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ABSTRACT: Strontium is an element of fundamental importance
in biomedical science. Indeed, it has been demonstrated that Sr**
ions can promote bone growth and inhibit bone resorption. Thus,
the oral administration of Sr-containing medications has been used

Sr-malonate

clinically to prevent osteoporosis, and Sr-containing biomaterials e

have been developed for implant and tissue engineering activ
applications. The bioavailability of strontium metal cations in the glasses
body and their kinetics of release from materials will depend on i bt s ’ it St

their local environment. It is thus crucial to be able to characterize, 4000 2000 0  -2000 -4000 -6000 -8000

in detail, strontium environments in disordered phases such as (PPm)

bioactive glasses, to understand their structure and rationalize their

properties. In this paper, we demonstrate that ¥’Sr NMR spectroscopy can serve as a valuable tool of investigation. First, the
implementation of high-sensitivity *’Sr solid-state NMR experiments is presented using *’Sr-labeled strontium malonate (with
DFS (double field sweep), QCPMG (quadrupolar Carr—Purcell-Meiboom—Gill), and WURST (wideband, uniform rate, and
smooth truncation) excitation). Then, it is shown that GIPAW DFT (gauge including projector augmented wave density
functional theory) calculations can accurately compute *’Sr NMR parameters. Last and most importantly, ’Sr NMR is used for
the study of a (Ca,Sr)-silicate bioactive glass of limited Sr content (only ~9 wt %). The spectrum is interpreted using structural
models of the glass, which are generated through molecular dynamics (MD) simulations and relaxed by DFT, before performing
GIPAW calculations of ’Sr NMR parameters. Finally, changes in the ¥’Sr NMR spectrum after immersion of the glass in
simulated body fluid (SBF) are reported and discussed.

B INTRODUCTION

The aging of the population is one of the main causes for the

beneficial in bone remodeling. Strontium is a naturally
occurring trace element, and as a bone seeker (like calcium),

growing incidence of musculoskeletal problems and diseases,
which call for the development of treatments for osteoporosis
and of highly compatible and reliable bone substitutes. In this
context, strontium is an element which is finding increasing
interest, because it is now clearly established that strontium is
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~99% of strontium present in the body accumulates in bone."
The absorption of pharmacological doses of strontium has been

Received: April 12, 2012
Published: June 28, 2012

dx.doi.org/10.1021/ja303505g | J. Am. Chem. Soc. 2012, 134, 1261112628


pubs.acs.org/JACS

Journal of the American Chemical Society

associated with strengthening of bone, with the stimulation of
bone formation and the decrease in bone resorption, and
without affecting adversely bone mineralization.”* Large
randomized studies demonstrated that strontium supplements
such as strontium ranelate (Protelos, Servier Laboratories,
France) or strontium malonate (NB S101, Osteologix)
decrease the risk of vertebral and nonvertebral fractures in
women affected by postmenopausal osteoporosis, showing
promise for strontium as a therapeutic agent in the treatment of
osteoporosis.”>® Marked stimulatory effects of strontium ions
on bone cells have also been evidenced, with enhanced
osteoblast differentiation and alkaline phosphatase activity.” '
The incorporation of strontium into bioactive biomaterials
used for bone substitution, such as bioactive glasses, aims at the
release of the biologically active Sr** ions directly at the site of
implantation, while maintaining the inherent performance of
the bioactive glasses in terms of bone regeneration. During the
last five years, there has been a gradual increase in the number
of scientific publications and patents concerning Sr-containin§
bioactive glasses. Recently, Jallot et al.'' and Hill et al.'
patented different series of strontium-containing glass compo-
sitions for bone regeneration, and the glasses based on Hill’s
patent are currently commercialized as StronBone by
RepRegen Ltd. In calcium-silicate bioactive glasses, it is quite
easy to incorporate Sr by replacing Ca ions in the initial glassy
matrix, both being alkaline earth elements. However, it is not
clear how substituting Sr for Ca in the glassy matrix affects the
overall glass structure, the silicate network, and its polymer-
ization. In addition, several discrepancies have been observed in
the literature regarding the structure—property relationships of
such bioactive glasses. The precise role of Sr** in the glass
chemistry is thus not well understood and still debated, despite
the fact that it is of major concern, affecting the thermal
behavior, glass dissolution, release of ionic products, and
bioactivity of the material. For example, the apatite-forming
ability of sol—gel-derived glasses from the Si0,—CaO—SrO and
Si0,—CaO—SrO—P,0; phase diagrams was first studied by
Lao et al,"*'* who clearly provided evidence of reduced
dissolution in the presence of Sr, and of the growth of the
newly formed phosphocalcic surface layer. O’Donnell and
Hill" hypothesized that this was due to the Sr**/Ca®" ratio in
the glass composition that varied on a weight basis, which
would necessarily result in an increase in the silica content (on
molar basis), thus leading to an increase in the network
connectivity of the glass and to a subsequent slower dissolution
and decreased bioactivity. This simple explanation is however
refuted by the results obtained by Hesaraki et al.,” who varied
the Sr**/Ca’" ratio on a molar basis, with the Sr-glasses still
exhibiting a significant delay in the formation of the apatite
surface layer. The comparison from one author to another is all
the more difficult, as a wide range of glass compositions has
been studied so far (e.g, with or without Na,O, P,O;, CaF,,
etc.), and that, above all, two completely different synthesis
routes exist to produce bioactive glasses, namely the classic
quenching of melts">~'® and the sol—gel process.”">'* Hill et
al.”® admit that the glass network connectivity cannot be
calculated the same way, as it depends on the synthesis route:
in particular, their estimation of the network connectivity
cannot be applied to sol—gel-derived glasses. It is likely that the
role of Sr in the glassy matrix also significantly differs
depending on the synthesis route. Indeed, recently, Taherkani
et al."” studied SiO,—CaO—SrO—P,0q sol—gel glasses where
the SrO content varied between 0 and 36 mol %: they showed

the presence of unexpected rodlike crystal fibers at the surface
of glasses with a high Sr content, before their stabilization at
700 °C. On the contrary, several studies on melt-quenched Sr-
containing glasses showed that increasing the Sr/Ca ratio in the
glasses did not affect their structure significantly,'”**~>*
although their apatite-forming ability is considerably decreased.
It is not obvious then that Sr** assumes the same role as Ca®* in
sol—gel-derived glasses. This perspective would be of huge
interest because it could be used as an additional means for
designing glasses with tailored dissolution and ion release
kinetics. An attempt to understand the structural role of Sr in
bioactive glasses was recently performed by Du et al. through
extensive molecular dynamics (MD) simulations of Sr-
substituted bioactive glasses,23 which showed that Sr and Ca
may have different coordination numbers within the glass
matrix. However, until now, there has been no precise
experimental evidence of Sr local environments, and although
a large multiscale suite of characterization techniques has
already been used, including FTIR, XRD, thermal analysis, 28i
and *'P MAS NMR, SEM-EDS, and ion beam analyses, the
question of the influence of Sr** on the structure and
dissolution kinetics of glasses remains largely uncertain. A
better understanding of the precise role of Sr in bioactive
glasses calls for the development of an advanced dedicated Sr-
sensitive technique to probe directly the local environment of
Sr** ions.

Several questions also remain concerning the incorporation
of strontium ions into the bioactive bonelike phosphocalcic
surface layer that is mineralized when glasses are put in contact
with a biological medium. Bone mineral is indeed dominated by
a poorly crystalline fraction of substituted hydroxyapatite and
other calcium phosphate compounds.”* As such, Sr** can be
incorporated into the newly formed bioactive apatitic layer
either by substitution inside the apatite crystal lattice of bone or
nonspecifically by ionic exchange with surface Ca®* ions.>>*°
The latter would provide relatively quick uptake into new bone
and possibly a quick release of the osteoinductive Sr** ions
toward the bone cells. Clearly, the influence of Sr on the
bioactivity of glasses concerns not only possible changes in the
glass structure and chemistry but is also related to the
bioavailability of the Sr*" ions during the mineralization
process. The fate of Sr in these bioactive glasses is not
addressable by classic diffraction techniques, because of the
poor crystallinity and limited domain size of the new phases
which form in the early stages after immersion of the glass in
physiological fluid. Characterization techniques sensitive to Sr
local environments are thus also needed to understand better
the structural changes in the material under physiological
conditions.

Very few spectroscopic techniques are available to character-
ize Sr local environments, because Sr** is a closed shell
diamagnetic cation. Indeed, although X-ray diffraction (XRD)
can provide information on the coordination environment of
strontium,”” this technique cannot be used for the study of a
large number of strontium compounds, because they do not
form crystals suitable for XRD or because they are available
only in disordered or amorphous forms, as is the case for Sr-
containing bioactive glasses. For such materials, other
experimentally challenging techniques are available, such as Sr
K-edge X-ray absorption spectroscopy and ¥Sr solid-state
NMR, both of which require specific facilities (ie., a
synchrotron beamline or a high field NMR magnet). Only a
few Sr K-edge X-ray absorption spectroscopy studies have been
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reported on manufactured or natural materials.”* > These have
shown that distances between Sr and its nearest neighbors can
be determined and that averaged information on the number of
neighbors in the different coordination spheres can be accessed.
However, to the best of our knowledge, such characterization
approaches have not yet been carried out on Sr-containing
bioactive glasses. On the other hand, a small number of 878y
solid-state NMR experiments have been published,>* >’
showing that ¥Sr quadrupolar NMR parameters (i.e., the
quadrupolar coupling constant Cq and the asymmetry
parameter 7]Q) are sensitive to Sr local environments, and
may thus provide information on the local structure around Sr
in complex materials. Nevertheless, the number of *Sr solid-
state NMR experiments reported so far has also remained very
limited, because strontium-87, the NMR active isotope, is a spin
9/2 low-gamma (ie., with a small magnetic moment) nucleus
of low natural abundance (7%) with a large quadrupole
moment.** The significant quadrupolar interaction usually
experienced produces very broad lineshapes, and most *’Sr
NMR experiments have thus been recorded in “static” mode to
be able to extract accurate ¥’Sr NMR parameters using pulse
sequences such as QCPMG (quadrupolar Carr—Purcell—
Meiboom—Gill)*' and signal enhancement schemes such as
DFS (double frequency sweep).*” Despite the promising first
developments of ¥Sr solid-state NMR, this technique has never
been applied to the characterization of Sr-containing bioactive
materials. As a matter of fact, ¥Sr solid-state NMR has
remained largely unexplored since 2006, meaning that more
recent NMR pulse sequences such as WURST (wideband
uniform rate smooth truncation), which have proven their
efficiency for the characterization of other quadrupolar nuclei
with large quadrupole moments,*>~* have not yet been tested
for strontium-87. Furthermore, the possibility of using first
principles DFT (density functional theory) calculations based
on the GIPAW (gauge including projector augmented wave)
method* to calculate NMR parameters, thereby assisting the
implementation of NMR experiments and in the interpretation
of the NMR data, has not yet been investigated for strontium-
87, despite the increasing use of this methodology in materials
science.”’

