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ZINC DIPHOSPHATE Zn2P2O7 GLASS:
ELABORATION, CHARACTERIZATION, AND DFT STUDY

Abdelahad El Addali1, Abdellah El Boukili1, Lahcen Boudad2, M’hamed Taibi1

ABSTRACT

Zinc diphosphate glass Zn2P2O7 has been synthesized using the conventional melt quenching process and 
investigated through various techniques. These analyses include X-ray diffraction (XRD), differential scanning 
calorimetry (DSC), Fourier-transform infrared spectroscopy (FT-IR), and Raman spectroscopy. Besides confirming 
the glassy nature of this material, the different phosphate groups within the glass structure have been identified 
and their vibration frequencies have been assigned. The study aims to propose three distinct short-range structural 
models for the Zn2P2O7 glass compound: IVZn, VZn, and VIZn. These buildings underwent optimization and a detailed 
theoretical analysis using the Density Functional Theory (DFT) method. By examining the global reactivity indices 
of these clusters, we were able to identify the most stable structural configuration for this compound. The results of 
the investigation confirm a strong agreement between the experimental observations and theoretical predictions, 
enhancing our understanding of the material’s structure.
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INTRODUCTION 

Zinc diphosphate glasses are materials of substantial 
technological relevance, widely studied for their 
diverse applications. This includes their use in dental 
implants [1 - 6], bone fracture fixation [7, 8], and 
drug delivery devices [9, 10].  Notably, these glasses 
demonstrate a notable capacity for housing proton 
carriers at mid-range temperatures, positioning them as 
a promising candidate for use as a solid electrolyte in 
fuel cells [11,12]. Furthermore, the diphosphate glasses 
exhibit potential as a host material for controlled-
release fertilizers [13 - 16].

The connections between oxygen atoms and cations 
mainly exhibit ionic characteristics, pointing towards the 
formation of a chelate-type complex between cations 
and phosphate tetrahedra [17]. The vitreous network can 
also contain intermediate oxides, such as ZnO, whose 

formative nature enables the cross-linking of the network 
through predominantly covalent bonds with phosphate 
groups. The zinc phosphate system is particularly 
interesting due to its ease of glass formation, allowing 
for the incorporation of ZnO contents that exceed the 
compositional limit of pyrophosphate. The structure 
of zinc diphosphate glass is formed by phosphate 
tetrahedra (PO4), which are isolated or linked to other 
phosphate tetrahedra. The structure of this glass network 
is effectively described using the notation Qi, where Q 
represents the phosphate tetrahedron, and i represents 
the number of neighbouring P tetrahedra connected by 
a common oxygen bridge [18, 19].

To improve the physical attributes and chemical 
resilience of diphosphate glasses, recent studies have 
focused on incorporating different heavy metal oxides 
into the P2O5 glass matrix [20 - 23]. The integration of 
zinc oxide (ZnO) into P2O5 glass specifically results in 
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the disruption of some P-O-P bonds within the glass 
structure, leading to an increase in non-bridging oxygen 
(NBO) atoms. However, several studies have shown that 
the introduction of zinc oxides into diphosphate glasses 
allows the substitution of P-O-P bonds with P-O-Zn 
ones, which exhibit more chemical durability [24].

In this research, which combines both experimental 
and theoretical approaches, we investigated into the 
structural characteristics of Zn2P2O7. Our study involved 
experimental techniques and theoretical modelling using 
Density Functional Theory (DFT). We confirmed the 
glass-like nature of our sample using X-ray diffraction 
(XRD) and Differential Scanning Calorimetry (DSC). 
The structural details were further examined through 
Fourier-transform infrared (FT-IR) and Raman 
spectroscopy. Through a detailed examination of FT-
IR and Raman spectra, we have established a clear 
link between zinc and the Q1 unit. This key discovery 
led us to use Density Functional Theory (DFT) for 
analysing the short-range structure of Zn2P2O7 glass. 
We identified three distinct types of zinc coordination: 
IVZn, VZn, and VIZn. By creating models of these clusters, 
we determined that zinc is in the tetrahedral site within 
this structure. This conclusion was drawn via the 
evaluation of the structural stability of these models 
through global reactivity indices, indicating the stability 
of IVZn polyhedra and enabling a further comprehensive 
understanding of the structural characteristics of Zn2P2O7 
glass material.

EXPERIMENTAL

The diphosphate glass, with the formula Zn2P2O7, 
was prepared using the conventional melt quenching 
process. High-purity raw materials, ZnCO3 (99.9 %) and 
(NH4)2HPO4 (99.9 %), were accurately weighed based 
on their composition. Subsequently, they were mixed 
in a mortar with a pestle, then placed in a platinum 
crucible and heated to a temperature of 200°C for 4h. 
The obtained mixture was ground again and heated to 
the temperature of 400°C for 12h. These treatments 
were carried out to remove volatile substances such 
as water (H2O), ammonia (NH3), and carbon dioxide 
(CO2). The resulting material was further ground and 
then melted at 1050°C. The final step in the process 
is the rapid cooling of this molten mass by quenching 
it onto a preheated metal plate. The X-ray diffraction 

