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Abstract
Phosphate glasses containing different concentrations of zinc oxide inside the (1 − x)(NaPO3–KPO3)–xZnO system 
(0 ≤ x ≤ 50 mol%) have been prepared using the conventional melt quenching technique. The prepared glasses were trans-
parent, bubble-free and colourless. Their density, molar volume, glass transition temperature, and structural properties using 
infrared and Raman spectroscopies are investigated. As the content of ZnO increases, the density increases while the molar 
volume decreases. The composition dependence of  Tg shows a minimum for the glass (x = 20 mol%). Structural approach 
realized by IR and Raman spectroscopies reveals that zinc ions occupy different sites in the glassy-network, mainly modifier 
sites and middle phosphate network in low-zinc and high-zinc glasses, respectively. The introduction of ZnO in the network 
induces some structural rearrangements through the conversion of metaphosphate structural units to pyrophosphate ones. It 
is also highlighted that the presence of ZnO in the glassy matrix allows the transformation of some P–O–P and P=O bonds 
to P–O–Zn linkages. From the UV–Visible absorption studies, the values of the optical band gap,  Eg, and Urbach energy, 
ΔE, were evaluated. The optical band gap is found to depend on the glasses composition.  Eg and ΔE show a minimum and 
a maximum respectively, for the glass (x = 20 mol%).

Keywords Phosphate · Glasses · Glass transition temperature · Structure · Optical properties

1 Introduction

Glass is one of the most age-old materials. Since the ancient 
times, glass has been synthesized by the fusion of silicates. 
However, in recent years another glass family called phos-
phate glass has attracted the attention of the scientific com-
munity. These materials have been the subject of many 
investigations in order to use them in various applications 
such as the manufacturing of glass–polymer composites, 
glass to metal seals, optical waveguide, biomaterials, solid 
state laser sources, conducting materials [1–6].

Due to its hygroscopic nature, applications of  P2O5 glass 
have been so limited. In order to overcome this issue, it is 
suggested that various oxides should be added to phosphate 
glasses, such as SnO,  Al2O3,  Fe2O3. These oxides lead to 
the formation of water-resist Al–O–P, Fe–O–P bonds which 
replace the easily hydrolysable P–O–P links and improve 
dramatically the chemical durability of the modified phos-
phate glasses [7]. Many refractory oxides can also improve 
the chemical durability of these phosphate glasses. How-
ever, these formulations present reticulated structures result-
ing in high melting temperature processing that is energy 
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consuming. To develop phosphate glasses showing both 
good chemical durability and low temperature processing 
constitutes a key which has motivated many researchers to 
find optimal compositions. Low melting temperature and 
low glass transition temperature of phosphate formulations 
have been based for a long time on lead phosphate composi-
tions until lead had to be replaced for toxicity reasons [8]. 
Promising results have been obtained using ZnO [9], SnO 
[10], and CuO [7]. Nevertheless, the last two oxides are sub-
ject to redox reactions during melting, so it is essential to 
work in a controlled atmosphere [10]. Therefore, ZnO can be 
considered as a best alternative for the development of stable 
glasses with low  Tf, as evidenced by several publications 
[9, 11]. In addition, ZnO possesses interesting properties 
namely, a wide bandgap [12] and high dielectric constant 
values, allowing the use of ZnO in the manufacture of elec-
tronic and optical devices. It should also be noted its use in 
solar cells, light modulators and optical sensors [13].

The behavior of zinc in the phosphate glasses varies upon 
the chemical composition. This oxide alone cannot from a 
glass [14]. But, it can be incorporated in significant quantities 
in other glass forming systems such as  P2O5 network. From 
the structural point of view, it is reported in the literature, that 
zinc oxide has a unique role since it can act both as an inter-
mediate and as a glass modifier. Zn can exist either in  ZnO4 
(tetrahedral coordination) as an intermediate component, 
or  ZnO6 (octahedral coordination) in the case of a network 
modifier [15]. The zinc phosphate system is one of many 
systems including BeO–P2O5 and MgO–P2O5, classified as 
abnormal systems since there are discontinuities in the com-
position/property behavior (refractive index, molar volume) 
[16].This abnormal behavior of the properties of the glasses 
was explained by a coordination change of  Zn2+ [17, 18].

Glassy materials in the binary (1 − x)NaPO3–xZnO 
(0 ≤ x ≤ 33) were studied by Montagne et  al. [19], they 
reported on the chemical composition dependence of some 
properties such as density, index of refraction, and the glass 
transition temperature. It is found that this latter decreases 
for 0 ≤ x ≤ 15 whereas, it increases when ZnO content 
exceeded 15 mol% owing to the cross-linking effect of  Zn2+ 
ions in the glass network. Elsewhere [12], the glasses inside 
(50–x/2)  Na2O–xZnO–(50–x/2)P2O5 system have been elab-
orated and it is found that the replacement of  Na2O and  P2O5 
by ZnO increased the values of the density and the glass 
transition temperature. The observed increase is attributed 
to the formation of P–O–Zn crosslinks in the glasses [11].