The purpose of this article is to try to shed light on the local
environment of Sr in sol—gel-prepared bioactive glasses before
and after immersion in physiological fluids, using *’Sr solid-
state. NMR in a combined experimental—computational
approach. To study the sole influence of Sr on the glass
characteristics, we felt it more appropriate here to study a
simple composition based on a SiO,—CaO—SrO phase. Indeed,
the risk of multiple interfering parameters becomes high when
studying more complex compositions (with for example P,O;
or Na,O). Moreover, this composition has already been proved
to be bioactive,”"> and the effect of Sr in reducing the glass
dissolution rate is even more pronounced than with glasses of
more complex composition.'* The glass composition chosen
here was 75.08i0,—15.0Ca0—10.0SrO (wt %) (glass referred
to as B75-Sr10 in this manuscript).>’ It should be noted that
the SrO content chosen for B75-Sr10 did not exceed 10 wt %
for the glass to be capable of releasing physiological
concentrations of Sr?* ions, inducing a beneficial osteoinductive
effect on bone cells.

Before characterization of the B75-Sr10 bioactive glass,
several new developments in ¥Sr solid-state NMR spectrosco-
py were performed, which will be presented in the first part of
this article. First, the DFS—WURST—QCPMG variable offset

cumulative spectroscopy (VOCS) ¥Sr NMR experiment was
implemented and optimized using an *Sr-enriched crystalline
Sr-malonate sample and then extended at natural abundance to
several other crystalline phases (Sr-phosphates, Sr-silicates, Sr-
phenylphosphonate, Sr-phenylboronate), to increase the
experimental data available. On the basis of all these new
experimental data, GIPAW was then demonstrated to be a
suitable approach for the accurate calculations of ¥Sr NMR
quadrupolar parameters, meaning that GIPAW calculations can
be used for assigning spectra in the case of multiple site
structures. On the basis of this new methodology, the *’Sr
NMR spectrum of the B75-Sr10 bioactive glass (synthesized as
an ¥’Sr-enriched phase) was recorded at 20 T. To help interpret
the complex lineshape, extensive computational modeling of
the glass was performed (combining molecular dynamics
(MD)), first principles DFT), followed by GIPAW calculations
on these models. Finally, the ’Sr NMR spectrum of B75-Sr10
bioactive glass after immersion in SBF (simulated body fluid)
was also recorded, showing that information on the evolution
of the local structure around Sr upon immersion of bioactive
glasses can be accessed.

B MATERIALS AND METHODS

Syntheses. High purity malonic, phenylboronic, and phenyl-
phosphonic acid reagents and SrCl,-6H,0 were purchased from Acros,
Alfa Aesar, and Aldrich, and used as received. Enriched *SrCO; (with
90% Strontium-87) was purchased from CortecNet. Commercial
tetraethylorthosilicate (TEOS, Si(OC,Hj),), calcium nitrate tetrahy-
drate (Ca(NO,),,4H,0), Sr(NO;),, Na,SiO;5H,0, and D,0 were
used as received. Reagent grade solvents were used in all reactions, as
well as purified water. SrS, SrBg, SrCO3, Sr(NO;),, and StHPO, were
purchased from Aldrich and analyzed by *’Sr NMR as received.

Sr-phenylboronate (Sr(C¢HB(OH);),-H,0)** and a-SrP,04°
were synthesized according to published procedures. The syntheses
of Sr-phenylphosphonate (Sr(C¢H;PO,(OH)),) and deuterated Sr-
phenylboronate (Sr(C¢H;B(OD);),-D,0) can be found in the
Supporting Information, while the syntheses of Sr-malonate, SrSiO;,
Sr;(PO,),, and the B75-Sr10 bioactive glass are given below. The
coordination environments of the Sr atoms in SrCO,, Sr(NO;),, Sr-
malonate, Sr-phenylboronate, Sr-phenylphosphonate, a-SrP,0Oy,
Sr3(PO,),, and SrSiO; are shown in Figure S1 (from hereon, “S”
refers to the data in Supporting Information). Representative powder
XRD patterns of some crystalline samples (both commercial and
synthetic) are presented in Figure S2 (Supporting Information).

87Sr-Labeled Sr-malonate (anhydrous), *Sr(CH,(COO),). First, 120
mg of enriched *SrCO; (0.81 mmol, 1 equiv) was placed in an
alumina crucible and heated to 1000 °C under a stream of Ar to form
*SrO. After 1 h of heating, the crucible was left to cool to room
temperature. Then, 85 mg of malonic acid (0.81 mmol, 1 equiv) was
dissolved in 2 mL of ultrapure water, and the *SrO solid was added
progressively under stirring, leading to the dissolution of the solid.
After a few minutes, a white solid precipitates in the medium. The
suspension was stirred for ~12 h at room temperature, after which it
was centrifuged. The supernatant was removed and the white solid
dried twice with diethylether and then further dried at 40 °C (100 mg,
yield: 65%). The synthesis was repeated twice to ensure that enough
product would be available for the ¥Sr NMR experiments. It is
noteworthy that attempts to prepare the hydrated form of Sr-malonate
following a procedure described in the literature>” were unsuccessful,
as they systematically led to the dehydrated salt. IR (for the
nonenriched sample prepared following the same synthetic procedure)
(KBr, cm™): 3009 (w), 2914 (w), 1587 (s), 1406 (m), 1356 (s), 1175
(w), 988 (w), 982 (w), 952 (w), 944 (w), 828 (w), 701 (m), 664 (m),
574 (m), 464 (w).

87Sr-Labeled *Sr,y(PO,)s(OH), (belovite), *SrHPO, and
*Sr3(PO,),. First, 117 mg (~0.8 mmol) of *SrCO; was heated to
1000 °C for 8 h, under a stream of Ar, leading to the formation of ~83
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mg of *SrO (~0.8 mmol). This white powder was then suspended in
1.5 mL of ultrapure H,0O, and the mixture was heated to 90 °C under
an Ar atmosphere. An aqueous solution of H;PO, was then added
drop by drop (0.45 mL of a 1 mol-L™" solution) under stirring. The
suspension was stirred for ~24 h at 90 °C (under Ar). At this stage,
0.05 mL of an aqueous solution of NH,OH (1 mol-L™" concentration)
was added to the suspension. The stirring was then continued for a
further ~16 h at 90 °C (under Ar). After return to room temperature,
the suspension was centrifuged, and the resulting white powder was
washed three times with ultrapure H,O, before being dried under
vacuum at 100 °C for 14 h. The XRD powder pattern of this sample
reveals that it is a mixture of *SrHPO, and *Sr;o(PO,)s(OH),
(belovite). After ¥Sr NMR experiments, this sample (~80 mg) was
thus further heat treated to 1050 °C for 3 h, under a stream of Ar. The
resulting white powder (~68 mg) was identified by XRD as pure
*Sr;(PO,), (see Figure S2).

S5rSi0s. A 0.5 M Sr(NO;), solution was added drop by drop into a
0.5 M Na,SiO; solution at room temperature for 12 h. The precipitate
was then washed sequentially in distilled water and anhydrous ethanol,
dried at 60 °C for 24 h, and finally calcined at 900 °C for 2 h. The final
calcination step was repeated after intermediate grinding. The XRD
powder pattern of the final product (Figure S2) confirms its purity, by
comparison with the reference pattern of SrSiO; (ICSD 59308).

B75-Sr10 Bioactive Glass.”’ Glasses in the $i0,—CaO—SrO phase
diagram were synthesized using the sol—gel process.'*** The targeted
glass composition of the glass named B75-Sr10 was 75.0Si0,—
15.0Ca0—10.0SrO (wt %) (or 77.45i0,—16.6Ca0—6.0SrO (mol %)).
It was prepared by mixing 13.94 mL of TEOS, 3.158 g of
Ca(NO;),-4H,0, and 1.021 g strontium nitrate Sr(NO;), in ethanol
in the presence of deionized water and 2 N HCI under ambient
pressure and temperature. The quantities of reactants were calculated
using a H,O:TEOS molar ratio of 12:1 and a H,0:HCI volume ratio
of 6:1. A 50 mL low viscosity sol was obtained and stirred for 1 h. The
prepared sol was then transferred to airtight PTFE molds in an oven at
60 °C for gel formation and aging. After 24 h, the obtained gels were
heated at 125 °C for another 24 h, ground to powder, and then
stabilized at 700 °C to eliminate nitrate and further densification.
Chemical analyses by ICP-AES (found): 74.9S5i0,—16.0Ca0—9.15rO
(wt %) (or 76.9510,—17.6Ca0—5.5SrO (mol %)).

8Sr-Labeled Bioactive Glass. B75-*Sr10. ¥ Sr-enriched glasses in
the SiO,—CaO—SrO phase diagram were also synthesized using the
sol—gel process, with the same targeted composition as for B75-Sr10.
In this case, *SrCO; was first mixed in water in the presence of 2 N
HCL. After complete dissolution of the strontium carbonate, EtOH,
deionized water, TEOS, and calcium nitrate were added, following the
protocol described above. Two labeled samples (~500 mg each) were
synthesized for further ¥Sr NMR characterization and reaction with
simulated body fluid, SBF (see below). The experimental composi-
tions of both samples were determined using ICP-AES. First sample
(found): 77.45i0,—14.9Ca0-7.7SrO (wt %) (or 79.1Si0,—
16.3Ca0—4.6SrO (mol %)). Second sample (found): 75.5Si0,—
15.3Ca0—9.28rO (wt %) (or 77.6510,—16.9Ca0—5.55rO (mol %)).
In vitro tests with SBF were carried using the second sample, as its
composition is closer to the nominal one.

In Vitro Interaction of the Bioactive Glass Grains with SBF and
Deuterated SBF. ¥Sr labeled B75-#Sr10 glasses were left to interact in
vitro within an acellular medium (SBF) for 7 days. The ionic
composition of SBF is close to human blood plasma; it is commonly
used to simulate the interaction with a biological environment and to
induce mineralization. SBF was Erepared following the procedure
initially proposed by Kokubo et al.>® for c-SBF (“corrected-SBE”) and
recently improved by Bohner et al. (for corresponding c-SBF2).*® In
addition, deuterated-SBF (referred to herein as d-SBF or SBF-D,0)
was prepared in view of enhanced detection of ¥Sr in the NMR
characterization of the mineralized layer at the B75-*Sr10 glass surface
(see below). The synthesis of d-SBF was the same as for conventional
SBF except for the use of deuterated water D,O instead of H,O. Then,
20 mg of glass grains was immersed in 20 mL of SBF or d-SBF for 7
days at a constant ratio of 1 mg biomaterial per mL of fluid.*” This
procedure was replicated 25 times to ensure reproducibility; thus, a

total amount of 500 mg of B75-*Sr10 was tested in vitro for the two
acellular media (SBF and d-SBF). After 7 days of interaction with
biological fluids, the glass grains were removed from the fluids, rinsed
with acetone, and finally air-dried at room temperature.