spectrum of the glass sample was performed using 
a Siemens D5000 diffractometer in Bragg-Brentano 
reflection configuration. The source of X-rays is a 
CuKα copper anticathode (λ = 1.54056Å). The DSC 
measurements were performed using a SETARAM 
121 apparatus. The thermogram was recorded under 
an argon atmosphere in a temperature range between 
25°C and 800°C, with a heating rate of 10°C min-1. The 
infrared analysis of our sample was carried out by means 
of a Bruker Platinium-ATR Fourier transform infrared 
spectrometer operating in transmittance mode, with a 
spectral range of measurement going from 400 to 4000 
cm-1. Raman spectroscopy data were collected using a 
Perkin-Elmer Spectrum GX spectrometer on a powdered 
glass sample with a 532 nm laser as the excitation 
wavelength. The laser power was optimized (0.5 mW) 
to avoid overheating of the sample. The spectrum was 
recorded in backscattered geometry in the wavenumber 
range between 150 cm-1 and 1400 cm-1. The theoretical 
study of zinc diphosphate has been conducted using the 
density functional theory (DFT) with a restricted B3LYP 
exchange-correlation functional of Becke, 3-parameter, 
Lee-Yang-Parr with a 6-311G basis set. All calculations 
were performed using the GAUSSIAN 09 program 
package [25, 26].

RESULTS AND DISCUSSION

XRD diffraction and DSC investigation
Fig. 1a presents the X-ray diffraction spectrum of the 

prepared sample. The absence of Bragg peaks indicates 
the amorphous state of the sample. The recorded DSC 
thermogram is given in Fig. 1b. We note a change in the 
baseline, indicative of a glass transition. This finding 
affirms the glassy nature of the sample. The thermogram 
presents a single exothermic peak associated with 
crystallization process of the vitreous material. The glass 
transition temperature (Tg) value is found to be 720 K, 
the crystallization temperature (Tc) is at 871 K, and the 
onset of crystallization (Tx) occurs at 814 K.

Spectroscopic study
The experimental FT-IR spectrum of Zn2P2O7 glass 

in the frequency range 400 - 1400 cm-1 is presented 
in Fig. 2. The obtained spectrum shows a broad and 
intense peak between 400 - 1200 cm-1. This peak is 
composed of several overlapping Gaussian components. 
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Fig. 1. (a) XRD pattern of Zn2P2O7 glass, (b) A DSC thermogram displaying the glass transition temperature (Tg) and 
crystallization temperature (Tc).

To analyse this complex pattern, Spectra Manager 
software and a Gaussian-type function have been 
employed to deconvolve the spectrum and isolate 
these components for clearer analysis. The adjusted 
parameters are summarized in Table 1. The spectrum 
shows a low-frequency vibration mode recorded at 
around 400 cm-1 (389 cm-1), which is attributed to the 
Zn–O bonds in the tetrahedral units ZnO4. The bands 
recorded in the 480 - 530 cm-1 region is attributed to the 
symmetric deformation modes of the O–P–O angles in 
the Q1 tetrahedra [37]. The band at 622 cm-1 corresponds 
to the symmetric stretching vibrations of the P–O–P in 
P2O7

4- groups. The characteristic band located at 752 cm-1 
is attributed to the asymmetric stretching of the P–O–P 

bridges. This region may also contain bands related to 
the pyrophosphate groups P2O7

4-. [38, 39]. The bands 
of symmetric and asymmetric stretching vibrations of 
the PO3 groups are experimentally reported at higher 
frequencies in the range of 1000 cm-1 to 1200 cm-1 [40, 41]. 
Another band at 923 cm-1 is attributed to the asymmetric 
stretching vibrations of the P–O–Zn bond [42].	

The experimental Raman spectrum of the Zn2P2O7 

glass is depicted in Fig. 3. The spectrum has been 
deconvoluted using the Spectra Manager program and 
a Gaussian-type function. The adjusted parameters are 
listed in Table 2. The bands at 601 cm-1 and 776 cm-1, are 
respectively attributed to the symmetric and asymmetric 
stretching vibrations of the P–O–P in P2O7

4- units [45]. 

Fig. 2. Deconvolution of the recorded FT-IR spectrum of Zn2P2O7 glass.
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The band at 457 cm-1 is related to the vibrations of 
symmetrical deformation of the angles O–P–O in Q2 
tetrahedra. These asymmetric stretching vibrations 
results also in the band located at 988 cm-1. The bands 
of symmetric and asymmetric stretching vibrations of 
the PO2 groups in the Q2 tetrahedra are experimentally 

Wavenumber, cm-1 Assignment
389 Asymmetric stretching vibrations of the O–Zn–O angles in ZnO4 tetrahedra [27]

485, 522 Symmetric deformation vibrations of the O–P–O angles in the tetrahedra Q1 [28, 29]
622 Symmetric stretching vibrations of P–O–P [33]
752 Asymmetric stretching vibrations of P–O–P [31, 32, 35]
923 Asymmetric stretching vibrations of P–O–Zn [37]

1017, 1173 Symmetric stretching vibrations of PO3 groups in Q1 tetrahedra [30, 32, 34 - 36]

1187
Asymmetric and Symmetric stretching vibrations of PO3 groups in Q1 tetrahedra [30, 32, 
34 - 36]

Fig. 3. RAMAN spectrum of 63ZnO-37P2O5 glass.