In this study, our interest is focused on the investigation 
of phosphate materials having both low melting temperature 
and good chemical durability. Such phosphate material could 
offer suitable properties in order to use them as materials 
for the thermal energy storage. The actual technology based 
on the solar salts cannot achieve a large enough difference 
between hot and cold storage temperature. The proposed 

materials contain  Na2O,  K2O, ZnO and  P2O5 as glass former. 
They could present acceptable thermal and chemical stabili-
ties and at the same time their elaboration temperature is very 
low. The choice of the materials is done according to the 
fact that: (i) the mixed alkaline effect is known to tune many 
physical properties and can reduce the melting temperature of 
the glasses; (ii) the introduction of ZnO in the glassy matrix 
enhances both thermal and chemical properties. The novelty 
of this work lies in the combination of the positive effect 
of ZnO to increase the chemical resistance and the mixed 
alkaline effect which will lead to the lowering of the melting 
temperature of the glasses. In particular, we are interested 
to study the physico-chemical and structural properties of 
the (1 − x)(NaPO3–KPO3)–xZnO glasses. The experimental 
conditions of the synthesis are determined. Their characteri-
zations are carried out by measurements of density, thermal 
analysis (DSC), Infrared (IR), Raman and UV–Visible spec-
troscopies. Besides, we will make a comprehensive analysis 
on the role of zinc ions in these phosphate glasses.

2  Experimental Procedure

2.1  Preparation of the Glasses

Glasses with the compositions (1 − x)(NaPO3–KPO3)–xZnO 
(0 ≤ x ≤ 50) were prepared by a melt-quenching route. Sodium 
carbonate  (Na2CO3), potassium carbonate  (K2CO3), hydro-
gen ammonium phosphate  (NH4H2PO4) and zinc nitrate 
(Zn(NO3)2·6H2O), are used as raw materials. The reagents 
are mixed in appropriate ratios and heated at 300 °C in order 
to remove  NH3 and  H2O. Then, the temperature is gradu-
ally raised to 600 °C to decompose completely the sodium 
and potassium carbonates. Finally, the oven temperature was 
increased to 1000 °C to reach the molten state. The melt was 
then quenched to room temperature in air by pouring it on a 
pre-heated plate. The obtained glass samples are colorless. 
They are kept in a desiccator to prevent any moisture attack.

2.2  Density Measurements and Molar Volume

Density (D) measurements of the glasses are determined at 
room temperature according to the Archimedes principle 
using distilled water (d = 1 g cm−3) as a liquid medium. The 
molar volume  (Vm) of each glass is derived from the density 
and molar weight (M) values  (Vm = M/D).

2.3  DSC Analysis

The glass transition temperature  (Tg) of each glass is deter-
mined by the Differential Scanning Calorimetry (DSC). The 
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DSC curves were performed for ground glass batches of 
about 30–40 mg in a nitrogen atmosphere at a heating rate 
of 10 °C/min using a LABSYS evo analyzer. The estimated 
temperature error is ± 1 °C.

2.4  FTIR and RAMAN Spectroscopies

The infrared absorption spectra of the glasses carried out at 
room temperature in the wavenumber range 1400–400 cm−1 
using a TENSOR27 spectrometer. The analysis is made on 
the sample pellets in KBr matrix (1:300 mg).

The structure of the studied glasses is also investigated 
using Raman spectroscopy in order to elucidate their structural 
evolution as a function of the chemical composition. Raman 
spectra were measured at room temperature with a Renishaw 
micro-Raman spectrometer (RM1000) equipped with a CCD 
detector, 1800 g mm−1 grating and an external Leica DMLM 
confocal microscope. The excitation source is a He–Ne laser 
(19 mW) operating at 632.8 nm. The laser spot was focused 
on the sample surface using either 50 × or 100 × objectives.

2.5  Optical Measurements

The optical absorption spectra of the glasses were recorded 
at room temperature using UV–Jasco v-750 spectrophotom-
eter over the spectral range 200–800 nm. A barium sulfate 
 (BaSO4) plate was used as the standard (100% reflectance) 
on which the finely ground sample from the glass was coated.

