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Abstract : Glasses in molar fraction in the system 33.33[xNa2O-(1-x)Li2O]-2.5SrO-2.5TiO2-45B2O3-16.67P2O5 (0.0 ≤ x ≤ 1.0) 
were prepared by standard melt quenching procedures, their physical properties were characterized by thermal analysis 
and density measurements. Their local structures were comprehensively characterized by Infrared spectroscopy (IR) and 
electron paramagnetic resonance (EPR). The variation of the glass transition temperature as a function of the glass 
compositions is non-linear. The infrared spectroscopy of the glasses has identified the presence of different structural 
grouping units in the glassy-matrix. It is found that the stretching and bending vibration modes of borate groups are more 
sensitive to the substitution of alkali elements. EPR experiments have shown the presence of Ti3+ centers in the glasses. The 
variation of the g-factor as a function of the Na/(Na+Li) ratio presents a minimum around (x=0.5). The composition non-
linearity behavior of Tg, vibration bending mode, and g-factor are signature of the mixed alkali effect in the glasses. 

Keywords: Borophosphate Glasses; Thermal Analysis; IR; EPR; Mixed Alkali Effect (MAE). 

 
1. Introduction 

The advantages of glasses over their crystalline 
counterparts include physical isotropy, absence of grain 
boundaries and a possibility to continuously vary the 
compositions. Among them phosphate glasses are of 
particular interest due to the fact that they usually melt 
at low temperatures, have high thermal expansion 
coefficients and good optical transmittance in UV-
region. Among phosphate families, metaphosphate is 
the less complicated glass structure. It contains 
tetrahedra with two bridging oxygens that form chains 
and rings. The chains and rings are attached by ionic 
bonds between various metal cations and the non-
bridging oxygens. The phosphate glasses have a 
considerable potential for the application in optical data 
transmission, solid-sate batteries, low-melting sealing, 
sensing and laser technology [1-4]. However, phosphate 
glasses typically have a relatively poor chemical 
durability, which often limits their usefulness. Several 
studies have shown that the chemical durability of 
phosphate glasses can be improved by addition of 
various oxides [5]. The improved water durability of 
phosphate glasses containing B2O3 has also been proved 
[3]. Addition of B2O3, pure boron trioxide (B2O3) is a very 
good glass former, covalently bonded, with interesting 
physicochemical properties [6], to a phosphate glass 
improves the chemical durability as well as thermal and 

mechanical stability of the pure phosphate glass [7]. The 
borate glasses are of exceptional importance due to 
their interesting linear and nonlinear optical properties 
[7]. Combination of phosphate and borate gives a new 
family of borophosphate glasses which have numbers of 
applications in different areas owing to their flat gain 
broadband amplification. Due to their bioresorbable 
properties, these glasses have received increasing 
attention in biomedical applications [8]. In addition, 
alkali-earthed-borophosphate glass matrices are of 
interest for many applications such as hosts for rare-
earth dopants for fiber amplifiers [1]. Also, alkali-
borophosphate glasses exhibit large electro-optical 
Kerr-like effect and so large third-order nonlinearity 
[9,10]. 

Several glasses exhibit a linear-like behavior of their 
physical properties with varying chemical composition. 
An exception exists for glasses containing two different 
alkali oxides where large deviation from linearity occurs 
having maxima or minima. This is called the mixed alkali 
effect (MAE) and is one of the longest studied subjects 
in glass science [5,11,12]. From the literature, one could 
find several explanations and theoretical models put 
forward to understand this peculiar but common 
phenomenon. The deviation from linearity, when the 
concentration ratio between the two alkali ions is 
changed, keeping the total alkali content constant, is 
observed in those properties which are related to ionic 
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transport, such as ionic conductivity, ionic diffusion, 
dielectric relaxation, and mechanical loss and internal 
friction [13-15]. In addition, macroscopic properties 
such as molar volume and density, refractive index, 
thermal-expansion coefficient and elastic moduli usually 
change linearly or only slowly with composition. 
Properties related to structural relaxation, such as 
viscosity and glass transition temperature, usually 
exhibit some deviations from linear behavior. 

