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c Centre de Recherches sur les Matériaux à Haute Température, CNRS, 1D Avenue de la Recherche Scientifique, 45071 Orléans cedex 2, France
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Abstract

45S5 Bioglasses of the composition 46.1 SiO2–2.6 P2O5–26.9 CaO–(24.4 � x) Na2O–xMe2O (Me = Li or K) have been investigated
using MAS NMR and MQ–MAS NMR methods. The analysis of the 29Si MAS NMR spectrum revealed two lineshapes whose chemical
shift is consistent with two silica Qn=2,3 species. The 31P MAS NMR spectrum reveals the effect of both Na and Ca ions. The chemical
shift of the observed 31P signal is intermediate between those of Na3PO4 (near 10 ppm) and Ca3(PO4)2 (near 3–0 ppm) species. The 23Na
MAS NMR spectra were observed in the alkali oxide composition: 24.4 Na2O, 12.2 Na2O–12.2 K2O and 12.2 Na2O–12.2 Li2O. The
substitution of Na with Li or K was done to determine the extend of alteration of the glass structure. This goal was best accomplished
by 23Na MQ–MAS NMR. The two-dimensional spectra revealed three sites in the 24.4 mol% Na2O glass. These sites were not resolved in
the 1D MAS NMR spectroscopy. In the mixed glasses, only two sites were obtained.
� 2007 Elsevier B.V. All rights reserved.

PACS: 61.43.Fs; 61.18.Fs; 82.56.Ub; 82.56.Fk
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1. Introduction

Bioglasses are mainly produced by glassy oxide mixtures
with silicate and phosphosilicate composition [1]. The
backbone of phosphosilicate glass structure is the silica–
oxygen, SiO4, and the phosphorus–oxygen, O = PO3, tetra-
hedral network. These SiO4 and O = PO3 tetrahedra are
connected through bridging oxygens to form a continuous
3D network. The Qn notation expresses the concentration
of bridging oxygens per tetrahedron, where n value is equal
to the number of bridging oxygens [2,3].
0022-3093/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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The understanding of the glassy structure is very impor-
tant to define the properties of bioactive glasses as well as
determine the mechanism of conversion into hydroxyapa-
tite (HA). An expanding research has been made on glasses
and glass ceramics of 45–55% silica concentration. Hench
and his co-workers initiated the research by studying the
glass composition 45% SiO2–24.5% Na2O–24.5% CaO–
6% P2O5, known as 45S5 Bioglass� [4,5]. These bioactive
glasses are biocompatible and have been investigated for
the strong interfacial bonding with bone [6–9]. Their bioac-
tivity is attributed to the formation, on their surface, of a
hydroxycarbonated apatite (HCA) layer quite similar to
the mineral part of bone. The bone has an organic part
mainly of type I collagen and an inorganic part of crystal-
line mineral salts and calcium, which is present in the form
of hydroxyapatite. The matrix is initially laid down as
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unmineralized osteoid (manufactured by osteoblasts). Min-
eralisation involves osteoblasts secreting vesicles contain-
ing alkaline phosphatase and acts as the centre for
calcium and phosphate deposition. The vesicles then rup-
ture and act as a centre for crystals to grow on.

According to Hench [2,6–9], when the bioactive glass
comes into contact with physiologic fluids, a three-step
mechanism of HCA formation occurs on the surface of
the implant. This mechanism involves ion exchange, disso-
lution and precipitation. Ion exchange occurs at the bioac-
tive glass surface where the cations Na+ and Ca2+ from the
glass exchange with H+ from the surrounding solution.
Network dissolution occurs through the breakage of Si–
O–Si bonds by the action of hydroxyl ions (OH�). Silanol
groups (SiOH) formed on the glass surface undergo rear-
rangement resulting in a silica-rich gel layer. Precipitation
of calcium–phosphate-rich layer (CaP) occurs on the sur-
face though reactions of calcium and phosphate ions from
the glass together with those from body fluids.

The calcium–phosphate-rich layer (CaP) on the surface
of the glass is similar to the apatite phase present in bone
[10]. Once apatite nuclei are formed, they will grow sponta-
neously, since under normal physiological conditions our
body fluid is highly saturated with the components of
hydroxyapatite. Additionally, the degree of saturation of
body fluid and the kinetics of hydroxyapatite precipitation
will be enhanced because of the dissolution of ions, such as
Ca+ and PO3�

4 , from the glass. The dissolution of group I
and II modifying cations (alkaline and alkaline earths,
respectively) from the glass also assists hydroxyapatite pre-
cipitation since it raises the local pH and consequently
reduces the solubility of hydroxyapatite [11,12].