3  Results

3.1  Physical Properties

Some physical properties of the studied glasses (1 − x) 
 (NaPO3–KPO3)–xZnO (0 ≤ x ≤ 50 mol%) are gathered in 
Table 1. These glasses are labeled NKPZx. The composition 
dependence of the density, molar volume and the oxygen 
packing density (OPD) are given in Fig. 1. It is observed 

that the density and (OPD) increase while the molar volume 
decreases with increasing ZnO content. The thermal analysis 
of the glasses is carried out in order to determine their char-
acteristic temperatures. The obtained DSC curves are shown 
in Fig. 2. The evolution of the glass transition temperatures 
 (Tg) of these series of glasses as a function of the ZnO con-
tent is given in Fig. 3. It is observed that the introduction of 
ZnO up to 20 mol% in the network results in a decrease of 
 Tg. For further addition of zinc oxide from 20 to 50 mol% 
 Tg increases thereby the lowest glass transition temperature 
is observed for the NKPZ20 glass.

3.2  Ionocovalent Crosslink Density

From the nature of the elements constituting the glasses, one 
can state that the chemical bonds in the glassy-matrix could be 
mixture of ionic and covalent linkages. According to the iono-
covalency (IC) model [20], chemical bonds depend on both 
their environment and the atomic properties of each element. 
The weight of the iconicity and covalency orders in the bond 

Table 1  Glass composition, O/P ratio, density, molar volume and 
oxygen packing density (OPD) of the (1 − x)(NaPO3–KPO3)–xZnO 
(0 ≤ x ≤ 50 mol%) glasses

Sample code X (mol%) O/P ratio Density OPD Vm 
 (cm3 mol−1)

NKPZ0 0 3 2.44 66.52 90.19
NKPZ5 5 3.02 2.51 67.71 84.91
NKPZ10 10 3.05 2.60 69.35 79.31
NKPZ20 20 3.12 2.82 73.31 68.20
NKPZ30 30 3.21 3.03 76.40 58.89
NKPZ40 40 3.33 3.24 78.74 50.80
NKPZ50 50 3.50 3.48 80.80 43.31
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defined its bond strength and effective polarizing power or 
charge density. The “ionocovalent crosslink density” is deter-
mined from the ionic function (I((Ia, Z*)) and the covalent 
function (C((n*rc

−1, rc
−1)), where n* is the effective quantum 

number, and  rc is the covalent radius. The ionic function, I(Ia, 
Z*), is related to the valency quantity of the energy required 
to break or re-form the ionocovalent bonds. The covalent 
function C (n*rc

−1,  rc−1) is related to the structural state. The 
covalency rc

−1 is related to the bond strength and the spatial 
covalency n*rc

−1 is related to the spatial overlap. The ionocova-
lency is defined as ionocovalent crosslink density  ICd by [21]:

ICd = I(Ia, Z ∗) C (n ∗ r−1
c
, r−1

c
) = Z ∗ r−1

c
= n ∗

(

Ia∕R
)1∕2

r−1
c

 where Ia is the average ionization energy, Z* is the effec-
tive nuclear charge, n* is the effective principle quantum 
number, rc is the covalent radius, R is the Rydberg constant, 
R = 2μ42e4/h2= 13.6 eV.

The application of the IC-theory to the glasses NKPZx 
has allowed us to determine the values of the parameters 
Z*, n*rc

−1 and  ICd and the values of these parameters are 
gathered in Table 2. It is noticed that the increase of the 
ionocovalent parameter  ICd results from the increase of both 
Z* and n*rc

−1.

3.3  Raman and IR Spectra

3.3.1  Raman Spectra

Raman spectra of (1 − x)(NaPO3–KPO3)–xZnO glasses in 
the 200–1400 cm−1 frequency range are shown in Fig. 4. 
This latter reveals that each spectrum contains four bands 
near 1324, 1153–1190, 666–710, and 340  cm−1. The 
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Table 2  Data of the atomic ionocovalent parameters

Glasses x (mol%) Z* n*rc
−1 ICd Tg (°C)

NKPZ0 0 3.149 2.252 2.701 312
NKPZ5 5 3.164 2.277 2.712 297
NKPZ10 10 3.180 2.303 2.715 280
NKPZ20 20 3.211 2.354 2.722 300
NKPZ30 30 3.242 2.405 2.728 304
NKPZ40 40 3.274 2.456 2.734 310
NKPZ50 50 3.305 2.507 2.740 317
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Fig. 4  Raman spectra of the (1 − x)(NaPO3–KPO3)–xZnO glasses



536 Journal of Inorganic and Organometallic Polymers and Materials (2020) 30:532–542

1 3

assignments of the different bands are made according 
to the literature data [6, 11, 22, 23]. The band situated 
at 1324 cm−1 is assigned to the symmetric stretch vibra-
tion (P=O). This band can be also due to the asymmet-
ric vibration νas(PO2

−) of the non-bridging oxygen atoms 
(NBO) bonded to the phosphorus atoms (O–P–O) in 
metaphosphate chains  (Q2). A broad peak in the region 
1153–1190 cm−1 is attributed to the symmetric vibration 
νs(PO2

−) in  Q2. The band around 666–710 cm−1 is associ-
ated to the symmetric vibration of bridging oxygen con-
necting two  PO4 tetrahedra (P–O–P) in metaphosphate 
chains. The low frequency at 340 cm−1 is related to the 
bending motion of phosphate polyhedron. From the analy-
sis of Fig. 5 it is observed that the intensity of the band 
near 1324 cm−1 decreases and shifts towards lower wave-
numbers with increasing ZnO content. It should be noted 
also that the position of the peaks relatives to νs(PO2

−) and 
νs(P–O–P) modes shifts to higher frequencies when ZnO 
content goes up (Fig. 5).

