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ABSTRACT KEYWORDS
The structural and physical properties for xSrO-(100-x)P,O; glasses, with Phosphate glasses;
x =30, 35,40, 45, and 50, were investigated. The amorphous state of sam- Strontium; Network

ples was verified by X-ray diffraction (XRD). Substitution of P,O, for SrO  connectivity; Physical
in the binary SrO-P,0; glass decreases the molar volume and increase ~ ProPerties

the density measurements from 1.98 to 4.01 g/cm?. The Infra-Red (IR) and

Raman spectra allow us to identify the network modifier role of Sr** ions

and the structural network of these phosphate glasses which consists of

branching (Q%), middle phosphate tetrahedra (Q%) and pyrophosphate

Q.

1. Introduction

The interest in the investigation of vitreous oxide materials was stimulated by the many appli-
cations of these materials in the different fields of science and technique. Nowadays, the study
of vitreous oxide materials represents a special field in the larger field of the material science.

Phosphate glasses, a special group of oxide materials, are interesting due to their prop-
erties such as: low glass transition temperatures, thermal expansion coefficients larger than
those found for silicate glasses and glass formation takes place over a wide composition range
[1, 2]. Many researchers have focused on phosphate glasses in the last years due to their diver-
sified applications in technology, medicine, as biomaterials and in clinical dosimetry. Unfor-
tunately, the chemical stability, such as hygroscopicity and volatility of phosphate glasses,
generates a serious problem for any viable technological application. These hygroscopicity
and volatility arise mainly because of the presence of phosphorous structural units with non-
bridging oxygen atoms, which can react with moisture, forming. phosphoric acid, thus formed
is detrimental to the glass and it volatilizes on heating. To improve the chemical stability of
phosphate glasses a series of alkali, alkaline earth, rare earth and transition metal ions was
added [3-6].

Strontium oxide does not form a glass alone incorporated in significant amounts into other
glass-forming oxide systems such as vanadium, bismuth and phosphates. Sungkoog et al pre-
pared glasses materials from the xSrO-(100-x) V,0s (x = 15 to 45 mol%), The conduction
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mechanism of these glasses was found to be a non-adiabatic electron conduction. The values
for the activation energy of these glass systems varied significantly with increasing of SrO con-
tent [7]. Egorysheva et al, performed the physicochemical properties of glasses based on the
SrO-Bi,03-B,0; systems, who found that the glass formation regions and studied the struc-
tural, the optical properties [8].

On Strontium phosphate-based glasses, several works have been carried out in the last
decade, especially concerning an optimization of glass preparation, investigation of their
properties and information about the glass structure. Shih et al, investigated the properties
and the structure of UV-transmitting vitreous strontium zinc metaphosphate, who found
that UV-transmitting phosphate glasses with transmittance greater than 70% at 250 nm were
obtained using reagent-grade raw materials [9, 10]. But there are obvious shortcomings in the
glass series: High thermal expansion coefficient and poor relative chemical durability. Luo et al
investigated the thermal, chemical and optical properties of the strontium zinc borophospho-
silicate 2A1,0;-xSrO-(18-x) ZnO-33.3P,05-16.7B,0;-30Si0, glass series, who found that
the glass transition temperatures (Tg) and softening points (Td) vary within a small range. It
was shown the chemical durability of the glasses increases when x < 9, and drops when x >
9. With the increasing SrO content, the UV transmittance of the glasses decreases mildly. The
compositional dependence of E,,; shows a decrease trend with increasing SrO content [11].
Chu and al, studied optical and structural properties of SrO-Nb,Os-P,Os5 glasses contain-
ing 0~25 mol% Nb,Os and 35~60 mol% SrO, and found that Nb-phosphate glasses show
refractive index increases monotonically with Nb,Os content at the expense of transmit-
tance, and specific coloring which occurs in ternary compositions with the ratio P,O5/SrO >1
[12].

Recently, Massera et al, investigated the effect of substituting SrO for CaO in silicate and
phosphate bioactive glasses on the human gingival fibroblast activity, They noted that The
addition of SrO in both silicate and phosphate glasses was assumed beneficial for proliferation
and growth of human gingival fibroblasts due to Sr incorporation in the reaction layer at the
glass surface and released in the cell culture medium [13].

The addition of SrO to phosphate glasses improves their chemical durability, thermal sta-
bility and other physical properties. The incorporation of strontium to the phosphate struc-
tural network is accompanied by depolymerization of the phosphate chains and the creation
of non-bridging oxygens at the expense of bridging oxygens which can change the electrical,
optical or magnetic properties of these glasses.

