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Detailed structure of a new bioactive glass composition (PSC, 54 mol% SiO2, 35 mol% CaO and 11 mol% P2O5)
was studied, and conventional glasses (45S5 and S70C30) were used as comparison. The structure information
were obtained by HEXRD and solid NMR techniques. It was found that all the samples have diﬀerent silicon and
phosphorous coordination environment, there is Si-O-P network formed for PSC samples but not for 45S5 and
S70C30 samples. These results may hopefully advance the design of new bioactive glasses.

1. Introduction
The life expectancy of the world population increased dramatically
every year because of the developments of people's life. Plenty of bone
implants are needed to maintain their quality of life after accidents or
illnesses. However, current implants, e.g. metals and polymers, were
biological inert triggering ﬁbrous encapsulation after implantation and
leading to a high rate of failure in the long time [1]. In order to avoid
the ﬂaw of bone implants, material scientists have been making great
eﬀort to develop synthetic bone materials. Among them, bioactive
glasses (silicate-based glasses, phosphate-based glasses, borate-based
glasses and borosilicate glasses) have provided many encouraging results [2–7].
The ﬁrst silicate-based bioactive glass (Bioglass®) were reported by
Hench, which has a composition known as 45S5 corresponding to 45 wt
%, SiO2, 24.5 wt%, Na2O, 24.5 wt% CaO, and 6 wt% P2O5, and has
been widely used in clinical, e.g. dental and orthopaedic ﬁelds [8,9].
However, these glasses need to be processed at very high temperatures.
Sol-gel bioactive glasses processed at lower temperature were then
explored. It was found that the gel-derived glasses had high surface
area, porosity, and wider range of bioactive compositions (58S, 77S and
S70C30, et al.), exhibiting higher bone bonding rates [10]. However, all
these silicate-based glasses degrade slowly and usually take 1 to 2 years
to disappear from the body [11].
Phosphate-based glasses (CaO-Na2O-P2O5) have unique dissolution
properties in body ﬂuids, the degradation rates can be controlled from
hours to several weeks by changing the glass composition. Furthermore,
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these glasses can be synthesized as particles, ﬁbres and microtubes to
include diﬀerent dopants that are able to induce a speciﬁc biological
function and enhance biocompatibility in soft tissue [3]. However,
these glasses didn't not embody good bioactivity for bone regeneration.
Because of these limitations, it is necessary to search for new bioactive
glasses compositions for the repair of bone defects.
Since the silicate-based glasses with lower phosphate content
(< 5 mol%) have higher bioactivity for bone defects, whereas phosphate glasses without silicate content have higher degradation rates, it
may be possible to prepare a new phosphosilicate bioactive glass with
higher phosphate content accelerating the degradation rates for bone
defects. In previously, we used a non-toxic phytic acid as phosphorous
precursor to prepare CaO-SiO2-P2O5 glasses by sol-gel process, it was
found that a much broader range of bioactive composition were obtained especially at high phosphate content [12]. In which, the composition of (CaO)0.35(SiO2)0.54(P2O5)0.11 (48.2 wt% SiO2, 29.1 wt% CaO
and 22.7 wt% P2O5, termed as PSC) has the best bioactivity, and the
phosphate content is dramatically increased compared with conventional bioactive glasses. The PSC have also be found to have better cell
proliferation, mRNA expression and osteocalcin and mineralization of
hDPCs comparing with conventional 45S5 [13], and the released Si and
P ions from PSC were larger than those released from 45S5, implying
the higher degradation rate for PSC.
Detailed structural knowledge is a prerequisite for optimizing
glasses design. The atomic-scale structure of bioactive glasses and its
eﬀect on bioactivity and chemical durability has attracted much attention, because of which is important to model and predict the
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36.5 ± 0.5 °C [19–22]; each sample was measured in triplicate. After
immersing in SBF for 1 d, the powders were washed gently with pure
water and left to dry in a desiccator without heating. Apatite formation
was evaluated using FTIR and XRD.

behavior of bioactive glasses, and ultimately improve their design
[14–17]. In this paper, the detailed structure of this new bioactive glass
composition (PSC) with higher phosphate content was studied by
HEXRD and NMR techniques, which are possible to gain detailed insight into its structure. The linking between phosphate and silicate
structural units will be answered, hopefully advancing the design of
new bioactive glasses.