3.3.2  Infrared Spectra

Infrared spectra of NKPZx glasses in the range 
400–1400 cm−1 are shown in Fig. 6. The spectra are domi-
nated by broad bands around 1280, 1160, 1100, 1000, 
900, 740, 655 and 510 cm−1. Table 3 gives the positions 
of the different bands and their assignments. The assign-
ment of the bands is realized taking into account the litera-
ture data [11, 23, 24]. The band near 1319–1277 cm−1 is 
related to the asymmetric stretching vibration νas(PO2

−) in 
 Q2 structural unit and/or the asymmetric stretching of the 
doubly bonded oxygen vibration νas(P=O) in  Q3. The band 
at 1148–1160 cm−1 is ascribed to the symmetric stretch-
ing vibration νs(PO2

−) in metaphosphate  Q2. The asym-
metric vibration mode of the chain end group νas(PO3

2−) 
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Table 3  Raman and Infrared frequency positions  (cm−1) and their 
assignments

Raman frequency  (cm−1) Infrared frequency 
 (cm−1)

Assignments

1324 1319–1277 νas (P=O), 
 Q3 + νas 
 (PO2),  Q2

1153–1190 1148–1160 νs  (PO2),  Q2

1100 νs  (PO3),  Q1

1000 νs  (PO3),  Q1

900–920 νas (P–O–P)
666–710 745 νs (P–O–P),  Q1

655 νs (P–O–P),  Q2

340 520 δ(PO4)
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corresponds to the band at 1100 cm−1, and the symmetric 
stretching of this end group υs(PO3) appears at 1000 cm−1; 
the asymmetric and symmetric vibration modes of P–O–P 
bonds in  Q1 units, νas(P–O–P) and νs(P–O–P), are ascribed 
to bands around 920  cm−1 and 745  cm−1, respectively. 
The band at about 655 cm−1 is attributed to the symmetric 
νs(P–O–P) in  Q2 structural groups and the band at 520 cm−1 
is ascribed to the deformation mode of  (PO4) groups. From 
the analysis of the above data it can be noticed that the glass 
network of the glasses contains different phosphate groups 
and mainly metaphosphate and pyrophosphate ones.

3.3.3  Optical Spectra

The optical absorption spectra in solids provides essential 
information about the band structure and the energy gap in 
the crystalline and non-crystalline materials [25, 26]. The 
photons with energy greater than the band gap energy are 
absorbed and less energetic photons are transmitted [27]. 
The optical absorption spectra of the studied glasses are 
shown in Fig. 7. These spectra have the same shape. They 
are characterized by a broad onset of absorption edge over 
the region of 200–350 nm. Also, one can observe that the 
introduction of zinc oxide in the glasses doesn’t induce any 
new absorption in the region 350–800 nm in accordance 
with the fact that the glasses are colorless.

From the optical absorption spectra of the glasses (Fig. 7), 
we have determined the energy gap and Urbach energy of 
the vitreous materials. The optical coefficient of absorption 
α(ν) of each glass is calculated using the relation [25, 28]:

where A is the amount of absorbance and d is the thickness 
of the sample (in centimeter).

(1)�(υ) = (2.303∕d)A(υ)

For amorphous materials, it is found that the optical 
absorption at a higher value of α(υ) above the exponential 
tail follows a power law given by Davis and Mott [29]:

where n is an index that can have different values: 2, 3, 1/2 
and 1/3 corresponding to indirect allowed, indirect forbid-
den, direct allowed and direct forbidden transitions, Davis 
and Mott proposed that most amorphous semiconductors 
have allowed direct transitions and (n) is 2. B is a constant 
called band-tailing parameter,  Eg is the optical band gap 
energy and hν is the incident photon energy.

In order to extract the  Eg value in optical data of the 
glasses, it is usual to plot the variation of (αhυ)1/2 as a 
function of hυ (Tauc plot). The value of the optical gap is 
obtained by the extrapolation of the linear region of the 
curve to the x-axis with α = 0. Figure 8 represents the Tauc 
plots of the glasses and the obtained value of  Eg are listed in 
Table 4. It can be seen that, the gap energy decreases with 
the first addition of ZnO content up to x = 20 mol%. Then, it 
increases with further increasing of ZnO content.