The glass structure is highly affected by the nature and
the proportion of the alkali metal ions incorporated into
the glass. Thus, the determination of alkali metal ion envi-
ronments can contribute to the understanding of the rela-
tionship between structure and properties. There is plenty
of literature evidence [18–20] on the effects of the alkali
metal content on the physical and chemical properties of
the glasses.

As we already know, properties related to the ionic
motion, such as alkali migration and ionic diffusion, are
highly affected by the presence of a second alkali metal in
the glassy system. The influence happens in such way that
exhibits large deviations from additivity. This phenomenon
is known as ‘mixed alkali effect’ [14].

Recently, Ingram suggested an approach of this theory
based on the interactions of unlike cations (mismatch
effect) and the relaxation of these interactions because of
the cations coupled motion [15]. These two opposite facts
greatly affect the strength of cations in different mixed
alkali systems. Hence, in glasses, such as Na–Cs, where
mismatch effect prevails, conductivity displays deep min-
ima in comparison to glasses with similar cationic site size,
such as Na–K, where the opposite effect is being displayed.

In order to approach these concepts, a vacancy-like
model can be used. In this model, the total number of
vacant sites corresponds only to a small portion of the
number of cations present in the glass system [15]. These
sites are available only when stereo-chemical conditions
allow it. In this way, the migration of a big cation is not
allowed when the surrounding vacant sites exist because
of the motion of a smaller cation [14,16].

Our present work reports magic angle spinning (MAS)
and multiple-quantum (MQ–MAS) NMR of the 45S5 bio-
glasses to probe the environment of sodium as it presents a
significant element in the process of HCA formation
[17,18,22,23]. Since the bones contain other alkaline (in
the form of alkaline phosphatase), we substituted sodium
with potassium or lithium in order to evaluate the effect
of the replacement of another alkali metal ion on the local
sodium sites.

2. Experimental procedures

2.1. Sample preparation

45S5 Bioglasses of the composition 46.1 SiO2–2.6 P2O5–
26.9 CaO–(24.4 � x) Na2O–xMe2O (Me = Li or K) were
prepared by the traditional melting method. Table 1 gives
the exact compositions. The starting materials were com-
mercial powders of CaCO3, Li2CO3, Na2CO3, K2CO3,
(NH4)2HPO4 and SiO2.

Butches of appropriate compositions were melted in
platinum crucibles. The melting procedure was as follows:

1. raised to 1200 �C with 20 �C/min,
2. staying at 1200 �C for 1 h,
3. raised to 1400 �C with 20 �C/min, and
4. melted at 1400 �C for 2 h.

Then the melts were poured into graphite molds. The
glass samples were annealed at 600 �C for 1 h. The temper-
ature was lowered to 100 �C with a rate of 2 �C/min.

2.2. Solid state NMR spectroscopy

The high-resolution NMR spectra have been obtained at
different principal field (4.7 T–200 MHz for 29Si, 7.3 T–
300 MHz for 31P, and 9.4 T–400 MHz for 23Na) on Bruker
AVANCE instruments equipped with high speed MAS
probeheads. The 29Si spectra have been obtained at a fre-
quency of 39.76 MHz and a spinning speed of 5 kHz.
About 25000 scans were accumulated with a recycle delay
of 6 s. The 31P quantitative spectra were acquired at a fre-
quency of 121.5 MHz and a spinning rate of 10 kHz, using
a single pulse sequence. Thirty-two scans were added with a
recycling delay of 120 s.

