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Glasses with molar compositions 40Na,0-10SrO-(20-x)Ti0,-xSi0,-30P,05 (0 < x < 10; O/P = 4), were prepared by the classical
melt-quenching technique and structurally characterized by X-ray diffraction (XRD), differential scanning calorimetry (DSC), Fourier

transform infrared (FTIR), Raman, nuclear magnetic resonance (NMR), and density measurements. The introduction of SiO, into the

phosphate glass slightly weakened the glass network, as shown by the small increase in the molar volume (V) and the decrease in the

glass transition temperature (T). This behavior was due to the existence of more ionic P-O-Si than P-O-P bonds. Spectroscopic studies
showed that SiO,, like P,Os oxide behaved as a network former and that the glass structure contained P-O, P-O-P, Si-O, Si-O-Si, Ti-O,

Ti-O-Ti, P-O-Ti, and P-O-Si linkages. The preliminary results of the in vitro bioactivity tests showed the existence of ionic exchanges

between the simulated body fluid (SBF) solution and the studied glasses. X-ray powder diffraction and FTIR spectroscopy confirmed the

formation of the Ca-P layer on the surfaces of the tested compositions.
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INTRODUCTION

Phosphate glasses have attracted great interest in
recent years due to their chemical properties and numerous
applications in various fields, such as energy, health,
environment, and catalysis [1-4]. One of the properties of
phosphate glasses is that they have the potential to be used
as biomaterials because of their chemical composition and
low chemical durability [5]. In view of the great need for
bioactive materials, different phosphate glass compositions
have been investigated [6-10]. Understanding the structure
of phosphate glasses is of fundamental interest to chemists
because it allows them to adjust compositions to the
targeted application. Various elements of the periodic table
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have been incorporated into different phosphate glass
compositions to improve their chemical, physical, and
biological properties [11-13]. The diverse properties and
applications of phosphate glasses depend on their structure;
phosphate groups are classified according to the Q"
nomenclature, where n varies from 0 to 4 and represents the
number of bridging oxygen (BO) atoms per phosphate
tetrahedron. The Q"-groups notation is related to the
oxygen-to-phosphorus ratio. Thus, the glass structure
can be formed by a cross-linked network of Q* tetrahedra
(O/P = 2.5) and infinite chains of Q” tetrahedra (O/P = 3), or
by a small diphosphate Q' (O/P = 3.5) and monophosphate
Q" (O/P = 4) [14]. In this regard, many studies have been
conducted on the effect of titanium or/and strontium oxides
on sodium phosphate glasses [15-17]. The coordination
number of Ti* ions in the glasses was found to be four,
five, or six [18,19]. Furthermore, titanium- and strontium-
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doped phosphate-based glasses were found to exhibit
interesting physicochemical and biocompatibility properties,
making them promising candidates for use as substitute
biomaterials [20]. A study on the effect of SiO, and Fe,O3
on the surface properties of phosphate-based glasses showed
that the synthesized composites were cytocompatible and
that the cells were aligned along the phosphate glass fibers
in the composite material [21]. Substituting TiO, for SiO,
improved the physical properties and biocompatibility of the
P,05-Ca0-Na,O glass system [22]. Recently, the effect of
silica on the structural and luminescence properties of
Eu*'/Tb®" co-doped phosphate glass (P,0s-CaO-Na,O) has
been reported [23].

To the best of our knowledge, the use of silicon oxide in
phosphate glass matrix for biological applications has
scarcely been reported in the literature. Accordingly, the
present study aimed to investigate the effect of replacing
titantum with silicon in sodium phosphate glasses
containing strontium and study the in viro biological
behavior in the SBF solution for the obtained glasses.

MATERIALS AND METHODS

Glasses with molar compositions 40Na,0-10SrO-(20-x)
Ti0,-xS10,-30P,05 (0 < x < 10) were prepared in air by
melt-quenching of the mixture of reagent grade chemicals
of Na,CO3 (99%), SrCO; (98%), TiO, (99%), SiO, (99%),
and (NH4),HPO, (99%). The mixtures were heated in a
platinum crucible at 200 °C, 400 °C, and 600 °C for 12 h
to decompose phosphate and carbonate reagents. The
temperature was then progressively increased until complete
melting occurred at temperatures between 1100 °C and
1250 °C depending on the silicon oxide content. Then, the
melts were poured onto a metallic plate preheated at 150 °C.
All the obtained glasses were annealed at T,-20 °C, to
remove residual stresses, and T = 640 °C. Figure 1 shows
photographs of the glasses prepared under the conditions
described above. As it can be seen, all the glasses
were colorless and transparent. The obtained glasses
40Na,0-10SrO-(20-x) TiO,-xSi0,-30P,05 were denoted as
PSi0 (x = 0), PSi2 (x = 2), PSi4 (x = 4), PSi6 (x = 6),
PSi8 (x =8), and PSil0 (x = 10).