Chemical analyses (ICP-AES) on the glass grains after 7 days
interaction (found): B75-*Sr10—d-SBF: 77.85i0,—15.3CaO—
1.885r0—4.8P,0,—0.3MgO (wt %). B7S-*Sr10—SBF: 76.6Si0,—
15.8Ca0—1.7Sr0—5.7P,05—0.2MgO (wt %). It follows from these
chemical analyses that ~80.5% of the initial Sr content in the bioactive
glass has been released in the SBF medium. The supernatant SBF and
d-SBF solutions were analyzed as well (after immersion) by ICP-AES
(titration of P, Mg, Si, Ca, and Sr elements). On average, the solution
titrations confirm that ~78% of the initial Sr content in the bioactive
glass has been released in the SBF medium, which is thus in fair
agreement with the data obtained from the chemical analyses of the
powders recovered after immersion.

It is important to stress here that the compositions of all glasses
studied are very rich in the silica phase in contrast to the Ca/Si glasses
already reported in the literature and studied by NMR.>***

Solid-State NMR. ¥Sr NMR experiments were performed at high
magnetic field (600 MHz AVANCE II* and 700 MHz AVANCE III
Bruker spectrometers) and ultrahigh magnetic field (850 MHz
AVANCE 1II Bruker spectrometer) using low-gamma 3.2, 4, S, and
7 mm Bruker probes, and a 9.5 mm Varian probe (coupled to a low-
gamma box). Both magic angle spinning (MAS) and static
experiments were performed. Details on which probes were used are
given in the figure captions. SrS and SrBs (cubic structures) were
studied by single pulse excitation (SPE) MAS NMR experiments. All
other samples were characterized by static ’Sr NMR, because of their
much larger quadrupolar constants. Indeed, broad patterns under MAS
are expected, but with no possibility to separate the spinning sidebands
from the isotropic centerbands, creating difficulties in the extraction of
the quadrupolar parameters. The static experiments used were a
combination of DFS—WURST—QCPMG***®! and VOCS experi-
ments.*”®® To enhance the population of the central transition,
typically a 6 kHz RF field strength convergence sweep from 800 kHz
to 200 kHz (duration: 1 ms) was used in the DFS.** The setup was
adapted taking into account the reflected power from the probes.
WURST-80 pulse shapes with a 45 s WURST pulse length, swept at a
rate of 22 MHz/ms, with a sweep width of 1000 kHz and typical RF
power of 7 kHz, were used. All experimental parameters were adapted
to each individual sample, with the number of VOCS offsets chosen
according to the line widths (which are broadened by different second-
order quadrupolar effects). GIPAW calculations were used as an initial
estimate of the Cq values (see below).

To determine the effect of 'H decoupling during %’Sr DFS—
WURST—QCPMG acquisition, a low-gamma 7 mm H-X DOTY
probe was used (600 MHz AVANCE II*) with 15 kHz power 'H
decoupling (continuous wave decoupling, CW). The decoupling
power was deliberately limited, as long acquisition times (up to 100
ms) are employed in the DFS—WURST—QCPMG experiments. St-
malonate and Sr-phenylboronate were used as test samples. A partly
deuterated Sr-phenylboronate sample (Sr(CsH;B(OD);),-D,0) was
also studied to further estimate the impact of 'H—%¥Sr dipolar
couplings on the ¥Sr NMR spectra.*¥%*

All ¥Sr NMR spectra were referenced against a 1.0 M aqueous
solution of SrCl, (0.0 ppm, relaxation delay: 0.1 s). A 0.1 M aqueous
solution of SrCl, led to a signal at —0.8 ppm. For each ¥’Sr NMR
spectrum, the full details, including relaxation delays, total
experimental times, and number of offsets, are given in the figure
captions. The simulations of the NMR spectra were performed using
the DMFit**and QUADFIT®® numerical platforms.

Modeling of Glasses. Strontium-containing glasses including,
binary SiO,—SrO, ternary SiO,—CaO—SrO, and more complex SiO,—
Na,0—CaO—SrO—P,0O; phases were simulated using MD. The glass
compositions chosen were 76.95i0,—17.6CaO—5.45rO (mol %),
93.4510,—6.65rO (mol %) and 46.1Si0,—24.4Na,0—16.9CaO—
10.0SrO—2.6P,05 (mol %), respectively. The first composition
corresponds approximately to the nominal one of B75-Sr10. The
second one corresponds to the same Sr/Si ratio but Sr atoms are part
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Table 1. Experimental and Calculated (PWSCF) GIPAW Data for Sr Compounds after Relaxation of H Positions When
Needed”

ICSD Oiso Acsa Ncsa Cq Nq
SrO 109461 PWSCF #1 340.0 0.0 - 0.00 0.00
exp #1 340.0°
SrBg 50313 PWSCF #1 100.0 0.0 - 0.00 0.00
exp #1 ~100° c c
SrCO; 202793 PWSCF #1 —35.8 —52.3 0.13 8.49 0.55
exp #1 0+20 8.91” 0.14°
Sr(NO,), 59391 PWSCE #1 —1514 —94 0.00 —1841 0.00
exp #1 —70 + 30 15.30% 0.03"
Sr-malonate TUCr A14762 PWSCF #1 —65.5 S1.0 0.78 —34.91 0.91
exp #1 0+ 60 315 0.80
Sr-phenylboronate CCDC 816692 PWSCF #1 -39 62.3 0.89 —21.15 0.90
exp #1 50 + 60 20.2 0.25
Sr-phenylphosphonate CCDC 271466 PWSCF #1 —50.4 —12.1 0.93 —35.73 0.41
exp #1 0 + 200 34.5 0.65
a-SrP,04 415334 PWSCF #1 —43.9 552 0.24 3291 0.12
#2 —46.7 56.5 0.88 35.45 0.62
#3 —62.7 64.2 0.50 40.72 0.31
#4 —46.7 54.5 0.43 35.57 0.08
relax #1 —45.7 45.7 0.47 33.91 0.23
#2 —46.6 49.9 0.77 37.26 041
#3 —5S.5 53.5 0.17 36.76 0.15
#4 —43.5 454 0.64 33.98 0.17
exp d d d
P-StP,04 402461 PWSCF #1 —14.4 319 0.62 42.53 0.55
#2 —=50.2 50.8 0.58 45.60 0.29
relax #1 —18.5 37.6 0.71 40.86 0.72
#2 =512 57.0 0.37 48.64 0.17
a-Sr,P,0; 59398 PWSCF #1 —91.1 —28.1 0.62 —21.99 0.01
#2 -21.5 84.8 0.60 —40.27 0.49
relax #1 -76.3 —35.3 0.47 —24.82 0.19
#2 —0.1 97.6 0.47 —38.86 0.86
SrHPO, 91129 PWSCF #1 —76.9 —-91.2 021 —51.16 0.55
#2 —35.6 —26.1 0.75 12.90 0.71
belovite Sr,,(PO,)s(OH), 2855 PWSCF #1 17.9 —78.7 0.00 —52.13 0.00
#2 413 —99.8 0.79 —25.30 0.51
SrSi05° 59308 PWSCF #1 199 65.9 1.00 16.80 0.66
#2 20.3 —158.0 0.18 —40.90 0.81
relax #1 26.8 69.9 1.00 19.35 0.54
#2 24.8 —167.4 0.17 —42.60 0.71
exp #1 0+70 18.5 0.45
#2 0 + 100 46.0 0.4
Sr3(PO,), 150869 PWCSF #1 =252 —49.2 0.00 —59.97 0.00
#2 —184 =742 0.00 —22.67 0.00
relax #1 0.8 —53.2 0.00 —63.41 0.00
#2 —34.6 —-92.6 0.00 —30.48 0.00
exp #1 0 =+ 200 69.0 0.1
#2 0 + 100 30.5 0.1
Sr;Si05° 418933 PWCSF #1 218.6 —64.8 0.04 —34.66 0.57
#2 156.7 —162.4 0.00 —26.01 0.00
CaSrSiO,* 20544 PWCSF #1 912 —114.6 0.52 —35.63 0.83
#2 119.3 —1158.5 0.87 —52.24 0.92
#3 109.0 100.8 0.82 —49.04 0.77

“In the case of nonprotonated structures, “relax” means that all atomic positions in the initial structure have been relaxed under DFT, as detailed in
Materials and Methods. &, is in ppm (referenced to aqueous SrCl,, 1 M), and Cq in MHz. # indicates the site number in the crystallographic
structure (for the PWSCEF calibration with SrO and SrBy, see Figure S3a). CASTEP calculations are given in Table S2 (including those for SrS,
SrSO,, StrF,, and SrCl,). The definitions of Acg, and 7cs, are given in Materials and Methods. bSee refs 37 and 39. “For SrBg, two components at J,
~ 100 ppm were observed (Cy = 0.7 MHz and Cq, = 5.1 MHz; see Figures S14 and S15). See text and Figure S17 for a-SrP,04. “GIPAW-computed
8:50(¥Si): SrSi0; (Q* units): —83.9 and —84.0 ppm; Sr;SiO (Q° units): —68.8 ppm; CaSrSiO, (Q° units): —68.1, —68.0, —73.9 ppm.
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of a pure silica-like phase. The third one is derived from the 45SS
Bioglass (46.15i0,—24.4Na,0—26.9Ca0—2.6P,05 (mol %)), which
was first proposed by Hench and is generally considered as the
standard reference in the field®” The glass compositions, densities, and
cell information are listed in Table SI. Systems of ~200 atoms were
chosen to make the next step (first principles DFT relaxation) and
further NMR calculations possible using currently available computa-
tional resources. For each composition, five independent glasses
starting from different randomly generated initial structures were
prepared to provide statistics of the structures, especially of the local
environments of Sr in these glasses. The force field employed in this
series of MD simulations uses partial charge pairwise potentials with
the Buckingham form. These potentials have already been used to
model Sr-glasses exhibiting large simulation cells with several
thousands of atoms, and favorable comparison with experimental
structural data (density + neutron diffraction data) had been
obtained.**®® The effectiveness and transferability of such potentials
in simulating alkali silicate and phosphosilicate glasses have also been
proved in various studies of multicomponent glass systems.”””® MD
simulations were carried out using the DL-POLY code 2.20 developed
by Smith and Forester.”" To maintain the simulated glass density equal
to the experimental values, constant volume canonical (NVT) and
microcanonical (NVE) ensembles were used in the glass simulation
procedures. The initial configurations were generated with a random
distribution of atoms with constraints of shortest distances between
each atom pair in cubic simulation cells, with the atom numbers and
cell dimensions consistent with the experimental composition and
glass density. The Verlet Leapfrog algorithm was used to solve the
integration of Newtonian equations with a time step of 1 fs (fs). The
initial structure was relaxed at 0 K before the melt-and-quench glass
formation process. The samples were melted by gradually increasing
the temperature to ~6000 K, at which temperature the samples were
run for 600 000 steps under NVT ensemble and another 600 000 steps
under NVE ensemble. The system was then gradually cooled down by
500 K intervals, and the final temperature was 300 K. The simulations
were performed for 600 000 steps at each temperature with a nominal
cooling rate of 0.5 K/ps. Such a slow cooling rate employed in MD
simulation was chosen to improve structural information of
phosphorus-containing glasses, as discussed in an earlier study.®®
During the final steps at 300 K, configurations were collected every
100 steps in the last 400 000 steps of NVE run for final structure
analysis. The five structure models of each glass composition obtained
from MD simulations were then further optimized using first
principles density functional theory (DFT) calculations with the
Vienna Ab Initio Simulation Package (VASP).”>”> The projector-
augmented wave (PAW)’*”% pseudopotentials and generalized
gradient approximation (GGA) exchange and correlation functional
with the PBE’®”” parametrization were used in the calculations. The
kinetic energy cutoff for plane waves was 400 eV and Brillouin zone
sampling with meshes generated by the Monkhorst—Pack’® scheme
was used for the integration in reciprocal space. Gamma point
sampling was used during the relaxation while 2 X 2 X 2 sampling was
used during the geometry optimization. All atom positions were fully
relaxed until the forces acting on each of the atoms was smaller than
0.01 eV/A. The fully relaxed structural models were used as input in
NMR spectra calculations.