The aim of this study was the development of new binary strontium phosphate glasses
for use as optical materials. xSrO-(100-x)P,O5 glass system is investigated by means of a few
physical parameters, XRD, FT-IR spectroscopy, and Raman spectroscopy, in order to obtain
detailed structural information about the glass network.

2. Experimental and methods

The xSrO-(100-x) P,Os with x = 30, 35, 40, 45, and 50 mol% glasses were prepared
from stoichiometric powders resulting from the mixing of hydrogen ammonium phosphate
(NH,H,PO,) and strontium carbonate (SrCOs). These precursors were weighed in a micro
analytical balance and mixed thoroughly according to appropriate molar compositions. The
mixture was first heated at 350°C for 24 hours in an alumina crucible placed in an electric
furnace in order to evaporate ammonia and water. Then, the temperature of the furnace is
increased to reach the melt for about 2 hours at 1100°C. The molten samples were quenched



MOL. CRYST.LIQ. CRYST. (&) 99

50%SroO
MWWM%#T“&‘ | :

A
- "

45%SrO

40%SrO

e TR 35%Sr0
M 30%Sro

Intensity {a.u)

10 20 30 40 50 60 70
20(degree)

—_—

Figure 1. XRD patterns of xSrO-(100-x) P,Os, glass powders at room temperature.

by pouring on a stainless steel. The glass samples were kept in desiccators to prevent possible
attack by moisture until used.

The amorphous nature of the as-quenched samples was verified using the X-ray diffrac-
tion technique. The glass density was carried out at room temperatures using the Archimedes
method with diethyl orthophtalate as the immersion fluid (d = 1.118 g/cm3 at 25°C). The
relative error in these measurements was about £0.01 g/cm3. The density is calculated using
the formula [14]:

Wair

d = dorth
Worth

Where, W, is the weight of the glass sample in air, W4, is the weight of the glass sample in
orthophtalate and d,, is the density of orthophtalate. The molar volume of the glass samples
can be calculated from following expression:

Where, V,, is the molar volume, d is the density, Xi represent the molar fraction and Mi is
the molecular weight of the ith component.

Infrared absorption measurements were made on KBr pellets (3 wt.%) in the frequency
range 400-1500 cm ™! at room temperature using a device like FTIR- 8400S(C E) SHIMADZU.
All measurements were at 4 cm™ ! resolution. Raman spectra of glasses were recorded by a
Raman spectrometer (TF FRA 106/S model) on powder samples at room temperature in the
range 200-1400 cm™ .
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Table 1. Glass compositions (mol %), molecular weight M (g/mol), density d (g/cm3), and molar volume Vy,
(cm3/mol) of xSrO-(100-x) P,05 glasses.

Average molecular weight M Molar volume Vm (cm3/mol)
%mol SrO % mol P,0, (g/mol) Density d (£0.01 g/cm?) (40.01)
30 70 130.486 1.98 65.90
35 65 128.567 232 55.416
40 60 126.648 3.22 39.331
45 55 124.729 3,58 34.840
50 50 122.810 4.01 30.625

3. Results and discussion

X-ray diffraction (XRD) analysis

The XRD patterns of the xSrO-(100-x) P,Os (x = 30, 35, 40, 45, and 50%) glass samples are
shown in Figure 1. They show no continuous and discrete sharp peak, but exhibit broad halo
which reflects the characteristics of amorphous glass structure.

The absence of long-range atomic arrangement is a clear indication of glassy nature of the
glass samples [15, 16].

Physical properties

The change in atomic geometrical configuration, co-ordination number, cross-link density
and the dimensions of the interstitial space in the glass network decides the density. Hence, the
density is a tool in revealing the degree of change in the structure with the glass composition.

Table 1 display the calculated values of density (d) and molar volume (V,,) for the strontium
phosphate and investigated glass samples. In the other hand, variation of density (d) and molar
volume (V,,,) with SrO content (mole%) for glass samples is shown in Figure 2.

From these two figures, it is clear that, the value of density increased from 1.98 to 4.01 g/cm?
while the values of the molar volume, decreased from 65.90 to 30.625 cm?® with the gradual
increase of the SrO content in the strontium phosphate glasses. This decrease in the molar vol-
ume can be attributed to the larger packing factor of SrO. In fact, the addition of Sr** atoms
changes the glass structure by creating non-bridging oxygen (NBOs) in the network. The
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Figure 2. Variation of density and molar volume of glass with strontium oxide concentration.
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Figure 3. Q° groups model of phosphate glasses.