X-ray diffraction (XRD) was used to confirm the
amorphous state of the synthesized materials and identify
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Fig. 1. Photographs of 40Na,0-10SrO-(20-x)Ti0,-xSi0,-
30P,05 (0 <x < 10) glasses.

the crystalline phases. XRD patterns were recorded at room
temperature using the D8-Advance diffractometer (Bruker)
with Cu Ka radiation in the 26 range from 10° to 60°. Glass
transition, crystallization, and melting temperatures (T,, T,
and Ty, respectively) were measured on 50 mg of samples
under N, gas atmosphere at 0.1 MPa without pressure
control using a Setaram Labsys 1600TG-DTA/DSC thermal
analyzer with a heating rate of 10 °C min' and a
measurement error of 5 °C in a platinum crucible. To obtain
more information about the structure of the obtained
glasses, their powders were analyzed by Raman, Fourier
transform infrared (FTIR), and nuclear magnetic resonance
(NMR) spectroscopies. Raman spectra were obtained using
a Vertex 70 spectrometer in the spectral range of 400-
3600 cm™ with a laser source (A = 633 nm). FTIR analysis
was performed using IR  Affinity-1S  spectrometer
(Shimadzu) from 400 to 4000 cm™. *'P MAS NMR data
were collected at 12 kHz on a Bruker Advance 600 MHz
spectrometer. The density (p) was measured on bulk glasses
by the Archimedes method and using diethyl phthalate as
the immersion liquid. Glass density (p) was measured using
the following equation: p = [m,/(m, - my)]p;, where m, is the
mass of the sample in air, m; is the mass of the sample
immersed in the liquid, and p; is the density of the liquid
(diethyl phthalate) at room temperature. The precision of the
measurements was about + 0.02 g cm™. Molar volume was
calculated using the relation Vyy = M/p, in which M is the
molar mass of the glass and p is the density). The in vitro
bioactive behavior of the studied glasses was evaluated by
dissolving 30 mg of powder in 60 ml of the SBF having the
same composition as the blood plasma. The samples were
immersed for 30 days at 37 °C and 50 rpm min™' to allow a
similar physiological environment. The SBF solution was
prepared, as previously described [24], by dissolving the
following chemical reagents in deionized water: NaCl,
NaHCOs;, (CH,OH);-CNH,, KCl, CaCl,-2H,0, KH,PO4,
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Fig. 2. X-ray diffraction of 40Na,0-10SrO-(20-x)TiO,-
xS10,-30P,05 (0 < x < 10) glasses.

and MgCl,-6H,0. The pH of the solution was adjusted to
7.4 by 6 N HCI.

After immersion, the samples were washed with ethanol
and dried at room temperature for 24 h. Dried glass powders

were analyzed by means of X-ray powder diffraction and
FTIR spectroscopy to determine the structural changes that
occurred on the surface of glass samples after reacting with
the SBF solution.

RESULTS AND DISCUSSION

X-Ray Diffraction (XRD) Characterization

XRD patterns of 40Na0O-10SrO-(20-x)TiO,-xSiO,-
30P,05 glasses (0 < x < 10) are shown in Fig. 2. The
absence of diffraction peaks indicates the amorphous state
of all the prepared materials. All the obtained phosphate
glasses were heated at T = 640 °C for 12 h. The identified
crystalline phases from the annealed glasses are shown
in Fig. 3. XRD diffractogram of the silicon-free glass
composition with the chemical formula Na,SrosTi(POy);
showed the crystallization of the phosphate phases
NasTi(PO4); (ASTM powder diffraction file, N°01-081-
2420), NaTi,(POy4); (ASTM powder diffraction file, N°01-
084-2009), and the diphosphate phase Sr,P,O; (ASTM
powder diffraction file, N°00-024-1011). For the glass
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Fig. 3. X-ray diffractograms of 40Na,0-10SrO-(20-x)Ti0,-xSi0,-30P,05 (0 < x < 10) glasses heated at T = 640 °C
[(1) NasTi(POy);, (2) SroP,07, (3) NaTiy(POy)s, (4) NagP,0, (5) SiO,].
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Fig. 4. The evolution of density and molar volume for 40Na,O-10SrO-(20-x)Ti0,-xSi0,-30P,05

(0 <£x<10) glasses versus SiO, mol%.