Computational Details of NMR Calculations. One of the two
approaches applied here for NMR calculations within Kohn—Sham
DFT consisted of using the free QUANTUM-ESPRESSO software
(available online),” which is an integrated suite of computer codes
including PWSCF (plane wave self-consistent field) for electronic
structures calculations and GIPAW* for NMR parameter calculations.
In a first step, the strontium pseudopotential was generated and
optimized by comparing calculated and experimental ¥Sr NMR
parameters of SrCO; and SrNO;. Typically, the following parameters
were adjusted: (i) the valence-core partition (either Ss* or 4s*4p®Ss>
for valence electrons); (ii) the type of pseudization (either Troullier
Martins® or Rappe—Rabe—Kaxiras—Joannopoulos);*" (iii) the type of
pseudopotential (either norm—conserving82 or ultrasoft);** (iv) the
pseudization radii. Transferability was checked by testing the results of

pseudopotentials and all electron atomic calculations on atomic
configurations differing from the starting ones (for instance 5s°). A
total energy difference between pseudopotentials and all electron
results lower than 10 mRy was considered acceptable. The PBE
generalized gradient approximation’® was used, and the valence
electrons were described by norm-conserving pseudopotentials in the
Kleinman—Bylander form. The core definition for B, C, N, and O was
1%, 1s*2s%2p® for Si and P and 1s*2s2p°®3s?3p®3d'°4s?4p° for Sr. The
core radii were 1.2 au for H, 1.2 au for B, 1.6 au for C, 1.5 au for O and
N, 2.0 au for Si and P, and 3.7 au for Sr. The wave functions were
expanded on a plane wave basis set with a kinetic energy cutoff of 80
Ry. The crystalline structure was described as an infinite periodic
system using periodic boundary conditions. The NMR calculations
were performed on the experimental geometries summarized in Table
1. In the case of Sr-malonate, Sr-phenylphosphonate, Sr-phenyl-
boronate, StHPO,, and Sr;(PO,)s(OH),, proton atomic positions
were adjusted by relaxation of the atomic forces while the cell
parameters were kept constant. For some nonprotonated derivatives,
GIPAW calculations were performed for both fully relaxed and
nonrelaxed structures (see Table 1 for details). PWSCF calculations
were performed on the IDRIS supercomputer center of the French
CNRS.

An alternative approach adopted here was to start from the
structures described above (including proton relaxation) and to
perform GIPAW calculations using the CASTEP program, which is
still the most commonly used approach within the solid-state NMR
community.** All CASTEP calculations were performed using dual-2.0
GHz/dual core Hewlett-Packard xw9300 AMD Opteron workstations
and required no more than 4 GB of RAM. NMR CASTEP was run
through the Accelrys Materials Studio Modeling 4.2 interface, using
the GGA (PBE) functional. The unit cell and symmetry recommended
by the interface were accepted. Prerelease B, C, N, S, O, and Sr on-the-
fly pseudopotentials were provided by Accelrys Company. These are
ultrasoft pseudopotentials which will allow a comparison with the
norm-conserving ones optimized for the QUANTUM-ESPRESSO
calculations. It should be noticed that the choice of the type of
pseudopotential is independent of the code.

The isotropic chemical shift 8, is defined as 8y, = —[6 — o™
where & is the isotropic shielding and where 6° was extracted for both
types of calculations. For PWSCF calculations (QUANTUM-
ESPRESSO), the correlation between calculated and experimental
data is presented in Figure S3a for SrO and SrBg. Both structures are
cubic, and standard MAS experiments lead to accurate experimental
measurements of 5i50(878r)exp (see discussion below and ref 37). The
slope of the linear correlation was fitted freely and allowed extraction
of 6", Data corresponding to other cubic structures such as SrS, SrF,,
and SrCl, were not considered here, as accurate pseudopotentials for
S, F, and Cl were not available in QUANTUM-ESPRESSO (PWSCEF).
For CASTEP calculations, the correlation between calculated and
experimental data is presented in Figure S3b for SrO, SrBg, StS, SrF,,
and SrCly; the slope of the linear correlation was fitted freely and
allowed extraction of 6™, For both types of calculations, diagonaliza-
tion of the symmetrical part of the calculated tensor then provides its
principal components 6,;, 05, 033 from which the chemical shift
components )}, d,,, 033 can be calculated. 0}, 6,5, and ;3 are defined
such as 1633 — Syl > 161, — Sigo > 165, — S}y and Sy = 1/5(81; + 6y +
533). The CSA parameters are defined by Acgy = 833 — 8, and fcgp =
1(8,, — 811)/Acsal- The principal components V,,, V,y and V, of the
electric field gradient (EFG) tensor defined as IV,.| > V.| > IV, | are
obtained by diagonalization of the tensor. The quadrupolar interaction
can then be characterized by the quadrupolar coupling constant Cq
and the asymmetry parameter #q, which are defined as: Cq = eQV.,,/%
and 77q = (Vyy — V,)/V,, (e is the proton charge, 7 Planck’s constant,
and Q the quadrupole moment of the considered nucleus). The
experimental value of the quadrupole moment of ¥Sr (Q = 30.5 X
1073° m?) was used to calculate Cst PWSCEF and CASTEP calculated
data are given in Tables 1 and S2, respectively.
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B RESULTS AND DISCUSSION

Development of #Sr NMR Experiments and Calcu-
lations. High Sensitivity 8’Sr NMR Spectroscopy and
Simulation of ¥Sr NMR Lineshapes. A variety of crystalline
Sr-samples of biomedical interest (Sr-malonate, a-SrP,O,
Sry(PO,),, SrSiO;) or of potential interest for the development
of hybrid materials (Sr-phenylboronate and Sr-phenylphosph-
onate) was first studied by ¥’Sr NMR, to (i) implement a new
experimental methodology for recording ¥Sr NMR spectra
using some of the latest developments in NMR pulse sequences
for quadrupolar nuclei, and (ii) determine how ¥Sr NMR
lineshapes can be interpreted and simulated. As described in
Materials and Methods, anhydrous Sr-malonate,
*Sr(CH,(COO0),), was prepared as a *’Sr-labeled sample.
Labeled strontianite (*SrCO,) was used as the Sr precursor in
the synthesis: it is commercially available and can be
subsequently manipulated after transformation into *SrO.
This synthetic approach is similar to the one reported
previously for ¥Ca NMR spectroscopy, starting from labeled
calcite (¥CaCO,).% The demonstration of facile *’Sr enrich-
ment starting from labeled strontianite is important, as it paves
the way to the development and application of ¥Sr solid-state
NMR spectroscopy. Indeed, due to labeling, the signal-to-noise
(S/N) ratio is very high, and Sr-malonate was thus used for the
set up of the ¥’Sr DES—-WURST—QCPMG experiment at a
given offset and to verify the WURST efficiency (as illustrated
in Figure S4a). The DFS parameters were set, making sure that
the frequency range swept by the DFS pulse does not affect the
signal corresponding to the CT; this was verified for each
sample. A gain in intensity of ~1.3 was observed with DFS (see
Figure S4b).

The static *’Sr NMR spectrum corresponding to the unique
crystallographic Sr site of the Sr-malonate is presented in Figure
la. It corresponds to a well-defined second-order quadrupolar
static lineshape,*® centered at &, = 0 + 60 ppm. From the high
S/N ratio, Cq and 7o values are accurately determined: Cq =
31.5 £ 0.5 MHz (see Figure 1b) and 74 = 0.80 + 0.0S.
Interestingly, not only is the central transition (CT) observed,
but the partial excitation of the satellite transitions (STs)*’" is
also evident at the very ends of the spectrum, as recently
observed by QCPMG NMR for another spin 9/2 isotope,
2%Bi.%” In addition, by looking carefully at the CT lineshape,
the intensity of the signal is slightly overestimated in the
[-2000 ppm, —4000 ppm] region when compared to the
simulated spectrum (which only takes into account the CT).
This may be due to CSA effects, to the ST, or to T, anisotropy
effects (see below). In Figure SS, the effects of CSA are taken
into account in the simulations. It is shown that for moderate
anisotropies, Acgy < 500 ppm, the effects on the lineshapes are
hardly discernible. Based on GIPAW calculations (see below),
A values are expected to be small (<170 ppm) and thus
cannot lead to distortions of the lineshapes such as those
observed in Figure 1. In Figure S6, the simulations of the CT
and CT + ST are presented, showing that the intensity of the
spectrum increases in the [—2000 ppm, —4000 ppm] region in
the CT + ST simulation, in agreement with the experiment. It
follows that STs may be responsible for the slight distortion of
the lineshape. However, QCPMG spectra can also show
significant distortions due to T, anisotropy caused by dynamic
effects. This particular phenomenon was observed by O’Dell et
al.** in the case of "N NMR and could play also a role in the
distortion observed here.

a) |
Co
32.5 MHz
sat.
I ) 32.0 MHz
i
31.5 MHz
) 31.0 MHz
sim.
4000 2000 1] -2000 -4000 -6000 -BOOO
o (ppm) 30.5 MHz

Figure 1. (a) Static DES—WURST—QCPMG ¥Sr NMR spectrum of
Sr-malonate, SrCH,(COO),. Experimental parameters: 19.8 T, 7 mm
low-gamma Bruker probe, static mode, DFS convergence sweep from
800 to 200 kHz during 1 ms, WURST sweep width of 1000 kHz (4S5
us), 260 echoes, spikelet separation: 2967 Hz, number of VOCS
offsets: S, offset step: 100 kHz, 9600 scans per offset (~1 h 20 min),
relaxation delay: 0.5 s, total experimental time: ~6 h 40 min. Partial
excitation of the ST is observed at the ends of the spectrum. Vertical
arrow: extra intensity when compared to the simulated spectrum, in
red (pure quadrupolar lineshape with: Cq = 31.5 MHz, 17 = 0.80, &,
= 0.0 ppm) (see text and Figure S5). (b) Estimation of Cq for Sr-
malonate (fixed 54 = 0.80).