NBOs created were believed to alter the glass structure in a way that the packing of molecule
becomes denser as more network modifier ions (in this case Sr*"), attempt to occupy the
interstices with in the network. The results from this work are consistent with several stud-
ies by others on the phosphate-based glasses, for example the density of tin boro-phosphate
glasses increases with B,O; compositions and the molar volume V,, gradually decreases
with increasing B,O; concentration [17]. A similar trend was found in lead-bismuth phos-
phate glasses, the values of the density of the glasses increase accompanying the addition of
Bi,O; is probably due to a change in cross-link density and coordination number of Bi**ions
[18].

FT-IR spectra analysis

The network of phosphate glasses contains a polymeric structure dominated by linkages
between PO, tetrahedra. In the case of vitreous P,Os, these groups are connected to adja-
cent units by three of their four vertices; one place is occupied by a terminal, double-bonded
oxygen atom (DBO).

Many authors [19-21] have proposed the formation of different phosphate structural
groups (units) during the reorganization processes accompanying the addition of some mod-
ifier oxides (Na,O, Li, O, CaO etc.). They assumed that the doubly bonded oxygens are related
to the number of alkali added and the number of non-bridging oxygens (NBOs) created.

The structures of binary phosphate glasses are described by so-called Qs group’s model.
The phosphate structural groups (Figure 3) pass from Q® to Q* to Q' to Q° as the ratio
M,0/P,05 = R passes from 0 to 1, 2 and finally to 3 [19, 22].

IR spectra in the frequency range 400 cm™'-1500 cm ™! of the glasses xSrO-(100-x)P,05
system at room temperature are characteristic of phosphate glasses. Figure 4 shows the
obtained IR spectra for these glasses. It c an be observed several absorption bands localized
around 1384, 1100, 1040, 930, 770, 720, 520 and 484 cm ™.

The attribution of the absorption bands is done by comparison of our results with data
given in the literature.

The fundamental and strong broad absorption band at 1384cm™" is attributed to the asym-
metric stretching vibration of P = O bond [23, 24].

The strong band at 1100 cm™" is attributed to asymmetric stretching modes, v,,(PO3)*",
of pyrophosphate groups. The weak band at 1040 cm™" is assigned to symmetric stretching
mode of (PO3)* units [25]. The band at 930 cm™! is attributed to the asymmetric vibrations
Vas(P-O-P) of bridging oxygen atoms in phosphate chains [26].

The band at 720 and 770 cm ™! may be attributed to symmetric stretching vibrations, v(P-
O-P), of bridging oxygen atoms [25-27].
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Figure 4. IR absorption spectra of glasses xSrO - (100-x) P,O, system.

The broad band around 520 cm ™! and 475 cm™! belongs to the bending vibrations of basic
structural units of phosphate glasses [28-30].

The summary of the data on the positions of various bands of IR spectra assignments is
presented in Table 2.

The intensity of v, (P = O) gradually decreases with increasing SrO content, this band
may also consist of bands due to asymmetrical vibrations of (PO,)™ mode, v, (PO,)7, in
metaphosphate units of ten called Q? units. The Q? units has two NBOs, which are usually
assumed to be different since the first terminal oxygen is bonded by P = O while the other
terminal oxygen forms P-O- bond. An increase in the P-O-P asymmetric bending vibrations
evidenced from IR spectra, which shifts from 925 to 943 cm™', is a characteristic of transition
from chains to pyrophosphates which enhance the disorderliness in the glass network [31],

Table 2. Various bands in the IR spectra of SrO-P,05 glasses.

P=0

stretching vs(PO3)%-
Structural group — (em-) v, (PO3)~(cm-")  (em-") v, (P-O-P)  (P-O-P)stretching 5(P04)/5(network)
30%Sr0-70%P,0, 1384 m 1037 929 727 776 484 513
359S10-65%P,0, 1384 m 1040 925 727 764 489 520
40%Sr0-60%P,0, 1383 m4 1040 928 725 770 484 518
45%Sr0-45%P,0; 1383 1107 1039 929 719 767 489 520

50%Sr0-50%P,0, 1383 m 1045 943 723 764 484 500
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Figure 5. Raman spectra of the glasses xSrO - (100-x) P,0; System.