The optical data are also analyzed according to Urbach 
rule and the optical absorption coefficient may be written in 
the form [30]:

where ΔE is the Urbach energy and B is a constant.
In view to determine the Urbach energy for the glasses 

we have plotted (lnα) versus (hυ) as shown in Fig. 9. From 
the linear plot of the absorption coefficient the value of the 
Urbach energy ΔE can be calculated and are gathered in 
Table 4. It is observed that the Urbach energy (ΔE) increases 

(2)Ahυ = A(hυ − Eg)
n

(3)�(υ) = B exp (hυ∕ΔE)
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with increasing ZnO content when the concentration of ZnO 
varies from x = 0 to x = 20 mol%, then it decreases with fur-
ther addition of ZnO content (x > 20 mol%) (Fig. 10).

4  Discussion

4.1  ZnO Effect on the Physical Properties 
of the Glasses

The variation of the density as a function of ZnO con-
tent (Fig. 1) shows an increase of the density from 2.44 to 
3.48 with increasing ZnO content which suggests that the 
incorporation of zinc oxide in the glass network induces 
an increase in the compactness of the glassy structure. In 
order to confirm such ZnO effect on the density, we have 
calculated the oxygen packing density (OPD) of the glasses 
(Fig. 1). It is found that the OPD parameter increases with 
the increase of ZnO content suggesting an increase in the 

connectivity of the polyhedral and thereby an increase in the 
density of links in the glass network.

Moreover, the density parameter is a physical property 
which is sensitive to the spatial arrangements of atoms in the 
vitreous network. It depends on several factors namely, the 
structure, the molecular weight, the coordination number, 
and the dimensionality of the interstitial space. According to 
these parameters, the observed increase of the density with 
ZnO content in the (1 − x)  (NaPO3–KPO3)–xZnO glasses 
could be associated to the replacement of the ionic link-
ages  (PO−,  Na+) and/or  (PO−,  K+) issued from the matrix 
 (NaPO3–KPO3) by the ionocovalent P–O–Zn bonds. The 
presence of these latters bond-type enhances the connectiv-
ity, the reticulation and renders the glassy structure denser 
at high ZnO content. A similar evolution of density was 
obtained in the (1 − x)NaPO3–xZnO glasses [19]. From 
Fig. 1, it is observed that the molar volume decreases when 
the ratio of ZnO increases. This decrease could be asso-
ciated with the decrease of the interstitial space between 
the polyhedra which is induced by the reticulation effect of 
zinc ions. It seems that the increase of connectivity between 
polyhedra reduces the inter-atomic distances so that the 
molar volume decreases and the density increases. Further-
more, the increase in density as a function of the composi-
tion (x) cannot be interpreted in terms of the increase of 
molecular weight since the molar weight of  NaPO3–KPO3 
(M = 220.07 g mol−1) is higher than that of ZnO (M = 81.38 
g mol−1).

The glass transition temperature is also sensitive to the 
structure of the glasses [26, 31]. It depends on bond strength, 
degree of crosslink density and packing tightness. The glass 
transition temperature is an increasing function of these vari-
ables [31]. The variation of the glass transition tempera-
ture as a function of ZnO content in the glassy network is 

Table 4  Optical band gap and Urbach energy of the (1 − x)  (NaPO3–
KPO3)–xZnO glasses

x (mol%) Optical band gap  Eopt (eV) Urbach 
energy ΔE 
(eV)