The 23Na one-dimensional spectra have been recorded
with small pulse angle (p/18) to ensure quantitative excita-
tion of the central transition and a recycling delay of 1 s.
For the 2D multiple-quantum MQ–MAS experiments, we
used the z-filtered pulse sequence [19] and a synchronized
acquisition of the indirect dimension [20]. The two first



Table 1
Compositions of all the glasses studied (mol%)

Sample composition (mol%) SiO2 P2O5 CaO Na2O K2O Li2O

45S Na 46.1 2.6 26.9 24.4 – –
45S Na–Li 46.1 2.6 26.9 12.2 – 12.2
45S Na–K 46.1 2.6 26.9 12.2 12.2 –
45S Na–K 46.1 2.6 26.9 14.4 10 –
45S Na–K 46.1 2.6 26.9 10 14.4 –
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pulses were optimized to 4.5 and 1.6 ls for a rf-field of
140 kHz and the z-filter pulse was a 90� selective pulse of
11.5 ls with a rf-field of 11 kHz.

Chemical shifts are referenced to TMS, an 85% H3PO4

solution and NaCl (1N) aqueous solution for 29Si, 31P
and 23Na, respectively.
3. Results and discussion

3.1. 29Si and 31P solid state NMR characterization

To deeply describe the structure of our glasses, we probe
the local environment of silicium, phosphorus and sodium
nuclei. Fig. 1 shows the 29Si MAS NMR of the 45S Na
(24.4 mol% Na2O) glass. The spectrum exhibits a broad
asymmetric line. This line can be deconvoluted in two
Gaussian lines centered at �79.5 ppm and at �83.1 ppm.
Fig. 1. 29Si MAS NMR spectrum of the 46.1 mol% SiO2–2.6 mol% P2O5–
26.9 mol% CaO–24.4 mol% Na2O glass.
As this composition contains a high concentration of alkali
ions, it was expected that the phosphosilicate network
would contain silicate tetrahedra with one or two NBO.
Thus, the 29Si peak at �79.5 ppm is assigned to Si(Q2) spe-
cies and at �83.1 ppm to Si(Q3) species. Literature reports
chemical shifts for Si(Q2) silicon species at the value of
�75 ppm and for Si(Q3) at the value of �88 ppm for
sodium silicate glasses [28]. The deviations from these val-
ues are attributed to the presence of (i) Na+ and Ca2+ ions
that are likely correlated with the phosphorus species in the
glass and (ii) Ca2+ ions that preferentially correlate with
Si(Q2) species [28]. Under these conditions, we explain
the decrease in the chemical shifts of Si(Q2) species and
the increase in the chemical shifts of Si(Q3) species. Fig. 1
indicates this change in silicon chemical shifts.

According to the literature [26,27], alkali ions preferably
associate with PO4 tetrahedra, because the acidity of SiO2

and P2O5 oxides increases in the order SiO2 < P2O5. The
phosphorus environment should then be the most influ-
enced by alkali-substitution. However, as can be seen in
the Fig. 2, the 31P MAS NMR spectra of Na, Li, K glasses
together with two mixed alkali glasses are similar. In all the
cases, the spectra exhibits a broad, quite symmetric line
centered at 8 ppm. Only in the case of potassium glass com-
position (46.1 SiO2–2.6 P2O5–26.9 CaO–24.4 K2O), a sec-
ond resonance can be observed at 3 ppm. The chemical
shift of the main line is typical of phosphorus in an ortho-
phosphate environment. The broadening can probably be
attributed to a distribution of chemical shift due to the
weak variations of local environment of phosphorus nuclei.
This lineshape is currently observed in disordered materi-
als. The recorded shift of 8 ppm appears to be in the range
of the shifts of Na3PO4 (at 10 ppm) and Ca3(PO4)2 (at the
region of 3–0 ppm) species [28]. For Na3PO4 the indicative
phosphate species are the P(Q1) units in which three BO
correlate with three Na [24,25]. Consequently in 45S Na
glasses where the chemical shift is observed because of
the presence of Na and Ca, the lineshape at 8 ppm is
assigned to P(Q1) species in which one of the Na is con-
nected with a second P(Q1) specie in which one or two of
the free Na may have been substituted by Ca. This struc-
ture is denoted either by the P[Q1(3Na)]–P[Q1(2Na)(1Ca)],
P[Q1(3Na)]–P[Q1(1Na)(2Ca)] or P[Q1(3Na)]–P[Q1(3Ca)].
The last of the three structures is less likely to be observed
due to the difference in electronegativities of Na+ and
Ca2+, 0.9 and 1.0, respectively. Even if their difference is
very low the substitution of Na+ by Ca2+ would result in



Fig. 2. 31P MAS NMR spectra of Na glasses, K glasses and a mixed alkali
series.