also the shifting of v,;(P-O-P) bands towards higher wavenumbers when SrO increases, a
similar trend is noted for the IR spectra for glasses of SrO-TiO,-P,0Os when the amount P, 05
(or TiO,) decreases (or increases) [32]. The variation of the frequency of P-O-P bonds, with
increasing SrO content, is due to the breakage of cyclic P-O-P bonds in the glass when the
strontium oxide act as network modifier and both bands are shifted towards lower frequency.
The addition of the modifier oxide SrO at P,Os lead to the creation of non-bridging oxygen
atoms at the expense of the bridging oxygen atoms,

Raman spectra

Raman spectra of the glasses xSrO-(100-x) P,Os were plotted in Figure 5. As the increase of
SrO in each glass series leads to significantly changes in Raman spectra. The assignments of
different observed bands are listed as follows:
(i) The band at about 1296 cm™ is attributed to PO, asymmetrical stretching modes,
Vos(PO,) 7, related to Q? tetrahedra [33]. It decreases in relative amplitude and moves
to smaller wavenumber at 1267 cm ™.
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(i) The most intense band at 1162 cm™! is assigned to PO, symmetrical stretching modes,
v5(PO,)7, associated to the O-P-O non bridging oxygens indicating the formation of
Q? phosphate tetrahedra [34,35]. This band increases significantly in relative amplitude
and shifts to lower wavenumber (1162-1170 cm™!)

(iii) The weak band at 1100 cm™! is attributed to symmetric vibration of the non-bridging
oxygen (PO3) in Q' tetrahedra, v(PO;)*"[36, 37].

(iv) The band at 662 cm™' decreases in relative amplitude and shifts to a greater
wavenumber (662-693 cm™?), this band is assigned to symmetrical stretching vibra-
tion (POP)sym of bridging oxygen atoms between Q’tetrahedra, [36,37].

(v) Two weak bands at low wavenumber (358 and 533 cm™') shift slightly at the higher
frequency and their relative amplitudes decrease slightly with increasing SrO. These
two bands have usually been attributed to bending modes related to cation motion and
phosphate tetrahedra [38,39].

The relative intensity of the v,5(PO,)~ band at ~1267-1296 cm™*, decrease with increas-
ing SrO content [40]. The assignment of the band centered at ~1267 cm ™ represente a prob-
lem. Based on several studies of v-P,Os found in literature, Hudgens et al. [35] studied the
structure of lithium ultraphosphate glasses. It was observed that the band assigned to P = O
terminal oxygens, centered at ~1390 cm™', decreases in wavenumber to~1260 cm™1 with
the increasing of the alkali oxide from 20 to 50 mol%. Weeks and Bray [41]., observed that the
band assigned to P = O terminal oxygens, centered at ~1390 cm™*, shifts to ~1250 cm—1
with the increasing of the metal oxide from 20 to 50 mol% and became indistinguishable from
the v,(PO,) mode of a Q* tetrahedron. Its wavenumber is ascribed to an increase in average
length of the P = O bond resulting from 7-bond delocalization on the Q® tetrahedra. The
explanation was that this decreasing in wavenumber is due to an increase in average length of
the P = O bond resulting from 7 -bond delocalization on the Q? tetrahedra.

The band at 1170 cm™!, which is believed to be related with the symmetrical stretching
vibrations vs(PO2) of two non-bridging oxygens in the[PO4]. And it shifts to lower frequen-
cies with the substitution of SrO for P,Os, indicates the decreases in O-P-O band angle, a
similar trend was observed in the infrared spectra from 2Al,05-xSrO-(18-x)Zn0-33.3P,05-
16.7B,05- 30Si0O, glasses as a function of SrO and ZnO content [11].

The addition of SrO results in gradual depolymerization of the phosphate chains and for-
mation of short phosphate units will remain by and large as terminal groups. However, SrO
is a well-known modifier and may enter into glass network by transforming two Q> tetrahe-
dra into two Q? tetrahedra and thus, the formed SrO polyhedron is surrounded by two Q?
and several Q3 tetrahedra. This structure behaves like the structural defect in the network of
P,0s.

4. Conclusions

The present study analyzed the physical and structural properties of P,Os-SrO glasses. The
amorphous state of samples was verified by X-ray diffraction (XRD). The density and the
molar volume were dependent on the SrO content in the glass compositions. The IR and
Raman spectra suggest that the sample glasses structure has similar structures consisting of
randomly distribution of Q*, Q* and Q! structural units. The presents of Q! (pyrophosphate)
in the ultraphosphate due to disproportionatly of the type 2Q*<> Q! + Q?® which occur in
these glass. All the symmetric and asymmetric stretching vibrations of POP and PO, observed
in the spectra are characteristic of Q* and Q* groups.
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