Table 1. Compositions, Molar Mass, Density, Molar Volume, and Characteristic Temperatures of the Studied Glasses

Na,0 S10 TiO, SiO, P,0;s M p Vu T, Te T

(mol%) (mol%) (mol%) (mol%) (mol%) (gmol') (gem?®) (em’mol’) (°C) (°C) (°C)

(+0.02) *02) (&5 (+5) &5)

PSi0 40 10 20 0 30 93.71 292 32.1 440 560/580 704

PSi2 40 10 18 2 30 93.32 2.84 32.9 435  563/585 704

PSi4 40 10 16 4 30 92.92 2.81 33.1 425 560/577 704
PSi6 40 10 14 6 30 92.52 2.79 332 410 563 674/723
PSi8 40 10 12 8 30 92.13 2.77 333 400 553/563 678/720
PSil0 40 10 10 10 30 91.73 2.75 334 387 550/577 683/720

compositions containing Si0,, XRD patterns revealed the
existence of the previous phases crystallized from the
composition x = 0 in addition to SiO, (ASTM powder
diffraction file, N°01-070-3318) and NasP,O; (ASTM
powder diffraction file, N°00-010-0187).

Density and Molar Volume
Figure 4 shows the variation in the density (p) and molar
volume (V) versus SiO; content of the studied glasses. It

can be clearly seen that the value of the density decreased
from 2.92 to 2.77 while the molar volume increased from
32.1 to 33.4 cm’ mol™ when the percentage of SiO, in the
glass increased from 0 to 10 mol% (Table 1). The decrease
observed in the density of the glasses when titanium oxide
TiO, was replaced with silicon oxide SiO, can be attributed
to the fact that the molecular weight of silicon oxide
(60.08 g mol') is lower than that of titanium oxide
(79.87 mol™"). The molar volume (Vy=M/p)is inversely
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Fig. 5. DSC thermograms of 40Na,0-10SrO-(20-x)TiO»-
xSi10,-30P,05 (0 < x < 10) glasses.

proportional to the density (p), so every decrease in p
implies an increase in Vy;. At the same time, the molar mass
(M) values of the studied glasses decreased from 93.71 to
91.73 mol”, suggesting that the molar volume must have
decreased as well. These two antagonist effects led to a
slight variation in the molar volume when the SiO, content
increased in the glass matrix. Typical behavior was
observed in other phosphate glasses [22].

Differential  Scanning
Characterization

Figure 5 shows the DSC thermograms of the 40Na,O-
10SrO-(20-x)Ti02-xSi0,-30P,05 glasses (0 < x < 10). All
the prepared glasses exhibited an endothermic deviation due

Calorimetry (DSO)

to the glass transition temperature (T,), followed by
exothermic peaks due to the crystallization temperatures
(T.) and endothermic changes due to the melting

temperatures (T,,) of the crystalline phases. The values of

Table 2. Raman Band Assignments of the Studied Glasses

Wavenumbers Assignments Ref.

v (ecm™)

0-Si-O Angle
deformation
O-Ti-O Angle
deformation
0-P-0O bending modes
P-O-P deformations
P-O-P (Q") stretching
symmetric
Si-0-Si (Q") bond
stretching vibration
Ti-O-Ti-O chains
Ti-O vibrations of TiOg
octahedra
(PO,)*(Q") symmetric
stretching
(Si04)*(Q") asymmetric
stretching
P-O-P (Q') asymmetric
stretching
P-O-Si (Q") stretching
vibration
P-O in (PO,) sym

400-600 [25,30.41]

630-800 [29,31-40]

800-1100 [30-35]

1150
[14,29,31]

characteristic temperatures (Tg, Tc, Tm) for the studied
glasses are summarized in Table 1. Tg was determined as
the inflection point of the first endothermic peak, Tc as the
maximum of the exothermic peaks, and Tm as the minimum
of the second endothermic peak. According to Fig. 5, the
DSC curves for some glass compositions showed more than
one peak of T, and T,, suggesting the crystallization of a
mixture of phases and the uniqueness of the crystallization
and melting temperatures of each phase. This result is in
good agreement with the results of XRD characterization.
The T, value decreased from 440 °C for x = 0 to 387 °C
for x = 10, suggesting that the introduction of SiO, oxide
into the glass composition weakened the vitreous network.
This result is in good agreement with the increase observed
previously in the molar volume. The observed decrease in



EL Abdouni ef al./Phys. Chem. Res., Vol. 10, No. 1, 1-12, March 2022.