0 3.35 0.227
5 3.30 0.253
10 3.01 0.260
20 2.88 0.277
30 3.60 0.239
40 3.79 0.237
50 3.84 0.181
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shown in Fig. 3. It shows a minimum when ZnO addition 
reaches 20 mol%. Thus, the composition dependence of  Tg 
can be divided to low-ZnO and high-ZnO regions in which 
 Zn2+ ions occupied different sites. The observed decrease 
of  Tg in the low-ZnO region reveals that the introduction 
of zinc oxide in the network do not enhance the crosslink 
density of the phosphate network. It seems that the sites 
occupied by  Zn2+ ions in this low-ZnO region are positions 
mainly located near the end phosphate chains, mainly near 
the pyrophosphate groups  (Q1, sites). The  Zn2+ ions in these 
end sites are not able to enhance the crosslink density of the 
glassy-matrix. On the other hand, for the high-ZnO region, 
x > 20 mol%, the glass transition temperature increases. The 
increase of the bond strength and the tightness of the net-
work in this region are involved in the observed increase of 
 Tg. The increase of the bond strength is due to the fact that 
the glasses are poor in  Na2O and  K2O and become more 
covalent by the formation of P–O–Zn bonds in vitreous 
network of the glasses belonging to the high-ZnO region. 
Moreover, the observed  Tg in this region indicates that the 
 Zn2+ ions can also enhance the crosslink in the glass network 
owing to the reticulation effect. It seems that these zinc ions 
are located in sites allowing the increase of the crosslink 
density. One can suppose that these sites are located between 
phosphate chains rather than end chains. Therefore, one can 
conclude that the structural sites occupied by  Zn2+ ions in 
low-ZnO and high-ZnO regions are different. The occupa-
tion of the end sites decreases  Tg whereas the presence of 
zinc in the middle of phosphate chains reticulates the net-
work and thereby increases the glass transition temperature. 
The observed minimum of  Tg at x = 20 mol% can be due to 
the combination of the two above effects. Moreover, it is 
reported that mixed alkali and mixed alkaline–alkaline earth 
in glasses induce the presence of minima in the composition 
variation of some properties such as  Tg [32–34]. In (1 − x) 
 (NaPO3–KPO3)–xZnO glasses, the ratio Na/(Na+K) is con-
stant and has a fixed value of 0.5. This means that the mixed 
alkali effect is not responsible for the observed minimum for 
 Tg. Therefore, this minimum of  Tg at x = 20 mol% could be 
ascribed also to the substitution of alkaline ions  (Na+,  K+) 
by a divalent  Zn2+ cations.

Let us now discuss the effect of the crosslink density  ICd 
as a function of the composition. This parameter depends 
on two functions (I, C): the ionic dynamics represented by 
the function I(Ia, Z*), and the covalent structures by C (rc−1, 
n*rc−1). The determined ionocovalent parameters are given 
in Table 2. It is observed that Z* as iconicity parameter 
increases when the ratio of zinc goes up. Z* is related to the 
valency quantity of the energy required to break the P–O–P 
bonds and re-form the crosslink density [20]. On the other 
hand, the n*rc−1 parameter describes the amount of mix-
ing of oxygen 2p and metal orbitals to form valence bands. 
The variation of n*rc−1 as a function of the composition 

(Table 2) shows an increase with ZnO content suggesting 
that zinc 3d and oxygen 2p orbitals are overlapped. There-
fore, the increase of the crosslink density with zinc oxide can 
be attributed to the increase of both Z* and n*rc−1 in agree-
ment with the IC-model  ICd = I(Ia)C(n*rc

−1) = n*(Ia/R)½rc
−1. 

The Zn 3d orbitals, compared to P 3p orbitals, involved the 
greater spatial covalency, n*rc

−1, leading to a greater overlap 
with oxygen 2p orbitals. The ionic and the covalent func-
tions are combined to give a quantification result of ionoco-
valent crosslink density ICd from 2.701 to 2.740 (Table 2). 
The increase of this parameter with increasing zinc content 
explains well the increase of the density and the decrease of 
the molar volume (Table 1). It can also argue the increase 
of the glass transition temperature  Tg from 240 to 317 °C in 
the composition range from 20 to 50 mol% of zinc oxide.

4.2  ZnO Effect on the Structure of the Glasses

4.2.1  Raman Spectra

The introduction of ZnO into the  (NaPO3–KPO3) network 
brings some modifications on the Raman spectra (Fig. 4). A 
displacement towards the high wavenumbers of the mode rel-
ative to νs  (PO2)− is observed between 1153 and 1180 cm−1. 
Also, we observe that the position of the vibration mode 
of νs(P–O–P) is shifted to high frequency (Fig. 5). Firstly, 
these two modifications can be explained by the fact that the 
electronegativity of Zn (1.65) is higher than that of Na(0.93) 
and K(0.82) [35]. In fact, the increase in electronegativity 
around the phosphate groups  (PO2)− and (P–O–P) induces 
the shift of these frequencies towards the high frequencies 
[36]. Secondly, the substitution of the larger  Na+ (95 pm) 
and  K+ (133 pm) cations by smaller size  Zn2 + ions (74 pm) 
[37], can cause the decrease of the (OPO) angle resulting 
in a steady increase of the vibration energy of (P–O–P) and 
then the displacement of this mode to high wavenumbers. 
Moreover, the shape of the peak associated with νs(PO2)− in 
the region 1153–1190 cm−1 changes with ZnO content in 
the network. In the Raman spectrum of the ZnO-free glass 
(x = 0), this peak is composed by two components which 
are due to the presence of two  PO2

− groups linked to dif-
ferent cations  (Na+ and  K+). Particularly, the vibration of 
P–O in  (PO2

−,  K+) unit is reinforced in comparison with 
that of P–O in  (PO2

−,  Na+) component. So, the vibration 
mode of  (PO2

−,  K+) is ascribed to the component at high 
wavenumbers (1193 cm−1) whereas, the frequency of  (PO2