The static ¥Sr NMR spectra of Sr-organic complexes, Sr-
phenylboronate (Figure S7), and Sr phenylphosphonate
(Figure S8) were then recorded at natural abundance using a
DES—WURST—-QCPMG experiment. In both cases, the
lineshape is characteristic of one unique crystallographic site,
in agreement with XRD data (Figure S1). By simulating the
spectra (neglecting CSA contributions), the NMR parameters
obtained for the Sr-phenylboronate were Cq = 20.2 + 0.7 MHz,
Nq = 025 £ 0.10, 6, = SO + 60 ppm, and for the Sr-
phenylphosphonate Cy = 34.5 + 0.7 MHz, 14 = 0.65 + 0.10,
Oiso = 0 & 200 ppm. A distortion of the lineshape was observed
for the Sr-phenylphosphonate near —4000 ppm. It may be due
to satellite interference, as suggested previously for Sr-
malonate. However, it has to be emphasized that the S/N
ratio for this particular sample was rather limited and that the
“true” intensities of the individual spikelets may be affected by
residual noise.

Crystalline Sr silicates and phosphates were then studied, in
view of the investigations on the Sr-doped bioactive glasses.
The ¥Sr NMR spectrum of SrSiO; (Figure S9) involves two
crystallographic sites (one of these is represented in Figure S1).
A quadrupolar lineshape related to a moderate Cg is clearly
observed (Cq = 18.5 + 0.5 MHz, 7 = 045 + 0.10, §;,, = 0 %
70 ppm, see the insert in Figure S9), which was further assigned
to site 2 based on GIPAW calculations (see below). A second
much broader component (corresponding to site 1) can also be
observed using a QCPMG spikelet interval of 8547 Hz in the
NMR experiment and is characterized by Cq = 46.0 + 1.0
MHz, nq = 040 + 0.15, 8§, = 0 £ 100 ppm (see Table 1). It
has to be emphasized that potential contributions of the ST of
site 2 may be overlapping with the broad resonance. In the case
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of a-SrP, 0y, the lineshape is even more complex to analyze, as
four crystallographic sites are involved in the structure (Figure
$10). To estimate the Cq, various simulations (with fixed #7q =
0.0) were performed, revealing that Co ~ 38 MHz is a good
estimate. From other numerical simulations, it was found that
the range of C, values for the different sites is actually 32 MHz
< Cq < 42 MHz. However, at this stage, it is far more difficult
to determine a range of 7 values. A detailed simulation of this
lineshape based on GIPAW calculations will be described
below. It should be noted that like for the Sr-malonate
compound, partial excitation of the ST was observed for large
VOCS offsets for a-SrP,0, (see Figure S11).

Protonated Sr-phosphates and hydrogen phosphates were
also studied, as they may be representative of some of the
environments found for Sr after reaction of bioactive glasses
with SBF. A mixture of %7Sr-labeled belovite
(*Sr;4(PO,)s(OH),) and *SrHPO, was first analyzed (see
Materials and Methods). Despite very long experimental time
(>10 h), no significant signal was obtained (apart from a very
few spikelets with very limited signal-to-noise ratio). Upon
heating, the mixture of *Sr;((PO,)s(OH), and *SrHPO, was
converted into another Sr phosphate, *Sry(PO,),, which was
phase pure and crystalline. For this phase (which contains
exactly the same amount of ¥Sr isotope as in the previous
mixture), the ®’Sr NMR spectrum was easily obtained,
exhibiting an excellent signal-to-noise ratio (Figure S12); the
two crystallographic sites (Table 1) are characterized by: Cq =
30.5 + 0.5 MHz, 7 = 0.1 + 0.1, 8, = 0 + 100 ppm and Cq =
69.0 + 1.0 MHz, g = 0.1 + 0.1, 6;, = 0 + 200 ppm. The huge
difference in S/N between the {*Sr;,(PO,)s(OH), and
*SrHPO,} and *Sry(PO,), samples could indicate the necessity
of '"H decoupling during the QCPMG acquisition for Sr-
structures containing protons. Indeed, Rossini et al® and
ODell et al** have demonstrated recently that CW 'H
decoupling could significantly lengthen the time for which
echoes are acquired in the QCPMG experiment on quadrupolar
nuclei, leading to clear improvement of the signal-to-noise ratio.
Thus, we tested the efficiency of CW "H decoupling on the St-
malonate and Sr-boronate samples (Figure S4c,d). In the case
of Sr-malonate, the effect of proton decoupling is very limited,
as it affects the signal intensity by less than 5%. In the case of
Sr-boronate, no clear effect is observed on the intensity of the
echoes in the time domain nor on the final spectra.*® In other
words, low power 'H decoupling (here ~15 kHz) has almost
no influence on the signal-to-noise ratio. It is possible that
protons affect the relaxation of *’Sr, leading to a much shorter
T, and thereby greatly decreasing the intensity of the echoes.
To confirm this assumption, a partly deuterated Sr-phenyl-
boronate sample was synthesized (see Supporting Informa-
tion). The comparison between the ’Sr NMR spectra of H-
and D- Sr-phenylboronates (recorded using the same mass of
samples) is presented in Figure S4e, revealing a slightly
increased S/N ratio upon deuteration (by a factor of ~1.4 on
average). Therefore, it appears that the substitution of protons
by deuterium has some beneficial effect on the detection of the
%7Sr NMR signal. As detailed later in the manuscript, this led us
to investigate the structural changes of the B75-Sr10-bioactive
glass upon immersion in SBF using SBF prepared with D,0O
instead of H,O. Finally, it should be noted that the role of
protons in ’Sr NMR spectroscopy was further examined by
recording the ¥Sr NMR spectra of fluorinated analogues of
some of the OH containing phases studied here or by carrying
out ¥Sr NMR experiments at 100 K (data not shown). The

preliminary results demonstrated unambiguously that *Sr
NMR spectra are more readily recorded when OH groups
are substituted by fluorine anions. However, for belovite
(containing only OH groups), no significant improvement in
signal-to-noise was observed at very low temperature.

In conclusion of this in-depth study of ¥Sr NMR
spectroscopy, the following points summarize how to approach
8Sr NMR experiments: (i) the first offset can be set at 0 ppm,
as isotropic chemical shift and CSA effects can be neglected as a
first approximation (see GIPAW calculations below); (ii) for a
given offset, when combining DFS, WURST irradiation, and
QCPMG, the first spikelets of the spectrum are generally
observed after a maximum ~1 h of acquisition at 19.8 T for
crystalline materials; (iii) if Cq < 65 MHz, five to seven offsets
(with 100 kHz steps) are sufficient to cover the whole lineshape
at ultra high magnetic field (here 19.8 T); (iv) for H-containing
structures, {'H} decoupling at 15 kHz is inefficient, but
deuteration can be possibly helpful; (v) enriching samples in
%7Sr dramatically increases the signal-to-noise. For all crystalline
samples described above, *’Sr NMR parameters were
determined by simulation of the static lineshapes. From the
simulations, it clearly appears that the quadrupolar parameters
(Cq and 1) can be measured with much more precision than
the isotropic chemical shifts because of the large quadrupolar
interaction and a rather limited chemical shift range in
comparison to the effect of Cq. Furthermore, a wide range of
Cq values was observed (between 8 and 70 MHz), which
suggests that these quadrupolar parameters may provide more
information about the local environment of strontium than
6,0 (¥Sr) (Table 1).

GIPAW Calculations of ¥Sr NMR Parameters. GIPAW
calculations were performed using two calculation codes:
PWSCF and CASTEP (Tables 1 and S2, respectively). The
main goal of these calculations was to see whether calculations
could closely reproduce experimental *’Sr NMR parameters
(6150 Cqy My Acsas and 7cs), in view of then performing such
calculations on structural models of bioactive glasses.

As shown above, as well as in some of the very first ¥’Sr
NMR investigations,” experimental quadrupolar parameters of
crystalline samples can be measured accurately. However, this is
not always the case for Jy,, meaning that to be able to fully
validate the NMR calculations, a larger number of accurate
experimental isotropic chemical shift values is needed.
According to previous studies,”” for compounds in which Sr
has a “cubic” local environment such as SrO, SrCl,, and SrF,,
isotropic chemical shifts can be measured with high accuracy
(+2 ppm) from the sharpness of the NMR lines. As a result, to
increase the number of experimental values of &, (*’Sr)
available to help validate the calculations, the experimental
MAS NMR spectra of two more samples with a “cubic” Sr local
environment were recorded: SrS and SrB, (Figure S13). SrS is
characterized by a very sharp isotropic line at &, = 319.2 + 0.5
ppm and a very small quadrupolar interaction, Cq ~ 0.3 MHz,
as shown by the corresponding spinning sideband pattern.
Concerning SrBg, a more detailed analysis of the ¥’Sr MAS
NMR spectrum was carried out using Q_UADFIT,66 as shown
in Figures S14 (MAS, 19.8 T) and S1S5 (static, 14.0 T). Because
of reduced signal-to-noise ratio in the MAS data, the following
conclusions were mainly derived from the static spectrum
(Figure S15). Two components can be extracted: (i) a sharp
one, with Cq = 0.7 + 0.4 MHz, 57 = 0.2 £ 0.2, and §;,, = 94.0
ppm, and (ii) a much broader one, with Cq = 5.1 + 0.5 MHzg,
g = 02 = 02 and J,, = 103.0 ppm, and a Gaussian
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distribution of Cq (fwhh =3.6 + 0.5 MHz). At this stage, the
assignment of the two components is unclear, but the *’Sr
isotropic chemical shift for SrB4 can be safely estimated as 100
+ 6 ppm. As a result, by comparing experimental and calculated
8, values (Figure S3b), it appears that isotropic chemical shifts
can be calculated accurately. As mentioned previously,
concerning all the other Sr compounds, most 87Sr NMR static
patterns are very broad and dominated by quadrupolar effects.
Hence, the large uncertainties associated with the chemical shift
extracted from the *’Sr NMR spectra place severe limitations
on using 5o(¥’Sr) with any sort of quantitative accuracy.
Nevertheless, when looking at all the %Sr chemical shift
calculations, it appears that the following experimental trends
are correctly predicted by GIPAW (whether the calculations are
performed by CASTEP or PWSCE, as shown in Tables 1 and
S2): (i) StS, SrO, and SrB4 correspond to the sites which are
the most deshielded in this series of compounds; (ii) for all
derivatives, calculated anisotropies Acg, are very small (<170
ppm, Table 1), in agreement with the experimental data (see
above and Figure SS).

The correlation between calculated (PWSCF) and exper-
imental C, values is given in Figure 2 for SrB;, SrCO,,
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_— s 2
50 -
40 -
30 -

20 1 o’

Cq(calc. PWSCF)

0 1I0 2ID 3ID 4'I0 5IU 613 T‘Cl
Calexp.)