[oo]
[oo]
[se]

PSi10

PSi6

PSi4

PSi0
1

T T T T T
400 500 600 700 800

wavenumber(cm™')

T T
900 1000 1100 1200

Fig. 6. Raman spectra of 40 Na,0-10S1r0-(20-x)Ti0,-xSi0,-30P,05 (0 < x < 10) glasses.

the glass transition temperature (T,) indicates that the
P-O-Si bonds must have been less covalent than the P-O-P
bonds in the glass network. Therefore, it can be concluded
that SiO, oxide, together with P,Os oxide, acted as a
network former in the studied glasses. Similar results have
been observed in other phosphate glasses [26-28].

In order to better understand these physico chemical
behaviors, the structures of the obtained glasses were
studied by Raman and NMR techniques. The rationale
behind using NMR techniques was that these techniques
allow structural characterization at the molecular level and
are very sensitive to small variations in the chemical
environment.

Raman Spectroscopy

Raman spectra of 40Na,0O-10SrO-(20-x)TiO,-xSiO,-
30P,0s glasses (0 < x < 10) glasses are shown in Fig. 6. As
can be seen in Fig. 6, the bands are broad, which reflects the
disordered structure of glasses, and were located at 400-600,
630-800, 800-1100, and 1150 cm™'. Table 2 gives Raman
wavenumbers and their assignments. According to previous
studies [29-31], the band at 1150 cm™, clearly in the spectra

of compositions x = 6 and x = 10, can be assigned to the
coupled vibrations of P-O and Si-O, stretching in the
P-O-Si linkages, and to a (PO,) symmetric stretching of the
monophosphate group. The bands observed in the high
energy region 800-1100 cm’' are attributed to the
symmetrical and asymmetrical vibrations of the POy, P,O-,
and SiO,4 units [32,33]. The relatively sharp peak around
1020 cm™ is due to P,O," diphosphate ions [34,35]. The
strong band around 730 cm™ observed in the crystalline
titanyl oxyphosphate [36,37], in the glass systems TiO,-
Si0, [38], Na,0-P,05 [39], Na,0O-TiO,-P,0s5 [31], Na,O-
Ti0,-Si0, [40], and Na,0-Si0,-P,05 [29], is assigned to the
Ti-O, Si-O, and P-O vibrations in the Ti-O-Ti-O-, Si-O-Ti,
Si-O-Si, P-O-Si, and P-O-P linkages. The bands observed
between 400 and 600 cm’ [30,41] are attributed to O-P-O,
P-O-P, O-Si-O deformations (62 and 64 PO, modes) and
Ti-O vibrations of TiOg octahedra [25]. Thus, it can be
concluded that Si*" ions act as a network former in the
glasses. Raman results indicated that the glasses were
composed of tetrahedral PO, units and tetrahedral SiO,4 units
with P-O-Si linkages and TiO¢ octahedra. The presence of
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Fig. 7. (a) °*'P MAS NMR of 40Na,0-10SrO-(20-x)TiO,-xSi0,-30P,05 glasses, (*) spinning sidebands; (b) *'P NMR
peak enlargement [x = 2: PSi2, x = 6: PSi6, x = 10: PSil0].

P-O-Si bonds, which are more ionic than P-O-P bonds, is in
good agreement with the increase observed previously in
the molar volume.

Solid-State *'P NMR Spectroscopy

Figure 7a shows the *'P MAS-NMR spectra of three
studied glasses in the system 40Na,O-10SrO-(20-x)TiO»-
xSi10,-30P,0s, with x = 2% (PSi2), 6% (PSi6), and 10%
(PSi10) molar ratio. The spectra contained one isotropic
chemical shift; this peak position varied between 20 and
-30 ppm (Fig. 7b) while the remaining peaks, marked with
asterisks, were spinning sidebands that deviated from
magic-angle spinning. The *'P MAS-NMR spectra (Fig. 7b)
present an asymmetric and broad peak centered at -4.5 ppm
for PSi2 glass with one shoulder at +1.7 ppm. For the PSil0
glass, containing 10% mol of SiO; oxide, in addition to the
shoulder at +1.7 ppm, two signals were observed, one
toward positive values from 6 = - 4.5 ppm to 6 = - 2.8 ppm
and the other one toward negative values from 6 = - 4.5 ppm
to 8 = - 5.7 ppm. Chemical shifts (8) of the studied glasses
corresponded to the resonance within the Q] region, ie.,
phosphorus atoms bonded to two BO atoms and two
non-bridging oxygen (NBO) atoms [42]. The shoulder at