The purpose of this paper is to provide detailed 
information about the influence of substituting Li2O by 
Na2O on structure and some physical properties in the 
Li2O-Na2O-SrO-TiO2-B2O3-P2O5 glasses. By keeping the 
Sr-Ti-B-P ratio constant and the total concentration of 
alkali cation as 20 mol%, we show that it is possible to 
investigate the (MAE) in the 33.33[xNa2O-(1-x)Li2O]-
2.5SrO-2.5TiO2-45B2O3-16.67P2O5 glasses.   

2. Experimental 

The 33.33[xNa2O-(1-x)Li2O]-2.5SrO-2.5TiO2-45B2O3-
16.67P2O5 glasses (0 ≤ x ≤ 1) were prepared from 
appropriate mixtures of reagent-grade Li2CO3, Na2CO3, 
TiO2, H3BO3 and NH4H2PO4. In order to prevent the 
excess boiling and consequent spillage, water and 
ammonia in NH4H2PO4 were removed initially by 
preheating the mixture at 300 °C for about 12h. The 
resulting mixture was then melted for a while at 1000 
°C. Finally, they were quenched to room temperature in 
air. All prepared glasses have been first characterized by 
means of X-ray diffraction (XRD), using a Seifert XRD 
3000 instrument, in order to verify the vitreous 
character (or crystalline) of the elaborated samples. 
Differential Thermal Analysis (DTA) was performed 
using a Seiko DTA apparatus under nitrogen atmosphere 
with a heating rate of 10°C/min. The density of the 
samples was determined using Archimedes method 
with diethyl orthophtalate as the displacing medium. X-
band ESR spectra of powdered glass samples at ambient 
temperature were recorded on a Varian E-109 EPR 
spectrometer. The modulation amplitude and power 
level were adjusted to avoid saturation of the peak 
resonance. The powdered glass samples were mixed 
with KBr powder and pressed as pellets. These pellets 
are used for the recording of IR spectra using JASCO 
FTIR-5300 in the wave number range 450 - 4000 cm-1 at 
room temperature.  

3. Results and discussion 

3.1. Glass formation 

By the procedure described above, homogeneous 
glasses were prepared. The composition dependencies 
of physical properties of the glasses have been 
determined along the 33.33[xNa2O-(1-x)Li2O]-2.5SrO-
2.5TiO2-45B2O3-16.67P2O5 series. 

The studied glasses offer a fixed total alkali content 
(33.33%) and a constant Sr:Ti:B:P ratio. The structure 
nature of the samples was checked by X-ray diffraction 
and their XRD patterns confirm the glassy nature of 

these samples (Fig.1). They showed broad peak around 
20–30° (2 values) and the absence of crystalline peaks 
in all the investigated compositions. The glasses are 
stable and non-hygroscopic at ambient temperature. 
The color of the glasses changed from clear to brown 
with increasing Na/Ti ratio. Color is associated with the 
ability to promote an electron from one energy level to 
another. Exactly the right amount of energy to do this is 
obtained by absorbing the light of a particular 
wavelength. Indeed, the d orbitals of titanium ions are 
not all identical in energy; it is possible to promote 
electrons from one d level to another d level. This 
corresponds to a small energy difference, thus light is 
absorbed in the visible region. Since the empty d-shell 
Ti4+ metal ion is not contributing to color of the glasses, 
one could state that the color of the glasses is due to 
the presence of some amounts of Ti3+ ions in the glassy-
matrix [16]. 