Figure 2. Experimental Cq values (in MHz) vs GIPAW (PWSCF)

data for SrBs, SrCO; Sr(NO;), SrSiO;, Sr;(PO,), Sr-phenyl-

boronate, Sr-malonate, and Sr-phenylphosphonate (see Table 1).
The equation of the solid line is y = 0.929x + 1.683 (R* = 0.987).

Sr(NO,),, SrSiO;, Sr;(PO,),, Sr-malonate, Sr-phenylboronate,
and Sr-phenylphosphonate. An excellent agreement is observed.
The same trend is demonstrated using CASTEP but with
slightly less accurate predictions and a more pronounced
scattering of the data (see Figure S16). Most importantly, it
appears that the GIPAW approach is suitable for the prediction
of Cq over the whole range observed so far, i.e., from ~0 to ~70
MHz. Possible relationships between Cq and geometric features
around Sr are discussed later. Concerning the quadrupolar
asymmetry parameter, 7]q, it should be noted that predictions
are reasonably accurate, except for SrCO; (PWSCF) and Sr-
phenylboronate (77q,. overestimated by both PWSCF and
CASTEP).

To further demonstrate the strength of the GIPAW approach
for the interpretation of complex ®’Sr NMR spectra, more
comprehensive simulations of the spectrum of a-SrP,Og (which
has four crystallographic Sr sites) were performed (Figure S17).
The GIPAW calculations (Table 1) show that Cqeo(*Sr)
ranges between 32.9 and 40.8 MHz (nonrelaxed structures), in
good agreement with estimates made previously (see above).
Moreover, tensors are expected that tend toward more axial

values (7 < 0.31). As a matter of fact, when simulating the
spectrum using four axial tensors (Figure S17b), the intensity in
the central part of the spectrum (at § ~ 0 ppm) is
underestimated. Therefore, it appears necessary to impose 7q
# 0 for at least one of the four sites. A reasonable simulation is
given in Figure S17c, with the following set of {Cq, 7}
parameters: {32.0 MHz, 0.80}, {38.0 MHz, 0.00}, {39.0 MHz,
0.00}, {40.7 MHz, 0.00}. This analysis shows that GIPAW
predictions can thus clearly be used as a suitable starting point
for the simulation of complex *Sr lineshapes corresponding to
multisite structures.

As a summary of this subsection, it appears that predictions
of ¥Sr quadrupolar parameters can be obtained through
GIPAW calculations on a structural model of a material, for two
different calculation codes, PWSCF and CASTEP. In particular,
starting from GIPAW data, complex spectra involving multiple
sites can be satisfactorily assigned. Moreover, GIPAW data are
not only useful for a posteriori interpretation of experimental
spectra but also help determine the set up of the ¥Sr
experiments, following this empirical rule of thumb (for
ultrahigh magnetic field, ~19.9 to 233 T): for Cq < 20
MHz, one unique VOCS offset is necessary, whereas five to
eight offsets are needed for Cq > 30 MHz. This is of particular
importance for structures characterized by very large Cq
constants such as Sr-malonate, Sr-phenylphosphonate, a-
SrP,0g, SrSiO;, and Sr;(PO,),.

Having implemented a new methodology to carry out ¥Sr
NMR experiments and demonstrated the validity of GIPAW
calculations, we then moved on to the characterization of
B75-Sr10. The study of structural models of this bioactive glass
are now possible.

Strontium Environments in Bioactive Glasses. Exper-
imental and Computational Study of Sr-Bioactive Glasses
Using ®Sr NMR. The B75-Sr10 bioactive glass sample
(76.9S510,—17.6Ca0—5.55rO, mol %) is challenging for natural
abundance ¥Sr NMR spectroscopy. Indeed, the wt % of Sr is
only ~9% (see Materials and Methods), leading to an
intrinsically low %Sr signal-to-noise ratio. The natural
abundance *’Sr NMR static spectrum of the bioactive glass
was recorded at 16.3 T and is presented in Figure 3 as an insert.
Five different VOCS offsets were added to obtain this
spectrum, for a total experimental time of ~57 h. Crude
NMR parameters can be extracted by simulating the spectrum:
Cq ~ 33 MHz, nq ~ 1, 8iso(¥’Sr) ~ 0 ppm (neglecting any
potential distributions of the NMR parameters).

The broad lineshape observed in Figure 3 rules out the
possibility of finding strontium in a highly symmetric SrO-type
environment within the glass. However, the full interpretation
of this spectrum presents a double challenge. (i) First,
experimentally, the limited signal-to-noise ratio may have a
strong influence on the intensities of the QCPMG spikelets,
and this can be misleading when simulating the lineshape.
Indeed, when looking at the ¥’Sr NMR parameters calculated
by GIPAW for crystalline Sr silicate phases (SrSiO;, Sr;SiO;)
and a Ca/Sr silicate phase (CaSrSiO,), it appears that Co(*'Sr)
values are highly distributed and can be very large, greatly
exceeding 35 MHz (see Table 1). Assuming that Sr sites with
such large C values are also present in the bioactive glass,
strongly broadened lineshapes would be expected in the
spectrum with extremely weak spikelet intensities. Obviously,
such lines could not be detected at natural abundance, and it
would be unrealistic to try to detect them by increasing the
experimental time, as 57 h were already needed for this
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Figure 3. Inset: Static DFES—-WURST—QCPMG ¥Sr NMR spectrum
of the nonlabeled bioactive glass, B75-Sr10. Experimental parameters:
16.3 T, S mm Bruker static probe, DFS convergence sweep from 800
to 200 kHz during 1 ms, WURST sweep width of S00 kHz (45 pus),
260 echoes, spikelet separation: 8547 Hz, number of VOCS offsets: S,
offset step: 100 kHz, 122000 scans per offset (~11 h 20 min.),
relaxation delay: 0.3 s, total experimental time: ~S57 h. Simulated
spectra, in red: one unique quadrupolar site with Cq = 31.0 and 35.5
MHz (fixed 7 = 1.00, fixed &, = 0.0 ppm). Spectrum: static DFS—
WURST—QCPMG ¥Sr NMR spectrum of the labeled bioactive glass,
B75-*Sr10. Experimental parameters: 19.8 T, 7 mm Bruker probe,
DES convergence sweep from 800 to 400 kHz during 1 ms, WURST
sweep width of 1000 kHz (45 us), 400 echoes, spikelet separation:
7874 Hz, number of VOCS offsets: 10, offset step: 100 kHz, 10 000
scans per offset (~1 h), relaxation delay: 0.3 s, total experimental time:
~10 h. The vertical dashed line corresponds to the largest offset: —800
kHz (or ~—22 000 ppm).

spectrum. (i) Second, to help interpret the *Sr NMR
spectrum using GIPAW computations, structural models for
the Sr-containing glasses are needed. Several models are
necessary for a given glass composition to provide good
statistics for the local environment of the Sr atoms. For each Sr
site, GIPAW calculations can then be performed to extract ¥’Sr
Cq Mg and J;, values and then compare the computed and
experimental data.

Point (i) was addressed by labeling the Sr-bioactive glass in
87Sr (see Materials and Methods, B75-*Sr10). The correspond-
ing ¥Sr DES—WURST—QCPMG NMR spectrum is presented
in Figure 3 (total experimental time: ~10 h; 10 offsets were
necessary here). It is clear that labeling in *’Sr has a very
significant effect on the signal-to-noise ratio. Most importantly,
it allows the detection of the very broad components of the
spectrum, which could not be detected at all in natural
abundance (see the insert in Figure 3). The spectrum is
characterized by a rather “sharp” component (from ~—3500
ppm to ~1500 ppm) superimposed on a much broader one

(from ~—25000 ppm to ~12 000 ppm). At § ~—25 000 ppm
(offset: —800 kHz), spikelets are still visible on the spectrum.
Using DMFit®® and standard simulations of a pure quadrupolar
lineshape, the maximum experimental broadening observed
here corresponds to Cq > 70 MHz, which is higher than the
largest Cq values observed and/or calculated for crystalline
SrSi0;, Sr;SiO;, and CaSrSiO, phases (Cq < 53 MHz, see
Table 1). In other words, a non-negligible fraction of the sites
present which produce the broad line cannot be explained by a
simple comparison with reference strontium silicates (which
may come from both CT and ST contributions).

To assist in the interpretation of the *’Sr NMR spectrum of
the bioactive glass (point (ii) mentioned above), modeling of
the Sr-doped glasses followed by GIPAW calculations were
performed. Charpentier et al. were the first to propose such an
approach for the study of vitreous silica,® sodium silicate
glasses,”® CaSiO;*® (starting here from experimental data
published by Zhang et al.)*” and fluoride-containing bioactive
glasses:91 for these glass compositions, distributions of Q”,
mean §,,,(*°Si), and standard deviations were extracted
theoretically and compared successfully to experimental *°Si
NMR data, providing direct insight into the structure of these
complex phases at the atomic level. Here, we chose models of
Sr-glasses with various compositions in the SiO,—CaO-SrO
(such as B75-Sr10), SiO,—SrO and also SiO,—Na,0—CaO—
SrO—P,0; phase diagrams, as further explained below. These
models were obtained from MD simulations and optimization
by first principles DFT (see Materials and Methods and Table
S1). Information on their structure (Q" distributions for the Si
units and coordination environment of Sr) is given in Tables 2,
3, and S3 and discussed in the following paragraphs. The *Sr
and *Si NMR data were then calculated by GIPAW for these
models (see Figure 4 and Tables 2, S3, and S4) and compared
to experimental data on B75-Sr10 and other Sr-bioactive
glasses.”