& = +1.7 ppm is attributed to the Q' region in phosphate
glasses, with the atomic Na/P ratio slightly greater than one
[43,44]. This was the case in the studied glasses where
Na/P = 1.3. According to Fig. 7b, the center *'P(Q") signal
split into two peaks, with chemical shifts at -2.8 and
-5.7 ppm, indicating that the introduction of silicon atoms
changed the P environment and that these peaks were
formed due to the phosphorus resonance in different sites.
Previous studies have shown that the phosphorus chemical
shift becomes more negative when the potential field of the
nearest-neighboring cations zri (where z is the cation
charge and ri is the ionic radius of the cation) increases
[45,46]. Silicon was found to have a larger cation potential
field (z/ri) than the other neighboring ions [z (A™):
Si*" ~ 15, Ti*" ~ 7, Sr*" ~ 2, Na" ~ 1)]; thus, the chemical
shift of P(Q") units in the vicinity of the silicon, compared
to the units surrounded by titanium, sodium, and/or
strontium, was characterized by a more negative chemical
shift. Hence, the signal with the most negative value (at
-5.7 ppm) can be attributed to the chemical displacement of
P(Q") in P-O-Si bonds while the peak at & = -2.8 ppm
should be formed due to the chemical shift of P(Q') in
P-O-M linkages, where M = Ti*", Sr*", Na" [26,46,47]. In
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Fig. 8. XRD patterns of 40 Na,O-10SrO-18Ti0,-2Si0,-30P,05 glass (PSi2) before and after immersion in

SBF solution.

conclusion, *'P MAS NMR study showed that Q' tetrahedra
were the dominant P sites with the presence of P-O-Si
linkages. This result confirms the results of Raman
spectroscopy, which showed the formation of P-O-Si bonds

when silicon was introduced into the phosphate glasses.

Bioactivity in Simulated Body Fluid (SBF)

The preliminary evaluation of in vitro bioactivity of
40Na,0-10SrO-18Ti0,-2S10,-30P,05 glass composition
was carried out. XRD patterns of the studied glass before
and after immersion in SBF solution for 15 and 30 days are
presented in Fig. 8. The experimental XRD pattern shows
the formation of both hydroxyapatite Cas(PO4);OH (HA)
[ICSD file N°01-076-0694] and chlorapatite Cas(PO,4);Cl
(ClA) [ICSD file N°00-012-0263]. The formation of the
apatite layer on the surface of the tested glass after
immersion in SBF solution was confirmed with four
diffraction maxima at 25.8, 31.6, 45.2, and 53.7° (20),
which corresponded to the (0 0 2), (2 1 1), (2 0 3), and
(0 0 4) apatite reflections, respectively [48]. The formation
of chlorapatite was characterized by diffraction peaks
at 31.2° and 32.2° (20). The presence of hydroxyapatite
and chlorapatite was also confirmed by the appearance
of infrared absorption bands, which are associated with
the vibrations of P-O bonds in (PO,)” groups in HA
and CIA (Fig.9) [49,50]. The above results confirm the

occurrence of ionic exchanges between the SBF solution
and the studied glass by the precipitation of Ca-P layers on
the surface of the studied glass.

CONCLUSIONS

The effect of the introduction of silicon oxide SiO, into
the glasses with the molar compositions 40Na,0-10SrO-
(20-x)Ti02-xSi0,-30P,05 (0 < x < 10) was evaluated using
various techniques, such as density measurements, DSC,
XRD, FTIR, Raman, and *'P MAS NMR spectroscopies.
The crystallization of the glasses led to the formation of a
mixture of phases for all the glass compositions. The
evolution of density, molar volume, and glass transition
(T versus SiO, the
weakening of the glass network due to the replacement of
P-O-P bonds with the more ionic P-O-Si bonds. These
results were confirmed by the Raman and *'P MAS NMR
spectroscopies. Raman spectroscopy also showed that the

temperature content suggests

glasses contained PO, SiO4 groups, short -O-Ti-O-Ti-
chains, P-O-P, and P-O-Si linkages. Based on these results,
it can be concluded that SiO, oxide, along with the P,Os
oxide, can act as a network former. In addition, the effect
of the weakening of the glass network, caused due to
the introduction of SiO,, on the in vitro bioactivity was
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Fig. 9. FTIR spectra of 40 Na,0-10SrO-18Ti0,-2S10,-30P,05 glass (PSi2) before and after immersion in SBF

solution.

assessed by the ability of the glasses to form Ca-P layers on
their surfaces after immersion in SBF solution.
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