Fig. 3. 23Na MAS NMR spectra of the 24.4 Na2O, 12.2 Na2O–12.2 K2O
and 12.2 Na2O–12.2 Li2O mixed alkali glasses.
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a more negative chemical shift because of the dislocation of
charge from the oxygen and thus from the P–O bond [28].
Unfortunately, this cannot be observed on the spectra, due
to the broadening of the line consecutive to various local
environments.

For the 45S Na–K glass compositions, the 31P MAS
NMR spectra apart from the lineshape at 8 ppm revealed
a second one, with a weaker signal, at the region of 3–
0 ppm. The cationic strength of alkali ions increases
in the order of Li+ > Na+ > K+ [21], thus the presence of
cations with lower strength results in the interaction of a
smaller ratio of NBOs or a higher ratio of BOs and –
consequently – in the decrease of chemical shift [29]. There-
fore, the chemical shift of the second lineshape drops off
from 3 ppm to 0 ppm as Na concentration is decreased
from 24.4 mol% Na2O to 0 mol% Na2O (or 24.4 mol%
K2O). However, even in the potassium glasses the lineshape
has a rather weak signal.
3.2. 23Na 1D and 2D MQ–MAS NMR characterization

Fig. 3 shows the 23Na MAS NMR spectra of the 24.4
Na2O, 12.2 Na2O–12.2 K2O and 12.2 Na2O–12.2 Li2O
mixed alkali metal compositions. The spectra consist of a
single broad asymmetric line with a steep low-field edge
and a trailing high-field edge. This lineshape has previously
been interpreted as linked to a distribution of electric field
gradient (EFG) at the sodium site, and is typical of disor-
dered materials. The position of the maximum of the peak
has been estimated at 4.4 ppm, 6.8 ppm and 8.8 ppm for
12.2 Na2O–12.2 Li2O glass, 24.4 Na2O glass, and 12.2
Na2O–12.2 K2O glass, respectively.

This main line can be better described with the 23Na
MQ–MAS NMR experiments. The spectra obtained for
24.4 Na2O, 12.2 Na2O–12.2 K2O and 12.2 Na2O–12.2
Li2O mixed alkali metal compositions are shown in
Fig. 4. The 23Na MQ–MAS NMR spectrum (Fig. 4) for
the 12.2 Na–K glass – in comparison with the one for the
24.4 Na glass – illustrates an increase in Na’s chemical shift
(of around 4 ppm and not around 2 ppm as it was esti-
mated in the 1D characterization) which reveals a higher
negative charge concentration in Na environment. Accord-
ing to the literature [10,13,20], cations with smaller size (or
higher charge) have a rather small coordination shell which
contains a higher ratio of NBOs. Moreover, NBOs enclose
the utmost negative charge concentration. The cation site
size order and the order of cation strength is K+ >
Na+ > Li+ and Li+ > Na+ > K+, respectively. Thus, in
case of Na substitution by K, because of its smaller size
and higher strength, Na will interact with a higher ratio
of NBO providing a higher negative charge concentration.
On the other hand, in case of 12.2 Na–Li glass concentra-
tion because of Li smaller size and higher charge, Na sub-
stitution by Li results in smaller negative charge
concentration in Na environment and consequently in a
decrease in Na chemical shift (of around 4 ppm and not
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Fig. 4. 23Na MQ–MAS NMR spectra for the 24.4 Na2O, 12.2 Na2O–12.2 K2O and 12.2 Na2O–12.2 Li2O mixed alkali species, where the horizontal and
perpendicular axes represent the MAS dimension (in ppm) and the isotropic dimension (in ppm) of the sample, respectively and the inset line and the
arrow correspond to the chemical shift (CS) and the QIS lines, respectively.
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around 2.4 ppm as it was estimated in the 1D
characterization).