 
Fig.1. XRD patterns of the 33.33[xNa2O-(1-x)Li2O]-2.5SrO-

2.5TiO2-45B2O3-16.67P2O5 glasses 

3.2. Density and molar volume 

 The density measurements (D) of glasses are 
determined by the Archimedes method using diethyl 
orthophthalate at 25°C as the suspension medium. 
Molar volume (Vm) of each glass is derived from the 
density and molar weight values (Vm=M/D) where M is 
the molecular weight of the glass expressed as the mole 
fractions of the oxides multiplied by their molecular 
weights. The density and molar volume of the studied 
glasses are gathered in Table 1 and their variations as a 
function of composition are shown in Fig.2. It was 
observed that the density decreases with increasing 
Na2O content at the expense of Li2O. The composition 
dependence of the density shows a slight positive 
deviation from linearity when sodium replaces lithium. 
Even though this deviation is small it could indicate the 
presence of mixed alkali effect (MAE) in the glasses. 
Mixed alkali effect is observed in other mixed alkali 
glasses [17,18]. The decrease of density with Na/Li ratio 
is not due to the substitution of the heavier cation 
sodium for lithium even though density is a macroscopic 
property: introducing heavier molecule into the 
structure of glass instead of lighter one could increase 



H. Bih et al.  J. Appl. Surf. Interfaces 1 (1-3) (2017) 57-63 

59 

the density. The decrease of the density is accompanied 
with an increase of the molar volume (Fig.2). The 
analysis of Fig.2 shows that the molar volume presents a 
slight negative non-linear deviation showing MAE. 
According to the literature [19,20], in alkali borate 
glasses the increase in Li2O content up to 30 mol% 
results in an increase in density, although the relative 
molecular mass of Li2O is much lower than that for B2O3. 
The increase in density in such cases is attributed to the 
conversion of BO3 units into BO4 ones. The density of 
the latter is markedly higher than that of the former. 
Above 30 mol% added modifier content, the formation 
of non-bridging oxygen on BO3 unit occurs. In alkali 
phosphate glasses, the added alkali oxide causes the 
formation of non-bridging oxygen ions (NBOs) in the 
phosphate matrix [21-24]. The structure is generally 
described using Qn terminology, where n represents the 
number of bridging oxygens per tetrahedron. For each 
value of O/P ratio, defined by a glass composition, the 
structure contains a fixed ratio (Q3/Q2/Q1/Q0) of 
structural units. In the studied glasses the contents of 
SrO, TiO2, B2O3, P2O5 are fixed, while Li2O is replaced by 
Na2O. Thus the oxygen/boron and oxygen/phosphorous 
ratios do not change when replacing one alkali oxide by 
another. Therefore, there would be neither significant 
change in the relative number of borate units nor the 
significant change in the population of the phosphate 
units in the network of the glasses. However, the 
conversion between borate units (from BO3 to BO4 and 
vice-versa) or between phosphate groups is not 
excluded. Thus, the decrease in density may be due to: 
(i) an expansion in the glass matrix when replacing the 
smaller Li+ ions by the larger Na+ ones; (ii) the possibly 
BO3/BO4 unit conversions. The molar volume increases 
as a result of the creation of non-bridging oxygens 
(NBO) which increase spaces and free volume in the 
network.  

Table 1 
Some physical properties of the 33.33[xNa2O-(1-x)Li2O]-2.5SrO-
2.5TiO2-45B2O3-16.67P2O5 (0 ≤ x ≤ 1) glasses. 

g-factor Tc /°C Tg /°C 
Vm/ 
cm3/mol 

Density/ 
g/cm3 

x 

1.9360 

1.9358 

1.9353 

1.9351 

1.9352 

1.9357 

1.9364 

470 

460/550 

536 

539 

446/551 

452 

472 

411 

393 

388 

382 

385 

389 

410 

21.7 

22.9 

24.4 

25.3 

26.1 

27.9 

29.9 

3.22 

3.15 

3.05 

2.98 

2.92 

2.81 

2.69 

0 

0.2 

0.4 

0.5 

0.6 

0.8 

1 

 
Fig.2. Density (D) and molar volume (Vm) as a function of 

Na/(Na+Li) for the 33.33[xNa2O-(1-x)Li2O]-2.5SrO-2.5TiO2-
45B2O3-16.67P2O5 glasses.  