−, 
 Na+) appears at low wavenumbers (1153 cm−1). From the 
spectra of Fig. 4, we observe that the two components of 
νs(PO2)− emerge to form only one broad peak at high wave-
numbers for the glasses belonging to the high-ZnO region 
(20–50 mol%). However, for the glasses of the low-ZnO 
region (0–20 mol%) the intensity of the two components 
decreases suggesting that  Zn2+ replaces  Na+ and  K+ cations. 
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Therefore, in this low ZnO-region one can state that  Zn2+ 
ions occupy the modifier sites previously occupied by the 
alkali elements. In the high-ZnO region, it seems that zinc 
ions occupy new sites that allows the increase of the cross-
link density of the glasses. Moreover, the Raman spectra 
reveal the disappearance of the P=O mode at 1324 cm−1 as 
the concentration of ZnO increases in the vitreous network. 
This, can be explained by the conversion of P=O bonds into 
P–O–Zn linkages.

4.2.2  FTIR Spectra

From the analysis of IR spectra of the studied glasses 
(Fig. 6), it is observed that the addition of ZnO in the glassy 
matrix influences the intensity and the position of some 
bands. The asymmetric vibration mode of  (PO2)− shifts 
to lower wavenumbers as the content of ZnO increases. 
This decrease is associated with the higher field strength 
of  Zn2+ in comparison to that of alkali  Na+ and  K+ ions. 
In fact, when the metal–oxygen force constant increases 
it is expected that the vibration energy of the neighbor-
hood  PO2 group decreases [38, 39]. Figure 6, also shows 
changes in the position and the intensity of the vibration 
modes νs(PO2)− and νs(PO3)2−. When the concentration of 
zinc oxide increases it is observed that the position of the 
mode νs(PO2)−, near 1160 cm−1, shifts to lower wavenum-
bers owing to higher strength of Zn–O bonds. The intensity 
increase of the peak at about 1100 cm−1, characteristic of 
νs(PO3)2−, suggests that more pyrophosphate units are cre-
ated in the network with increasing zinc oxide content. As 
a matter of fact, the introduction of ZnO in the glasses is 
accompanied by the increase of the O/P ratio (Table 1) from 
3 to 3.5 suggesting that the substitution of  (NaPO3–KPO3) 
by ZnO induces the formation of pyrophosphate  Q1 units in 
the detriment of metaphosphate  Q2 units. The formation of 
pyrophosphate units is also confirmed since the intensity 
of the band at 745 cm−1 increases in the zinc-rich glasses 
(Fig. 6). It seems that the environment of zinc ion in these 
glasses becomes richer in pyrophosphate units. The forma-
tion of strong P–O–Zn bonds in their networks is very likely 
since the position of the mode νas(P–O–P) shifts from 900 
to 920 cm−1 with zinc content in the glasses. Therefore, one 
can state that some P=O and P–O–P bonds are converted to 
P–O–Zn links when ZnO content increases in the vitreous 
network.

4.2.3  Optical Spectra

The analysis of the optical absorption spectra (Fig. 7) 
reveals the presence of a broad band around 200–350 nm 
which is characteristic of amorphous materials [40]. The 
presence of this ultraviolet absorption band may be due 
to two main causes: (i) The electron transition between 

oxygen 2p and transition metal 3d, (ii) the presence of 
impurity ions such as  Fe3+ [40].