As a starting point of the computational study, we looked
into the effects of Sr substitution on the structure of the 45S5
Bioglass to validate our computational approach. Although
these phases have a chemical composition which does not
correspond exactly to that of B75-Sr10 (as they are based on
sodium calcium phosphosilicate glasses), they are directly
related to the 4SS5 bioglasses first introduced by Hench and
co-workers,”” which have already been investigated by MD?*
and which are considered as the golden standard in the field.
For one model of Sr—substituted Hench glass of composition
46.15i0,—24.4 Na,0—16.9Ca0—10SrO—2.6 P,0; (mol %),
»Si NMR data were calculated by GIPAW (Table $3).”* For
Q!, Q% and Q° units, the mean values of calculated *’Si NMR
chemical shifts were —68.1, —78.6, and —86.3 ppm,
respectively, and a majority of Q> species was observed.
These observations are in agreement with previously reported

Table 2. Q" Distributions and GIPAW Calculated **Si NMR Data for the 76.9510,—17.6Ca0—5.58rO and 93.45i0,—6.65rO

Glass Models”

glass model Si o Q! Q Q Qt
93.45i0,-6.65rO Q" distribution (%) 0.0 0.0 0.0 15.6 (0.0) 84.4 (0.0)
mean &,,(**Si) (ppm) - - - —101.1 (9.5) —111.2 (6.4)
76.95i0,-17.6Ca0-5.55rO Q" distribution (%) 0.0 14 (2.3) 64 (39) 40.0 (9.3) 52.1 (5.4)
mean &,,,(*Si) (ppm) - —-79.8 (6.6) —86.9 (5.5) —97.0 (6.6) —110.8 (6.6)

“The information was averaged over all the different Si sites in the five different computational models of each glass. Standard deviations are given in
parentheses. Each simulated model contained ~200 atoms per simulation cell.
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Table 3. Sr (and Ca) Environments in the 76.9Si0,—
17.6Ca0—5.55rO and 93.45i0,—6.6SrO Glass Models”

76.98i0,—17.6CaO—

glass model 93.4510,—6.65rO 5.55r0

Sr Environment

average Sr CN 7.2 (0.6)" (cutoff = 6.4 (0.5)° (cutoff =

3.67 A) 3.55 A)
average contribution to
CN
from BO 56.7% 33.6%
from NBO 43.3% 66.4%
average angles
0-Sr—0 (°) 99.0 (39.6) 100.1 (34.0)
BO-Sr—BO (°) 86.9 (5.0) 89.9 (8.0)
I(BOC))—Sr—NBO 103.1 (37.1) 101.5 (37.5)
102.0 (20.8) 100.8 (10.2)

NBO-S:—NBO
)

Ca Environment

average Ca CN 5.5 (0.1) (cutoff =

3.17 A)
average contribution to
CN
from BO 31.5%
from NBO 68.5%
average angles
0—Ca-0 (°) 101.9 (25.4)
BO-Ca—BO (°) 90.3 (5.2)
J(SO?—Ca—NBO 102.1 (32.4)
NBO—-Ca—NBO 104.2 (18.4)

)
“The information was averaged over all the different Sr sites in the five
different computational models of each glass. Standard deviations are
given in parentheses. Each simulated model contained ~200 atoms per
simulation cell. bAverage over a total of 25 Sr sites (five sites per
model, five models). “Average over a total of 20 Sr sites (four sites per
model, five models).

»Si NMR characterizations of Sr-substituted Hench-like
bioactive glasses prepared by the melt-and-quench proce-
dure,"*'” and are also in very good agreement with the GIPAW
computed data obtained recently by Charpentier et al. on
models of nonsubstituted 45SS bioglasses (—70.7, —79.5, and
—87.0 ppm, respectively).”* Thus, this suggests that our overall
approach for modeling and studying Sr-substituted glasses is
valid from the NMR point of view, and that it can be applied to
Sr-bioactive glasses such as B75-Sr10.

The Sr-bioactive glass B75-Sr10 studied here has the
composition 76.9510,—17.6Ca0—5.55rO, mol %. Five models
of the glass corresponding to this composition were thus
generated computationally by the melt-and-quench glass
formation process (Tables 2 and 3). As B75-Sr10 was obtained
by the sol—gel process (and not by a melt-and-quench synthetic
procedure), possible variations of composition corresponding
to partial phase separation of nanodomains were anticipated.
Five models of composition 93.45i0,—6.65rO were therefore
also computed (by setting Sr/Si = 0.07, which is the same value
as in B75-Sr10). In this case, it is assumed that all Sr atoms are
inserted in a silica-rich phase. The fully relaxed **Si MAS NMR
spectrum of B75-Sr10 is presented in Figure 4a, together with
the calculated °Si NMR data corresponding to the five models
of 76.95i0,—17.6Ca0—5.55rO (280 Si units in total) and
93.45i0,—6.65rO (320 Si units in total) (see Table 2 for mean
values of the calculated **Si NMR chemical shifts and their
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associated standard deviations).”> Interestingly, Figure 4a
suggests that the sol—gel bioactive glass B75-Sr10 is closer to
the 93.45i0,—6.65rO model from the **Si NMR point of view.
Indeed, only one major peak centered at § ~—110 ppm is
observed (corresponding mainly to Q* and Q* units), whereas
Q" and Q” units are present in much smaller proportions. This
unexpected observation could mean that a phase segregation
has occurred during the sol—gel synthesis of B75-Sr10, leading
to the formation of Sr-silicate-like nanodomains.

Strontium local environments in the different models were
then analyzed. A total of 20, 25, and 35 Sr sites are present in
the 76.95i0,—17.6Ca0—5.55rO, 93.45i0,—6.6SrO, and
46.1510,—24.4Na,0—16.9Ca0—10.0SrO—2.6P,0; models, re-
spectively. The coordination of Sr ranges from 5 to 10, in
agreement with standard coordination numbers observed in
crystalline Sr compounds (see above and Figure S1). The
average coordination number (CN) differs from one model to
the other (Tables 3 and S3), as well as the distribution between
the different coordination numbers. For example, the 6-fold
coordination is observed for ~50% of the Sr sites in the
76.95i0,—17.6Ca0—5.55rO composition, and for ~32% of the
Sr sites in 934 SiO0,—6.6 SrO. The comparison of the
strontium environments in the 76.9S5i0,—17.6CaO—5.55rO
and 93.45i0,—6.6SrO compositions also shows clear differ-
ences in the local structure around Sr (Table 3 and Figure S18),
with more bridging oxygens (BO) and less nonbridging
oxygens (NBO) bound to the cation in 93.4S5i0,—6.6SrO,
meaning that the structural role of Sr in both glasses is clearly
different. In addition, the comparison of the Ca and Sr local
environments in 76.9S5i0,—17.6Ca0O—35.5SrO reveals marked
differences in average coordination numbers around the metal
(5.5 vs 6.4). Thus, from all these different models, it seems
clear that (i) a wide variety of Sr local environments can a priori
be expected in bioactive glasses, depending on the glass
composition, and that (ii) Sr does not necessarily play the same
structural role as Ca in glass networks, as previously observed in
th;glass models of the Sr-substituted 45S5 developed by Du et
al.

To determine which of the 76.9S5i0,—17.6Ca0O—5.55rO or
93.4510,—6.65rO glass models provides a better description of
Sr local environments in B75-Sr10, the ¥’Sr NMR parameters
of each of the Sr sites of five models (all calculated using
GIPAW) were analyzed (see Table S4 for Cqand nQvalues). Sr
nuclei in these glass models are characterized by a very large
distribution of quadrupolar constants, Cq, ranging from ~25 to
~75 MHz. The C, ranges are comparable for the various glass
compositions, as well as the mean Cq values and associated
standard deviations (in parentheses), which are 51.6 (11.8) and
467 (15.6) for 76.95i0,—17.6Ca0—5.55rO and 93.4Si0,—
6.6SrO compositions, respectively. However, the simulations of
the overall quadrupolar lineshapes for the models of 76.9S10,—
17.6Ca0—=5.55rO or 93.4 Si0,—6.6 SrO glasses reveal
differences, as shown in Figures 4b and 5. From these
observations, several comments can be made. (i) There is a
clear qualitative agreement between the GIPAW computed Cq
data and the overall width of the experimental lineshape. In
particular, the largest predicted Cq values (~75 MHz) can
explain nicely the broad components of the spectrum with the
lowest intensity. Moreover, the “sharp” component centered at
0 ~ 0 ppm can be safely assigned to moderate quadrupolar
constants (~25 MHz < Cq < ~35 MHz), which are
systematically present in the glass models. (i) The largest Cq
constants exceed by far those observed for crystalline Sr and
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Figure 4. (a) Si MAS NMR spectrum of B75-Sr10 (Experimental parameters: 7 T, 7 mm Bruker MAS probe, rotation frequency: 5 kHz, toy-(**Si)
= 4.6 s, pulse angle: 45°, relaxation delay: 300 s, 458 scans (~38 h); reference: TMS at 0 ppm), and GIPAW predictions of **Si NMR chemical
shifts from the glass models (vertical bars at the bottom: black vertical bars for GIPAW predictions for the five models of composition 93.4 Si0,—6.6
SrO, and red vertical bars for GIPAW predictions for the five models of composition 76.95i0,—17.6CaO—5.55rO). The ranges for Q" units are
shown (see Table 2 for mean values and standard deviations). (b) Simulations (pure quadrupolar lineshapes) corresponding to all the ¥'Sr sites in
the glass models of composition 76.95i0,—17.6Ca0—5.55rO (CaSrSi) and 93.4 SiO,—6.6 SrO (SrSi), respectively. The ¥Sr quadrupolar constants
are given in Table S4. The experimental spectrum corresponds to the labeled B75-*Sr10 glass sample (see Figure 3).

Ca/Sr silicates such as Sr;SiOs and CaSrSiO, (Table 1). In
other words, the interpretation of the spectrum of B75-*Sr10
cannot be deduced simply by starting from the ¥Sr NMR
parameters of related crystalline phases. (iii) It is clear from the
simulations in Figure S that each glass model, taken
individually, cannot account for the experimental ¥’Sr NMR
lineshape, and that many more Sr sites need to be taken into
account for each composition. The number of Sr sites in the
proposed models (20 to 25 in total) is probably still not
sufficient to fully describe the Sr environments in the glass
models.”® Quantitative distributions for Cq and 7 were not
extracted from the spectrum of B75-*Sr10. Nevertheless, from
the calculated data currently available, it seems clear that when
summing for each glass composition all the ¥Sr contributions
of each site (i.e., 20 and 25 in total for 93.4 Si0,—6.6 SrO and
76.958i0,—17.6Ca0—5.55r0O, respectively), the ¥Sr NMR
lineshape of B75-Sr10 appears to be more similar to the one
observed in the 93.4 SiO0,—6.6 SrO models than in 76.9Si0,—
17.6Ca0—5.581r0, as it reproduces better the central sharper
feature of the spectrum (Figure 4b). This would be in line with
the previous conclusions drawn here from *’Si NMR, which
suggest that Sr is in a Sr-silicate-rich phase in B75-Sr10,
following a phase segregation into nanodomains. All in all, this
demonstrates that the combination of ¥Sr NMR and
computational modeling (followed by GIPAW calculations)
can provide direct insight into the local structure around Sr in
bioactive glasses.