3.3. Glass transition temperature (Tg) 

Glass transition temperatures Tg were determined 
by DTA. Fig.3 shows the plot of Tg as a function of the 
Na2O/(Na2O + Li2O). As can be deduced from this figure, 
Tg decreases with increasing the ratio Na/(Na+Li) and 
reaches a minimum for the value Na/(Na+Li) = 0.5. We 
have observed that the glass transition temperature is 
lower for mixed glasses than for the original 
compositions (x = 0 and x = 1). This kind of Tg variation 
was also reported for other vitreous systems, e.g. Li2O-
Na2O-Al2O3-P2O5] [25], Li2O-(Na,K, Rb)2O-B2O3 [26], Li2O-
Na2O-MO3-P2O5 (M=Mo, W) [27,28]. This non linearity 
variation of Tg reveals the presence of the well-known 
mixed alkali-effect (MAE) in the glasses under study.  

 
Fig.3. Variation of the glass transition temperature Tg as a 

function of Na/(Na+Li) ratio. 

The mixed-alkali effect is a phenomenon observed 
in many oxide glasses in which several ionic transport-
related properties change as a function of composition 
in a highly non-additive fashion when one alkali oxide is 
replaced by another. In addition to ionic conductivity, 
the glass transition temperature, Tg, which is not 
directly dependent upon ionic transport, shows a 
pronounced departure from linearity at intermediate 
mixed alkali ion compositions [29]. The conductivity and 
Tg are expected to behave in a similar manner since 
both properties are associated with the dynamics of the 
glass system. The MAE observed in the glass transition 
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temperature could be associated to the ’structural 
disorder’ imposed by the presence of two kinds of 
cations and/or the formation of an excess of non-
bridging oxygen atoms.  

3.4. Infrared spectroscopy 

The IR absorption spectra give significant 
information about molecular vibrations as well as 
rotation associated with a covalent bond. The IR spectra 
occur due to the change in the dipole moment of the 
molecule. It involves the twisting, bending, rotating and 
vibrational motions in a molecule. According to the 
chemical composition of the glasses, the network of 
these materials should contain a combination of 
phosphate and borate structural units. The basic units 
of pure phosphate glasses are PO4 tetrahedra linked 
through covalent bridging oxygen atom, whereas the 
basic units of vitreous borate are BO3 units. The 
introduction of alkali oxides, such as Li2O or Na2O, to 
phosphate and borate modifies their glass matrix. For 
instance, in the phosphate matrix it has a 
depolymerization effect in the sense that the addition of 
a modifying oxide to P2O5 results in the creation of non-
bridging oxygens (NBO) at the expense of bridging 
oxygen atoms (BO). Phosphate glasses can be made 
with a range of structures, from a cross-linked network 
tetrahedral (vitreous P2O5) to polymer-like 
metaphosphate chains of tetrahedra to ‘inevert’ glasses 
based on the O/P ratio [3,21]. However, in borate 
glasses the addition of a modifier A2O oxide (A=Li, Na) 
has the opposite effect since it increases the degree of 
polymerization up to 30 mol% of alkali oxide content. 
The boron coordination changes from trigonal to 
tetrahedral and part of the basic borate groups changes 
from BO3 to BO4 structural units. When content of the 
modifier oxide excesses 30 mol%, the borate network is 
depolymerized and non-bridging oxygen atoms are 
formed in the glass-matrix [30]. In borophosphate 
glasses, the mixed structural units based on 
phosphorous and boron atoms are formed within the 
glassy-framework [31].  