From these two-dimensional MQ–MAS spectra, it is
possible not only to discuss the distribution of chemical
shifts that are not accessible from a simple MAS spectrum
but also to better describe the distribution of quadrupolar
interaction. Indeed the spreading of the contour shape
along the full line (CS line) is due to the chemical shift dis-
tribution, whereas, the spreading along the dotted line (QIS
line) is due to a distribution of quadrupolar coupling con-
stant. According to the observed lineshape, the signal
should be attributed to at least two components for 12.2
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Na2O–12.2 K2O and 12.2 Na2O–12.2 Li2O samples and
three components for 45S Na glass. The ellipses over the
spectra results from computer simulation indicating the
Na-sites present in the glasses. The complete simulation
obtained for the spectra of 45S Na (24.4 mol% Na2O) glass
(ppm)
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(ppm)
-50-40-30-20-1001020304050

Fig. 5. 23Na MQ-MAS NMR simulated and experimental spectrum of the 24.
well as the inset line are the same as in Fig. 4. Site 1 (diso = 6.0 ppm,
DCS = 20 ppm), site 3 (diso = 6.6 ppm, CQ = 1.2 MHz, DCS = 1 ppm).
is shown in Fig. 5. The simulated spectrum is composite
resulting from the three components (Bottom theoretical
spectra) deduced from the fitting procedure. The narrower
signal (site 3), with a weak quadrupolar coupling constant
(CQ = 1.2 MHz) and no chemical shift distribution
(ppm)
-40-30-20-10010203040

-40-30-20-10
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4 mol% Na2O oxide composition the horizontal and perpendicular axes as
CQ = 1.4 MHz, DCS = 20 ppm), site 2 (diso = 6.8 ppm, CQ = 2.6 MHz,



Fig. 6. 23Na MQ-MAS NMR simulated and experimental spectrum of the 12.2 mol% Na2O–12.2 mol% Li2O alkali oxide composition the horizontal and
perpendicular axes as well as the inset line are the same as in Fig. 4 (diso = 3.3 ppm, CQ = 1.4 MHz, DCS = 20 ppm), site 2 (diso = 2.8 ppm, CQ = 2.6 MHz,
DCS = 20 ppm).
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(DCS = 1 ppm) is probably due to a most ionic species. The
addition of a second alkali leads to the absence of this spe-
cies in 12.2 Na–K and 12.2 Na–Li glasses probably due to
the mixed alkali effect. The simulated spectrum of 12.2 Na–
Li glass is shown in Fig. 6 and is composite resulting from
the two components. At this point, we need to emphasize
that consideration of one site cannot lead to satisfactory
reproduction of the experimental spectra. Appropriate
superposition of three and two sites in the sodium and
mixed alkali glasses can reproduce the experimental spec-
tra, respectively. We do not know which site is associated
with the silica or phosphorus network and why the site 3
diminishes in the mixed alkali glasses.

According to the literature [21,30], because of the order
of cation strength, the ratio of electric charge distributed to
the ionic radius of Na is higher than the electric charge in
K’s ionic radius hence the ionic site is the energetically
favorable for Na. In a mixed alkali glass, Na will occupy
the most ionic site while K the less ionic one therefore in
12.2 Na–K glass the most ionic site 1 is distributed to
Na+ while site 2 to K+. As far as 12.2 Na–Li glass is con-
cerned, ionic is the energetically favorable site for Li so site
1 is distributed to Li+ while site 2 to Na+.

4. Conclusion

Nuclear magnetic resonance (NMR) spectroscopy is an
attractive method for obtaining an insight into the struc-
ture of the glasses. From the present study using magic
angle spinning (MAS) and multiple-quantum (MQ–MAS)
NMR the following conclusions are proposed for the char-
acterization of the 45S5 bioglasses, and especially the
description of sodium environments.

The 29Si and 31P solid state NMR characterization con-
firmed that the phosphosilicate network is mainly com-
posed of silicate tetrahedra with one and two NBO
(Si(Q2) and Si(Q3) species) containing pyrophosphates
units (P(Q1) species). The 31P environment is not highly
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influenced by alkali-substitution as for the Na, Li, K and
the mixed alkali glasses exhibit a main line at 8 ppm and
a second at 3 ppm with a rather weak signal.

The 23Na 1D and 2D MQ–MAS NMR characterization
apart from the opposite variation of the chemical shift with
the addition of two different alkalis revealed that one of the
three Na-ionic sites is absent from the mixed alkali glasses
as well. The absence of the ionic site illustrates the migra-
tion of Na+ from this site to more energetically favorable
ones. This motion of Na+ lives behind vacant sites avail-
able only to Li+, because of their smaller size. In case of
K+, either this ionic site is totally absent or the surrounding
environment has changed in order the vacant sites to be
available to K+.
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