2.6. Textural characterization
Pore texture of the PSC, S70C30 and 45S5 glass powders were
analyzed using ASAP 2020 apparatus. The samples were degassed in
vacuum oven at 200 °C for 10 h for the removal of moisture from the
pores and then analyzed with nitrogen adsorption to determine the BET
speciﬁc surface area (SSA).

2. Experimental
2.1. Sample preparation
Tetraethyl orthosilicate (TEOS, ≥ 99.0%) and Ca(NO3)2·4H2O were
purchased from Sinopharm Chemical Reagent Co., Ltd. Phytic acid
(50 wt% aqueous solution) was purchased from Sigma Aldrich. All the
precursors were used without further puriﬁcation in the sol-gel preparation.
Bioactive glass (PSC: SiO2-54 mol%, CaO-35 mol%, P2O5-11 mol%)
was prepared as previously reported [12]. Phytic acid (1.6 mL) was
ﬁrstly added in the mixture of ethanol and water at room temperature,
then TEOS (5.82 mL) was added through a syringe during stirring. After
1 h, Ca(NO3)2·4H2O powder (3.98 g) was added until a transparent
solution formed (the sol), which was sealed in polypropylene containers
and left to gel. The resultant gel was aged at 60 °C for one week and
then at 120 °C for another two weeks, and then stabilized at 200 °C,
400 °C and 600 °C for 1 h to get PSC glasses. The stabilized PSC glasses
were then grounded into powders for testing.
Bioactive glasses 45S5 (Bioglas®:SiO2-46.1 mol%,CaO-26.9 mol%,
P2O5-2.6 mol%, Na2O-24.4 mol%) and S70C30(SiO2-70 mol%, CaO30 mol%), which have little or no phosphate content, were used as
comparison. 45S5 glass was purchased from Schott. Bioactive glass
S70C30 was prepared as previously reported [18]: TEOS (20 mL) was
hydrolyzed in the mixture of ethanol and water for 30 min at room
temperature with 2 N HNO3 as catalyst. Ca(NO3)2·4H2O (9.06 g) was
added gradually under continuous stirring. The molar ratio of water to
TEOS was 12:1. The obtained clear sol solution was sealed in a polypropylene container and left to gel. The gel was aged at 60 °C for a
week, followed by drying at 120 °C for another week and then stabilized
at 600 °C for 1 h to obtain the S70C30 glass. The stabilized S70C30
glasses were then grounded into powders for testing.

2.7. Higher energy X-ray diﬀraction (HEXRD)
The atomic structure of the PSC, 45S5 and S70C30 glasses were
characterized by HEXRD. The data were collected on BL13W1 in
Shanghai Synchrotron Radiation Facility. The ﬁnely powdered glasses
were enclosed inside a 2 mm thick circular metal annulus sealed on
both sides by kapton ﬁlm and mounted onto a ﬂat-plate “θ:2θ” instrumental set-up. X-ray energy is 69.525 keV (λ = 0.1783 Å). The data
was normalized against the incident beam intensity and corrected for
the background scattering using the empty cell, and for sample absorption, polarization of the incident beam, inelasticity (Compton
scattering), scattering volume and sample self-scattering. The resulting
structure factor, S(Q), is Fourier transformed to obtain the total correlation function, T(r), in real space [23,24]. Structural information was
obtained from the diﬀraction data by modelling the r-space data using
NXFIT software to compare with the experimental total correlation
function. The structural parameters used to generate the r-space simulation are varied to optimize the ﬁt to the experimental data. The
uncertainties of HEXRD ﬁtting data arise mainly from the ﬁtting process
and the overlapping pair correlation shells.
2.8. Solid state NMR
The magic angle spinning (MAS) solid state Nuclear Magnetic
Resonance (NMR) measurements of 45S5, S70C30 and PSC powders
were carried out by an AVANCE III 400 MHz instrument providing 31P
and 29Si Larmor frequency of 161.58 MHz and 79.3 MHz, respectively.
4 mm MAS BB probes spinning at 12 kHz were used. For 31P NMR, a
2 μs (~ 90° tip angle) pulse was used, and the recycle delay was 1 s. For
29
Si NMR, a 2.0 μs pulse (~ 90° tip angle) was used, and the recycle
delay was 2 s. 31P and 29Si NMR spectra were referenced using
NH4H2PO4 (δP = 0.9 ppm with respect to phosphoric acid) and tetramethylsilane (δSi = 0 ppm), respectively.