IR spectra for the 33.33[xNa2O-(1-x)Li2O]-2.5SrO-
2.5TiO2-45B2O3-16.67P2O5 glasses are shown in Fig.4. 
One can observe that the substitution of lithium by 
sodium do not induce major changes in the IR spectral 
features. One can anticipate this result since the 
contents of both the oxide formers B2O3 and P2O5 are 
maintained constants and the ratio O/(P+B) is 
unchanged. IR bands are significantly broader leading to 
significantly greater spectral overlap of borate and 
phosphate units. However, some assignments can be 
made, the bands at high wavenumbers 1200-1300 cm-1 
are ascribed both to asymmetric stretching as(PO2)-/ 
asP=O of non-bridging oxygen in phosphate chains. The 
band located in the range 1345-1480 cm-1 is attributed 
to the asymmetric stretching modes of borate triangles 
BO3 and BO2O- units [32]. The broad band in the range 
1000-1250 cm-1 is ascribed to the symmetrical 

stretching vibration of different phosphate units [16]. 
The broad band at about 900-970 cm-1 belongs to the 
asymmetric vibrations of P-O-F (F=P, B) linkages. The 
band near 760-780 is ascribed to BO3-O-BO4 bond 
bending vibration [32]. It is noted that borate 
vibrational modes are difficult to discern, although the 
content of boron is larger than that of phosphorous in 
the glasses, due to the weaker IR absorption 
coefficients. Weak band around 725-680 cm-1 is 
assigned to symmetric stretching vibrations sP-O-P and 
or titanate [TiO4] and [TiO6] units. It is also indicative of 
the B-O-B bond bending modes. The broad bands in 
600-400 cm-1 wavenumbers range belongs to bending 
vibrations of basic structural units of borophosphate 
glasses. The Li-O and Na-O are observed also in this 
latter range. Thus, the spectra of all the investigated 
mixed alkali glasses are fully consistent with the 
structure of borate and phosphate units. The IR band 
assignments related to phosphate and borates groups 
are gathered in Table 2. A deep analysis of the spectra 
shows that the intensity and the wavenumber position 
of the bands ascribed to BO3 and BO4 structural units 
(1250-1500 cm-1 and 755-950 cm-1, respectively) are 
dependent on the composition. For instance, the 
stretching bands of BO3 (1250-1500 cm-1) show no 
significant peak position shifts but their intensity change 
with the composition. The intensity of the band at 1240 
cm-1 assigned to asymmetric stretching of B-O in 
orthoborate groups and/or as(PO2)- varies when Na 
replaces Li and it becomes very weak for the 
compositions above (x=0.5).  
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Fig.4. IR spectra of the 33.33[xNa2O-(1-x)Li2O]-2.5SrO-

2.5TiO2-45B2O3-16.67P2O5 (0≤x≤1) glasses. 

In addition to the observed intensity changes, 
some bands show peak position shifts with the Na/Li 
ratio. It is worth to note that the bands around 950 cm-1 
and 755 cm-1 show shift peak positions when the 
composition varies. It seems that B-O stretching modes 
and B-O-B bending vibrations are the most sensible to 
the substitution of lithium by sodium. The composition 
dependence of the peak position of the BO3-O-BO4 bond 
bending mode (around 755 cm-1) varies non-linearly 
with the Na/(Li+Na) ratio as shown in Fig.5, indicating 
the mixed alkali effect (MAE) in the glasses. The 
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composition dependence of the peak position of the 
band ascribed to B-O in BO4 units (near 950 cm-1) shows 
also a non-linear variation and its plot is given in Fig.5. 
This non-linearity suggests also that this vibration mode 
shows MAE in the glasses under study. The Most change 
of the position of modes appears for the composition 
x=0.5. The MAE is also reported in borosilicate glasses 
[32] in which stretching and bending modes of borate 
units showed non-linearity with the composition. 

Table 2 
 IR band assignments of borate and phosphate groups in the 
range 400-1600 cm-1 

Position of band 
(cm-1) 

Band assignment 

470 (OBO) bending mode 

550 (OPO) bending mode 

720 
s(POP), BOB bending vibration 

755 BObondbending vibration 

950 as(POP),as(BOB),as(BO) in 
BO4 unit 

1000-1230 Different phosphate groups 

1240 
asymmetric stretching in 

orthoborate. 

1345-1480  A symmetric stretching of BO3 and 
BO2O units 
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Fig.5. Compositional dependence of IR peak positions in the 
regions 750-780 cm-1 and 925-950 cm-1 of the glasses. 