The very large Cq range observed experimentally and
satisfactorily predicted by GIPAW calculations raises the

following question: is it actually possible to correlate the Cq
variations with local geometrical distortions around the Sr
nuclei? This would allow structural information to be simply
derived from the experimental 87Sr NMR spectrum, without
having to proceed to extensive and computationally demanding
simulations. However, in contrast with quadrupolar nuclei such
as YAL*%7 no clear trend relating CQ(87Sr) and shear or
longitudinal strain parameters could be found, whether
considering the Sr sites in the glass models or in the crystalline
phases described above. No relationship between Cq and
coordination number of Sr in the glasses could be established
either (see Figures 6 and S19). A more general concept
previously proposed for the study of cationic environments in
glasses was also investigated in view of trying to establish
correlations, which consists of describing locally the symmetry
of the Sr—O polyhedron (regardless of the coordination
number) through the calculation of electric dipole” and
quadrupole (4, i = 1, 2, 3) moments™ (the mathematical
expressions for these dipole and quadrupole moments being
given in ref 100). In Figure S20, the quadrupole moments 4; are
plotted vs Cq for all Sr sites in a 6-coordinate environment in
the 76.9510,—17.6Ca0—5.55rO and 93.4Si0,—6.6 SrO
compositions. Clearly, there is no one to one correspondence
between 4; and the magnitude of Cq, meaning that simple
geometrical rules cannot be used to account for the evolution of
Cq from one site to the other. We believe that this is due to the
nature of Sr—O bonds, which are predominantly ionic and
poorly directional.'®" This proves that in the case of *’Sr NMR,
the interpretation of complex spectra strongly relies on
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Figure 5. Simulations (pure quadrupolar lineshapes) corresponding to the *Sr sites in the individual glass models of composition (a) 76.95i0,—
17.6Ca0—5.55rO (five models named CaSrSi-sgi) and (b) 93.4 SiO,—6.6 SrO (five models named SrSi-gi). The ¥Sr quadrupolar constants are
given in Table S4. The experimental spectrum corresponds to the labeled B75-#Sr10 glass sample (see Figure 3).

Figure 6. Strontium environments in 76.95i0,—17.6Ca0—5.5SrO glass models a—d (representative five to eight coordination environments). Large
light blue balls: Sr; large red balls: coordinated O around Sr; small green balls: Ca; small light blue balls: Sr. The yellow and red sticks show
tetrahedral environments of the silicon oxygen network structure. Inserts: Sr and coordinated O only. (a) 5-fold coordination, Cq = $1.4 MHz. (b) 6-
fold coordination, Cy = 60.4 MHz. (c) 7-fold coordination, Cq = 64.9 MHz. (d) 8-fold coordination, Cy = 35.6 MHz.

computational simulations, such as the ones we have described modeling is a unique approach for visualizing the Sr—O
here. polyhedra in a bioactive glass (Figure 6) and also for assisting in
In conclusion of this investigation of Sr local environments in the interpretation of the corresponding ¥’Sr NMR spectrum

bioactive glasses, it has been demonstrated that MD/DFT through the GIPAW approach. The C, range was found to be
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Figure 7. DFS—WURST—QCPMG *'Sr NMR spectrum of labeled B75-#Sr10 after immersion (7 days) in SBF—D,0. Experimental parameters:
19.8 T, 7 mm Bruker probe, DFS convergence sweep from 800 to 400 kHz during 1 ms, WURST sweep width of 1000 kHz (4S us), 400 echoes,
spikelet separation: 7874 Hz, number of VOCS offsets: 1, 160 000 scans (~16 h), relaxation delay: 0.3 s. Part of the spectrum of B75-*Sr10 before
immersion in SBF—D,0O is presented for comparison (one offset, total experimental time: ~1 h).

very large and was accounted for using the glass models. Most
importantly, in the case of B75-Sr10, comparisons of calculated
and experimental *'Sr and **Si NMR data suggest that phase
segregation has occurred on the nanoscale during the synthesis.
This new information about potential nanostructures in Sr-
bioactive glasses is of interest when considering other Sr-
bioactive glass phases prepared by sol—gel, because it could be
one of the reasons for the differences in reactivity observed so
far in the literature. Similar studies on other glass structures of
different composition would thus be worth carrying out.

8Sr NMR Analysis of the Structural Changes in Bioactive
Glasses upon Immersion in SBF. After implantation in the
body, the distribution and local environments of Sr in the glass
will change, allowing Sr to be released in body fluids. Here, the
interaction of labeled B75-*Sr10 with SBF was thus monitored
by ¥Sr NMR to see if structural changes could be observed. To
minimize the potential effects of protons on T,(*’Sr) relaxation
(see above), d-SBF (i.e., SBF prepared in D,0) was used as an
immersion medium. Indeed, the Ca phosphate phases which
will form upon immersion and the hydrated glass are expected
to contain protons. After 7 days of immersion, the chemical
composition of the reacted glasses and residual SBF solutions
were analyzed, showing that ~80% of the Sr content had been
released into solution. The DFS—WURST—QCPMG ¥Sr
NMR spectrum of the B75-*Sr10 bioactive glass recovered
after immersion is presented in Figure 7 for one WURST offset
(total experimental time: ~16 h). When comparing it to the
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spectrum of B75-%#Sr10 before immersion in SBF, we see a
dramatic decrease of the signal-to-noise ratio. This decrease
exceeds by far the expected signal-to-noise ratio considering
that 20% of Sr ions remain in the glass grains after immersion
in SBE.'%* In other words, the ¥Sr NMR experiment is not able
to detect all Sr nuclei in the sample.

A likely explanation for this observation is the following.
Upon immersion in SBF, a phosphocalcic layer forms at the
B75-*%Sr10/SBF interface, which was easily identified as
hydroxyapatite (HAp) by standard *'P MAS and 'H-*'P 2D
CP MAS NMR experiments (Figure S21).'°*'°* This HAp
surface layer is likely to contain Sr** as a substitution for Ca®* in
the HAp phase. Indeed, yu-PIXE (particle-induced X-ray
emission) quantitative chemical imaging reveals that after 7
days of interaction with SBF, Sr diffuses from the original glassy
matrix to the mineralized surface layer which is only a few
micrometers thick (see Figure $22). The chemical composition
of this surface layer is found to be close to apatite, with an
atomic Ca/P ratio of 1.68 (vs 1.67 for stoichiometric
nonsubstituted HAp). The Sr concentrations in the mineralized
surface layer were measured by u-PIXE as 5.2 wt %, compared
to 1.9 wt % in the core of the glass grains (a value which is in
reasonable agreement with the ~1.5 wt % determined by ICP-
AES). This implies that most of the Sr is probably present in
the newly formed HAp phase.'” Thus, despite the use of
deuterated SBF, which might have helped slightly improve the
signal-to-noise ratio (as demonstrated above for Sr-phenyl-
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boronate), it is likely that the ¥’Sr NMR signals coming from Sr
atoms in the HAp surface layer are not detected, because when
Sr is surrounded by protons or deuterium (especially coming
from OH/OD groups or H,0/D,0 molecules), *’Sr signals
can be more challenging to observe because of T, effects (see
above the study of StHPO, and belovite). This is also true for
Sr sites which would be in the core of the eroding glass in
hydrated environments, as water molecules are expected to
migrate within the glass because of this erosion. Thus, we
believe that the ¥Sr NMR spectrum recorded after immersion
in d-SBF (Figure 7) is representative of only the Sr nuclei
located in the core of the glass grains in nonhydrated and
nonhydroxylated environments. To observe the hydrated/
hydroxylated Sr-environments, other sequences such as
"H-¥Sr CP QCPMG may be more appropriate. Indeed, in
the case of *Mg NMR (*Mg also being a low-gamma
quadrupolar nucleus of low natural abundance), Davis et al.
have shown that the Mg environments which appear upon
dissolution of Mg-silicates can be detected using '"H—>* Mg CP
QCPMG.'*® However, such experiments were not attempted
here and will be investigated in future studies.

As a conclusion of this section, it has been demonstrated that
Sr NMR spectroscopy in combination with chemical analyses,
as well as 3P and 'H solid-state NMR, is a valuable tool of
investigation for the detailed study of Sr bioavailability in
glasses. After immersion in SBF, ¥’Sr NMR is mostly sensitive
to Sr nuclei located in the core of the glass grains in
nonhydrated/hydroxylated environments. The fact that such
environments are still detected after 7 days of immersion means
that some portions of the initial glass have remained intact,
containing residual Sr which can still be released. This is
actually an important observation in itself, as it suggests that the
stimulation of osteoblasts can occur over a fairly long period of
time, which may ensure the proper osteointegration of the
bioactive glass at the implantation site in the body, by
formation of new bone tissue.

B CONCLUSION

In this paper, a major step forward in the development of *’Sr
solid-state. NMR spectroscopy has been made, from both
experimental and computational points of view, to demonstrate
that this technique can now be used to shed light on the local
environment of strontium in complex materials of biomedical
interest: Sr-containing bioactive glasses. Experimentally, it has
been shown that the inherent drawbacks of ¥Sr (Iow y and low
natural abundance) can be circumvented by the combination of
ultrahigh field magnets and specific pulse sequences (DFS,
QCPMG, and WURST excitation). Indeed, natural abundance
Sr solid-state NMR spectra can now be recorded in
reasonable time from many samples. ¥’Sr GIPAW calculations
(obtained using PWSCF or CASTEP codes) were found to
show excellent agreement with trends observed experimentally
for quadrupolar parameters. It was shown that quadrupolar
coupling constants Cy, as large as 75 MHz can be expected, this
interaction then being the dominant experimental broadening
for such spectra. No clear trends relating quadrupolar
parameters to local Sr environments could be established,
meaning that to interpret complex ¥’Sr NMR spectra, it is
necessary to be able to model Sr-containing materials to then
calculate the ¥Sr NMR parameters for these models using
GIPAW.

Based on these new developments of ¥’Sr NMR spectros-
copy, the study of the structure of a bioactive Ca,Sr-silicate glass
(B75-Sr10) was carried out. It was demonstrated that labeling
in ¥Sr is a prerequisite to obtain reliable experimental spectra
for such materials, as some spectral components are highly
broadened by very large second-order quadrupolar effects. The
¥Sr NMR spectrum of B75-Srl0 was then analyzed and
discussed using a combined experimental/modeling approach,
as the experimental lineshape could not be interpreted on its
own. Several computational models of the glass were proposed,
corresponding to either Ca,Sr-silicate or Sr-silicate composi-
tions. After optimization of the structure of each of these
models at both MD and DFT levels, GIPAW calculations of Cq
were carried out, and the calculated values were compared to
experimental data. Most interestingly, it was found that the Sr-
silicate models are more similar to B75-Sr10 (from the **Si and
¥Sr NMR perspectives), which suggests that some phase
segregation at the nanoscale may occur in the material. Such
structural features, which had never been established previously,
could be of importance, as they would provide new insight into
the differences in reactivity of these materials. Finally, the
bioavailability of Sr in the bioactive glasses was also studied by
¥Sr solid-state NMR, by analyzing the solid recovered after
immersion of B75-Sr10 in a model physiological fluid. In that
particular case, it was found that ¥’Sr NMR is sensitive only to
the Sr nuclei remaining in the core of the glass grains in
nonhydrated/hydroxylated environments, and that such envi-
ronments are still present (though in small quantities) after 1
week of immersion. A systematic comparison of changes in Sr
environments in Sr-bioactive glasses of different compositions
would be worth carrying out in the future at different stages of
the release, as this should provide additional unprecedented
insight into the bioavailability of the cation and release
mechanism.

Beyond the application to pharmaceutical and biomedical
materials, we believe that the developments made in this
manuscript in ¥Sr solid-state NMR will also find a wide range
of applications in other fields of materials science. Indeed,
several other strontium materials have important applications in
microelectronics, thermoelectric, nuclear waste storage, or
superconducting devices,'”” and there are still unanswered
questions about Sr environments in these phases.
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