2.2. Thermogravimetric analysis (TGA-DSC)
Thermal gravimetric behaviors of the PSC gels were measured on a
TA Q-600 instrument. The samples (around 5 mg each) were placed in
alumina crucibles and measured under nitrogen ﬂow at 20 mL·min− 1.
Data were collected from 50 °C to 800 °C at a heating rate of
5 °C·min− 1.
2.3. X-ray diﬀraction (XRD)

3. Results

XRD measurements were performed on a Rigaku (D/MAX 2500)
instrument with Cu Ka radiation (λ = 1.54 Å), operated at 40 kV and
200 mA. The data were collected for 2θ values between 5 and 70° with a
step size of 0.02°.

3.1. TGA-DSC analysis
Fig. 1 shows TGA-DSC traces of representative PSC gels after dried
at 120 °C. Three stages of weight loss are observed: the ﬁrst one occur
between 180 °C and 200 °C with an exothermic peak, which may be
associated with the removal of trapped solvent (water, ethanol and
nitrate etc.); the second one occur between 200 °C and 400 °C, which
may because the further removal of nitrate and the loss of organic
moieties by further condensation; the third stage of weight loss commence from the end of second weight loss (~ 400 °C) up to ~600 °C,
which is most likely due to the further loss of organic moieties. In
general, the dried gels show weight losses around 30% over the temperature range 50–800 °C during the course of TGA-DSC measurements.
The end temperature of every stage is chosen as stabilization temperature for PSC glass, i.e. 200 °C, 400 °C and 600 °C.

2.4. Fourier transform infrared spectroscopy(FTIR)
FTIR were collected in the range 4000–400 cm− 1 on a Bruker Einox
55 instrument. All samples were diluted with dry KBr, ground down to
ﬁne powders and pressed into pellets. Measurements were made at
ambient temperature.
2.5. Bioactivity test and dissolution proﬁle measurement
150 mg of PSC glass powders were immersed in 100 mL SBF at
11
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Fig. 1. The TGA-DSC traces of the calcium
(CaO)0.35(SiO2)0.54(P2O5)0.11) after dried at 120 °C.
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Fig. 3. The FTIR spectra of PSC glasses after stabilized at diﬀerent temperature.

Whether calcium is incorporated into the sol-gel glass network as a
network modiﬁer, has been the source of contention. In previous study,
it had been reported that calcium nitrate crystals exist in dried gels
unless stabilized at a temperature higher than 450 °C [25]. The PSC
glasses were stabilized at diﬀerent temperatures (200 °C, 400 °C and
600 °C) and test by XRD to indentify whether calcium nitrate crystals is
existent, as shown in Fig. 2. It is found that all the glasses are amorphous and have no calcium nitrate crystal appeared. This means that
calcium ions is incorporated into the network even at low temperature
(200 °C), which may because that the phytic acid used as phosphorous
precursor for PSC glass have high aﬃnity with calcium ions, thus
leading to the break down of calcium nitrate at lower temperature [16].

structure.
3.4. SBF immersion and textural characterization
Apatite formation on the surface of the glasses after immersion in
SBF has been a criterion for the in vitro bioactivity test [19]. PSC glasses
were immersed in SBF for 1 d to test their bioactivity, as shown in
Fig. 4. It is found that PSC sample is totally amorphous before SBF
immersion, however, the hydroxyapatite diﬀraction peaks appear for
1 d immersion (Fig. 4a), conﬁrming hydroxyapatite formation on the
surface of the sample. For example, the (002) peak at 26°, the (211)
peak at 32°, the (212) peak at 40°, the (222) peak at 47°, and the (213)
peak at 49°were all observed from the XRD curves, indicating that PSC
glass is bioactive. The double peaks at 567 and 603 cm− 1 are the evidence of phosphate. Fig. 4b show that no phosphate appears for PSC
glass before immersion in SBF, whereas, phosphate signals are detected
for 1 d immersion, again conﬁrming the formation of hydroxyapatite. In
previously, 45S5 and S70C30 glasses have also been reported to form
hydroxyapatite for 1 d immersion in SBF [10,26], which means that
PSC glass has similar in vitro bioactivity with 45S5 and S70C30 glasses.
The BET speciﬁc surface area (SSA) of PSC, S70C30 and 45S5 glass
powders are 121.13 m2/g, 41.27 m2/g and 0.19 m2/g, respectively,
which mean that PSC glass has higher BET surface area than other two
composition (45S5 and S70C30).