 

3.5. EPR spectroscopy 

The EPR spectra of the glasses were carried out in 
order to identify the nature of the paramagnetic entities 
existing in the framework of the glasses. The obtained 
spectra of the glasses belonging to the series 
33.33[xNa2O-(1-x)Li2O]-2.5SrO-2.5TiO2-45B2O3-6.67P2O5 

are shown in Fig.6. All the EPR spectra showed the same 
shape. The shape of the EPR line is simply due to the 
fact that the glass has isotropic properties. These EPR 
spectra exhibit resonance signals similar to those 
reported for Ti3+ ions in other glassy systems [17,18]. 
The spectra of all the glasses are dominated by a peak 
located near g~1.90. According to the literature [17,18], 
this signal was assigned to Ti3+ ion in a distorted 
octahedral environment. It has an electric spin S=1/2, a 
nuclear spin I=1/2 and electron configuration 3d1. 
Therefore, one can state that the glasses under study 
contained Ti3+ species and the coloration of these 
samples could be due to the presence of these 
paramagnetic ions. The g values are determined from 
Fig.6 where EPR spectra between 0 and 5500 gauss are 
recorded around 2048 points. Thus, the sensitivity in 
magnetic field is around 2.6 gauss and 0.0016 error for 
the g values. The evaluated g values for the mixed alkali 
glasses are gathered in Table 1. Even though, the g-
values for the glasses are similar, one can deduce that it 
changes with the composition since they are 
determined with the accurate of 0.0016.  
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Fig.6. EPR spectra of the glasses 33.33[xNa2O-(1-x) Li2O]-

2.5SrO-2.5TiO2-45B2O3-16.67P2O5 (0 ≤ x ≤ 1). 
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Fig.7 shows the variation of g factor as a function 
of the composition (x). It is quite interesting to note that 
g seems to go through a minimum around x = 0.5 
showing mixed alkali effect (MAE) in the glasses. The 
non-linearity in the variation of g with composition was 
also observed in other glass systems [19,20,33,34]. The 
variation may be due to structural changes taking place 
within the composition. The alkali oxides Li2O and Na2O 
are modifiers and make weakly bonded O2- around each 
Ti3+ ions. Li+ and Na+ ions should remain in the 
neighborhood of these ions. Replacement of Li2O by 
Na2O causes a smooth change in the micro-
environmental fluctuations around Ti3+ ion which could 
be at the origin of the observed non-linear variation of 
g-factor versus the composition. 

0.0 0.2 0.4 0.6 0.8 1.0

1.9352

1.9356

1.9360

1.9364

Na/(Na+Li)

g-
fa

ct
or

 

 

 
Fig.7. Variation of the parameter (g-factor) as a function of the 

Na/(Na+Li) ratio.  

4. Conclusion 
The results of this study have shown that the 

composition dependence of some physical properties 
such as density and molar volume are linear suggesting 
that the structure is almost unchanged by the 
substitution of Li2O by Na2O. The decrease of density 
with the ratio Na/(Na+Li) is due to an expansion in the 
glass matrix when replacing the smaller Li+ ions by the 
larger Na+ ones. The variation of the glass transition 
temperature Tg as a function of the composition shows 
a pronounced mixed alkali effect at the composition 
(x=0.5). This MAE is associated to the ‘structural 
disorder’ imposed by the presence of two kinds of 
cations. Infrared spectroscopy has shown that the 
substitution of lithium by sodium induces non-linear 
variation of peak positions of some stretching and 
bending vibrational modes of borates indicating the 
presence of MAE. EPR spectra exhibits resonance signals 
relatives to Ti3+ ions. The coloration of the glasses under 
study could be due to the presence of these 
paramagnetic ions. It is observed that the composition 
dependence of the parameter g shows a minimum 
around x = 0.5 suggesting mixed alkali effect (MAE) in 
the glasses. Finally, it is interesting to note that thermal 
analysis, infrared spectroscopy and EPR experiments 
showed the mixed alkali effect in the glasses. 
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