The composition dependence of the gap energy 
(Table  4) shows that  Eg decreases in the composition 
range from 0 to 20 mol% ZnO (low ZnO region). In a 
previous study [40], it is observed that the gap energy  Eg 
decreased with increasing alkali ions in phosphate, silicate 
and borate glasses. The tendency has been explained by 
the increase of the non-bridging oxygen (NBO) ions in the 
glasses. As a matter of fact, the introduction of modifier 
oxide in the glassy-matrix modifies the network and cre-
ates non-bridging oxygen atoms. Therefore, the observed 
decrease of the  Eg energy in the range 0–20 mol% of ZnO 
suggests that zinc ion has a modifier structural effect in 
agreement with IR and Raman studies. Moreover, it seems 
that the substitution of alkali ions by zinc ones in the low-
ZnO region glasses is realized in the way that  Zn2+ ions 
locate in the modifier sites which were already occupied 
by the alkali ions  (Na+ and  K+). In other words, in the low-
ZnO glasses, (0–20 mol%),  Zn2+ ion plays the modifier 
structural role as alkali ions. So, the variation of  Eg in the 
lower-ZnO region may be interpreted on the basis that the 
effect of ZnO is to increase the non-bridging oxygen in the 
glasses. It is known that the (BO) atom has lower energy, 
and has also a less negative charge than (NBO). The exist-
ence of more NBO in the glass affects the gap energy so 
that the electrons transfer easily from the valence band to 
the conduction band in rich-NBO glasses [25]. It is worth 
to note that the optical energy gap depends on the energy 
level of the upper valence band edge, which is determined 
by the separation of 3d states and 2p oxygen states [40]. 
In the low-ZnO glasses, it seems that the substitution of 
alkali ions  (Na+ and  K+) by zinc ions  (Zn2+) induces two 
concomitant effects: firstly, the formation of NBO ions and 
causes an increase in 2p oxygen energy levels; secondly 
an increase of the covalent character of the bonds since 
the electronegativity of zinc is higher than that of alkali 
ions, this increase of bond strength causes a decrease of 
the optical energy gap [40]. All these facts act in the same 
trend and resulting in a smaller band gap in the lower-
ZnO region. However, in the high-ZnO glasses with 
x > 20 mol% the gap energy increases when the content of 
zinc oxide goes up (Table 4). This increase suggests that 
in high-ZnO region the  Zn2+ ions are located in sites that 
allows reducing the concentration of non-bridging oxy-
gen atoms in the network of the glasses. These novel sites 
for  Zn2+ ions are able to enhance the crosslink density 
of the glassy matrix as emphasized by the ionocovalency 
 (ICd) studies. Therefore, one can assume that  Zn2+ ions 
introduce the glassy-matrix and locate between phosphate 
chains rather than end chains. The occupation of these 
kinds of sites induces the decrease in the NBO number 
and thereby the increase of  Eg for the high-ZnO glasses.



541Journal of Inorganic and Organometallic Polymers and Materials (2020) 30:532–542 

1 3

Moreover, the analysis of the optical data has revealed 
that the variation of the Urbach energy as a function of 
the composition (x) has different trends in the low- and 
high-ZnO glasses. It increases in the low-ZnO region, and 
decreases in the high-ZnO region (Fig. 9). As well known 
the Urbach energy reflects the degree of structural order or 
disorder (ordness or desordness) in amorphous materials 
[41]. The increase in Urbach energy in the low-ZnO region 
may be due to the increase in the depolymerisation of the 
glasses owing to the modifier effect of ZnO oxide. Con-
versely, in the high-ZnO region the value of ΔE decreases 
with the incorporation of ZnO in the glassy matrix suggest-
ing that the disorder degree decreases in these glasses. As a 
matter of fact, vibrational spectroscopy and ionocovalency 
studies have shown that ZnO oxide in this composition 
region behaves as a former oxide and increases the crosslink 
density of the glasses. The occupation of former sites by zinc 
ions enhances the rearrangement of the different structural 
units and the formation of less disordered vitreous materials.

It is worth to note that the composition dependencies of 
the glass transition temperature and the gap energy show a 
minimum for the glass composition x = 20 mol%. Such a 
minimum mimics that observed in mixed alkali and mixed 
alkali–alkaline earth glasses [32, 34, 42]. Since the alkali 
ratio is maintained constant in the glasses under study  (Na+/
K+ = 0.5), one can ascribe the evolved minimum to the sub-
stitution of alkali ions  (Na+,  K+) by bivalent cations  (Zn2+) 
ions.

5  Conclusion

In this paper, we studied the system of glasses inside (1 − x) 
 (NaPO3–KPO3)–xZnO, (0 ≤ x ≤ 50% mol), these glasses 
were prepared by melt-quenching route. The density 
increases, however the molar volume decreases with increas-
ing ZnO content. The glass transition temperature increases 
with the increase of the concentration of ZnO introduced 
in the glassy matrix, what is explained by the presence of 
P–O–Zn bonds which reticule the glassy structure. For x 
less than 20%, the glass transition temperature decreases 
owing to the small zinc–oxygen bonding energy. For larger 
x (20 ≤ x ≤ 50), the  Tg increases because the covalent char-
acter of zinc–oxygen bonds. Raman and FTIR spectra show 
that the structure of the glasses contains different phosphate 
structural units and their contents depend on the composi-
tion. We can note also from these spectra that the addition 
of ZnO in the matrix  (NaPO3–KPO3) leads to the depoly-
merisation, in other words, the conversion of metaphosphate 
units to pyrophosphate units. This conversion is assisted by 
the structural rearrangements in the vitreous network via the 
replacement of P–O–P and P=O bands by P–O–Zn bands. 
The variation of the optical band gap and Urbach energy 

depend on the glass composition. A minimum in  Eg and 
a maximum in ΔE are observed for the glass composition 
(x = 20). The non-linearity of the glass transition tempera-
ture and these optical parameters with the composition are 
ascribed to the substitution of the alkali ions  (Na+,  K+) by 
the bivalent cations  (Zn2+) ions.
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