3.3. FTIR spectra
Calcium nitrate has been widely used as calcium precursor in sol-gel
glass because of which is highly soluble, low cost and less thermal
stable compared with other inorganic calcium salts, however, the remained nitrate ions have potentially toxicity [18]. Therefore stabilization process is needed for the removal of nitrate ions. The PSC glasses
after stabilized at diﬀerent temperatures (200 °C, 400 °C and 600 °C)
were test by FTIR to see whether nitrate ions are removed, as shown in
Fig. 3. It is found that the nitrate ions decreased dramatically with the
increase of stabilization temperature, and the nitrate ions could be removed fully after stabilized at 600 °C. Thus all the following PSC glasses
were stabilized at 600 °C to test their apatite formation and atomic

Intensity(CPS)

3.5. Characterization of the structure of the samples at the atomic scale
As shown in above, this new PSC glass with higher phosphate
content have similar in vitro bioactivity with the 45S5 and S70C30
glasses which have lower or no phosphate content. In order to optimize
the design of new bioactive glass, the detailed atomic structure of PSC
glass was studied comparing with traditional glasses (45S5 and
S70C30). HEXRD experiments were carried out to characterize the
phosphosilicate networks. The atomic structures of amorphous silicate
and phosphate materials had been well characterized by this technique
[16,17,27]. The X-ray interference function data is shown in Fig. 5 and
the structural parameters for the total diﬀraction patterns are given in
Table 1. Diﬀerences are observed for the average separations of Si-O, PO and Ca-O: PSC has a larger average Si-O and P-O distances and
shorter average Ca-O distance than 45S5 and S70C30, implying there
might be diﬀerent silicon and phosphorus coordination environment.
However, these diﬀerences may be questioned by their uncertainties,
indicating the limitation of HEXRD on characterizing the atomic scale
structure of such networks with multiple components. Therefore, other
complementary spectroscopic techniques should be used as the

600
400
200
10

20

30

40

50

60

70

2-Theta
Fig. 2. The XRD spectra of PSC glasses after stabilization at 200 °C, 400 °C and 600 °C.

12

Journal of Non-Crystalline Solids 475 (2017) 10–14

603, 567cm-1

( b)

Fig. 4. XRD (a) and FTIR (b) spectra of PSC
glasses after immersing in SBF for 1 d.

Transmittance

(212)

(222)
(213)

Si-O-Si

Intensity (CPS)

(a)

(211)

(002)

A. Li et al.

PSC-1d

PSC-1d

Si-O-Si

PSC-0d

PSC-0d

10

20

30

40

50

60

70

2000

1750

1500

-2

T(r)(Å )

8
S70C30

4
PSC

2
45S5

0
1

2

3

4

r(Å)
Fig. 5. The real-space data X-ray diﬀraction patterns of 45S5, S70C30 and PSC glasses, as
determined from HEXRD data (solid curves: experimental; dashed curves: NXFIT data).

Table 1
Structural parameters for the total correlation function T(r).
S70C30

P-O
Si-O
Ca-O
O-O
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45S5

r(Å)

N

r(Å)

N

r(Å)

