropanol to remove dust attached to the
particles. Samples were dried at 60 °C overnight.

SBF was prepared following the recipe for SBF 10 as pub-
lished by Helebrant et al®” using KCI (p.a., Laborchemie
Apolda, Germany), NaHCO; (>99.5%, Merck, Darmstadt, Ger-
many), NaN; (>99%), MgS0,-7H,0 (>99%), KH,PO, (>99%),
NaCl (=99.5%), tris(hydroxymethyl)Jaminomethane (tris,
>99.9%) (all Carl Roth, Karlsruhe, Germany), CaCl, solution
(prepared using 37% HCIl, p.a., Carl Roth, and CaH,, 92%,
Thermo Fisher, Germany) and deionised water. The pH was
adjusted to between 7.3 and 7.4 at 37 °C by adding 37% HCI. 45
+ 0.1 mg of glass particles was immersed into 30 mL of SBF, i.e.
a ratio of 1.5 mg mL™" as recommended in the literature.*’
Samples were incubated in a shaking incubator at 37 °C and
120 rpm (KS 4000i control, IKA, Germany). Duplicate samples
were prepared for each time point (4 hours up to 27 days).
At the end of each immersion period, pH was tested and
particles and solution separated by filtration through narrow-
pore filter paper (Filtrak™ 390, Munktell). Solutions were
acidified using 65% nitric acid and analysed by inductively
coupled plasma optical emission spectroscopy (ICP-OES;
5800 ICP-OES, Agilent, Germany). Calibration standards were
prepared by diluting single-element ICP standard solutions
(1000 mg L, Carl Roth); 5 standard solutions with different
concentrations were prepared for each element. Samples were
diluted by a factor 10 with deionised water to decrease ion
concentrations to the equipment sensitive level.

Molecular dynamics simulations

MD simulations of all the glass compositions were performed
to understand the atomic structures of these glasses using a set
of partial charge pairwise potential that is known as Teter
potential with modification by Du & Cormack*"*> and further
expanded by Deng & Du.*>** The potential has been shown to
reproduce well both the short and medium range structures of
silicate and phosphosilicate glasses. Based on the glass com-
position in Table 1, the glass structures were generated by using
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a simulated melt and quench process. Each glass is represented
by around 10000 atoms in a cubic simulation cell with dimen-
sion according to the experimental density. The initial randomly
generated configurations were first melted at 5000 K and then
cooled down to 3000 K under the NVT ensemble with a cooling
rate of 1 K ps™". Then it was equilibrated for 200 ps followed by
gradual cooling to 300 K under the NPT ensemble at a cooling
rate of 1 K ps™*. After equilibration at 300 K under NPT for 100
Pps, the structures were collected under NVT and NVE ensemble
at 300 K for further structural analysis. Long range Coulombic
energies were calculated using the PPPM method and velocity
verlet method was used for integration of equation of motion
with a time step of 1 fs throughout the simulations. Structural
analyses performed include total and partial pair distribution
functions, coordination number, Q" distribution, network con-
nectivity and ring size distributions.

Conclusions

It is well known that glass properties can be changed via the
glass composition, and that the properties of soda lime silicate
glasses change upon reducing the silicate content. Here, we
looked into this effect in more detail, showing that by lowering
the silicate content all the way to the region typical for
bioactive-type glasses, both physical and chemical properties
showed pronounced changes. Some properties, including visc-
osity or fragility, changed gradually, but dissolution under
dilute conditions showed a dramatic increase for the lowest
silica content glass. Correlating our data with published litera-
ture on animal experiments on the identical glass compositions
confirms that network connectivity is a useful parameter when
describing bioactive glasses’ in vivo bone forming capacity.

As in the present system the sodium to calcium ratio was
kept constant, property changes were controlled by silicate
network structure (network connectivity and ring size distribu-
tions), originating from increasing concentrations of non-
bridging oxygen atoms with decreasing silica content. Once
the modifiers change as well, their relative amounts, field
strength or coordination numbers also need to be taken into
account to correlate property changes with glass structure.

Taken together, reducing the silica content and, thus,
network connectivity allows for turning bio-inactive soda
lime silicate glasses into bioactive materials for bone
regeneration.
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