N
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2.52

–
4.0
4.2
17.3
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4.1
2.0
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5.3
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It was reported that the silicate-based glasses degrade slowly and
usually take much long time to disappear from the body [11], which
may because the higher silica content in glass decreases the rate of
dissolution [10]. Given the good biocompatibility and bioresorbability
of phosphate materials, increasing P2O5 content in bioactive materials
Fig. 6. Solid state MAS NMR data for (a) 31P spectra and (b)
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corroborative evidence for the silicon and phosphorus coordination
environment.
The solid state 31P and 29Si MAS NMR were also used to characterize
the structure of the phosphosilicate networks of 45S5, S70C30 and PSC
glasses, as shown in Fig. 6, the corresponding parameters are shown in
Table 2. The connectivity around silicate (phosphate) units is designated using the Qn (Qn′) notation, where n (n′) refers to the number of
Si-O-X (P-O-X) bridges around the silicon (phosphorus) center (X = Si,
P). For 31P MAS NMR, overlapping resonances are observed for PSC
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one resonance is observed for 45S5 (Q0′, δiso (7.7 ppm)), which is essentially isolated PO4 units throughout the structure. For 29Si MAS
NMR, overlapping resonances are observed for 45S5, S70C30 and PSC
glasses. 45S5 samples have a limited connectivity, as mainly Q0
(− 78.5 ppm) and Q1 units (− 84.9 ppm) are present. Q1 (− 88.3 ppm)
and Q4 (− 111.6 ppm) units are predominant for S70C30 glasses, indicating an increase in the network connectivity, as expected with
higher network former content. Similarly, Q3 (− 104.9 ppm) and Q4
(− 110.4 ppm) units are predominant for PSC glasses, and the resonance become more negative, indicating higher network connectivity
(Si-O-Si and P-O-Si). These results give complementary information on
the structure of the glasses network, and reveal that there are Si-O-P
linkages formed for PSC sample, however, no Si-O-P linkage is formed
for 45S5 judged by the sole presence of Q0 phosphorus species. Instead,
in 45S5, phosphorous does not enter the network but remains in distinct
orthophosphate (PO4, units).
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Table 2
Solid state NMR parameters obtained by de-convolution of the NMR spectra in Fig. 6. (δ: chemical shift; EV: Environment).
Bioglass

δiso (ppm)

EV(%)

δiso (ppm)

EV(%)

δiso (ppm)

EV(%)

δiso (ppm)

EV(%)

Nucleus
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29

29
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31

31

31

31

PSC
45S5
S70C30

− 104.9
− 78.5
− 88.3

Si

Si

Q3/78
Q0/65
Q1/9

Si

−110.4
−84.9
−111.6

Si

Q4/22
Q1/35
Q4/91

P
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7.7
–

P
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Q0’/100
–

P
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–
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–
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bioactive glass foams promote osteogenesis in vivo, Acta Biomater. 9 (2013) 9169–9182.

certainly has better control on dissolution rates [3]. Therefore, in previous study, we chose phytic acid as phosphorus precursor to produce
diﬀerent composition of bioactive glasses, in which PSC glass composition was found to have the best bioactivity and also have higher
phosphate content than conventional glasses [12].
In a recent study, the PSC glass with higher phosphate content was
reported to have better cell proliferation, mRNA expression and osteocalcin and mineralization of hDPCs than conventional 45S5 [13],
and also have higher ions dissolution rate than 45S5 glass, and S70C30
glass have much higher silicon content than 45S5, thus they may also
degrade slowly and usually were prepared as scaﬀolds to study their in
vitro and in vivo bioactivity [28,29]. The BET speciﬁc surface area (SSA)
of PSC glass was higher than other two composition (45S5 and
S70C30), thus which may also accelerate the degradation rate of PSC
glass.
PSC glass with higher phosphate content had similar hydroxyapatite
formation with traditional 45S5 and S70C30 glasses with lower or no
phosphate content (Fig. 4). Therefore, the detailed atomic structure of
PSC glass was studied comparing with traditional glasses (45S5 and
S70C30) by HEXRD and NMR techniques (Fig. 5 and Fig. 6). It was
clearly shown that PSC glasses have mixed phosphosilicate networks,
and the silicates are linked to phosphates (Si-O-P), however, there is no
Si-O-P linkage formed for 45S5. And also because of the higher aﬃnity
of phytic acid with calcium ions, the calcium ions are in the vicinity of
phosphorus units [12,16]. The phosphate ions release may accompany
with the calcium ions release during the breakage of Si-O-P linkages of
PSC glass in SBF facilitating the formation of hydroxyapatite, illustrating its good in vitro bioactivity. Future work will work on the degradation test, ion release, pH value change and cell biocompatibility of
PSC glass to see the inﬂuence of higher phosphate content.
5. Conclusion
A
new
bioactive
glass
composition
(PSC,
(CaO)0.35(SiO2)0.54(P2O5)0.11) with higher phosphate content have been
characterized in detail by XRD, FTIR, MAS NMR and HEXRD. It was
found that the calcium ions could be incorporated into the Si-O-P network even at low temperature (200 °C), and the nitrate ions could be
removed fully by heating at 600 °C. It was also found that there was PO-Si covalent bond formation and lower Ca-O bond length for PSC
bioactive glass comparing with other composition (45S5 and S70C30).
In addition, the hydroxyapatite could be formed on the surface of the
new PSC bioactive glass for only 1 d immersion in SBF, implying its
good in vitro bioactivity.
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