Table 2. Raman 63ZnO-37P2O5 glass spectrum components and their assignments.
Wavenumber, cm-1 Assignment

325 Vibrations of symmetrical deformation of the angles O – Zn – O in ZnO4 tetrahedra [27]
457 Vibrations of symmetrical deformation of the angles O – P – O in Q1 tetrahedra [28, 29]
601 Symmetrical stretching vibrations of P – O – P [33]
776 Asymmetrical stretching vibrations of P – O – P [31, 32, 35]
988 Asymmetrical stretching vibrations of P – O – P [31, 32, 35]
1131 Symmetrical stretching vibrations of PO2 groups in Q2 tetrahedra [27, 46]
1269 Asymmetrical stretching vibrations of .PO2 groups in Q2 tetrahedra [27, 46]

observed at higher frequencies between 1100 cm-1 to 
1300 cm-1 [43]. Besides, the bands at 1400 cm-1 and 
1850 cm-1 are due to the bending vibrations of H2O 
[44]. However, the band at 325 cm-1 corresponds to the 
symmetric stretching vibrations of the tetrahedral Zn–O 
bonds [27].

Table. 1. FT-IR spectrum components and their assignments for the Zn2P2O7 glass.
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Theoretical study of zinc-phosphate clusters
The experimental results presented in the previous 

section, reveal that the zinc ions are mainly linked to 
the Q1 unit. This conclusion is drawn from observing 
the symmetric vibrations of P–O–P and the asymmetric 
vibrations of P–O–Zn. Moreover, the faintest band seen 
in both FT-IR and Raman spectra is attributed to the 
asymmetric vibrations of the O–Zn–O angles. Through 
these insights, we have distinguished three unique zinc 
clusters, namely IVZn, VZn, and VIZn. The optimized 
structures and the average structural parameters of these 
clusters are given in Fig. 4 and Table. 3, respectively. 

Fig. 4a illustrates the modeled IVZn cluster, where 
zinc is centrally positioned within an oxygen tetrahedron, 
with a coordination number of IV. Non-bridging oxygens 
of two Q1 structural units joined in short chains form 
this tetrahedron. At the start of the optimization 
process, a zinc ion was placed at the center of a perfect 
tetrahedral site. As the process evolved, this tetrahedral 
configuration began to change. The distances from the 
zinc to each oxygen atom (Zn–O) remained uniform at 
1.959Å across the tetrahedron. Nonetheless, deviations 
were noted in the angles formed by oxygen-zinc-oxygen 
(O–Zn–O) bonds, with an average angle of 108.6 
degrees. This deviation indicates a departure from the 
perfect tetrahedral shape. The interaction between zinc 
and oxygen significantly affects the phosphate structures 
around the zinc. The formation of Zn–O bonds leads to 
a noticeable decrease in the length of the phosphate-

oxygen-zinc (P–OZn) bonds, from 1.651Å to 1.643Å. 
This contraction further influences the phosphate to 
non-bridging oxygen bonds (P–ONBO), shortening 
them from 1.651Å to 1.620Å. Such alterations in the 
phosphate environment also affect the angles between 
oxygen-phosphate-oxygen (O–P–O) bonds. These 
adjustments bring the structural characteristics of the 
phosphate tetrahedra closer to those seen in Q2 structural 
units. This suggests that the link between zinc and non-
bridging oxygen converts Q1 structural units into Q2, at 
least geometrically.

Fig. 4. Geometry optimized zinc-phosphate (a) tetrahedral, 
(b) pentahedral, and (c) octahedral clusters.

Table. 3. Calculated interatomic distances and angles of the different phosphate.
IVZn VZn VIZn

Lengths (Å)

P=O 1.622 1.647 1.505
P–ONBO 1.620 1.624 1.709
P–OBO 1.743 1.762 1.703
P–OZn 1.643 1.676 1.714
Zn–O 1.959 2.142 1.913

Angles (°)

P–O–P 137.1 124.6 105.8
P–O–Zn 137.6 152.5 111.0
O=P–ONBO 111.7 106.8 109.2
ONBO–P–OBO 107.2 107.6 109.8
OBO–P–Zn 104.3 101.2 107.9
ONBO–P–OZn 113.0 115.4 109.4
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In zinc-phosphate glasses, the existence of zinc 
in five-fold coordination cannot also be excluded. 
The optimized cluster, designated as VZn, with zinc 
in coordination five is presented in Fig.  4b. The IVZn 
cluster served as our initial point of reference, and we 
also introduced an isolated Q0 structural unit into the 
zinc coordination. During the optimization process, the 
environment of the zinc formed by oxygen atoms this 
shell evolved into a bipyramidal structure with five-
fold coordination. The Zn–O bond length increases 
to an average value of 2.142Å. The P–OZn distance 
between phosphorous and the oxygen coordinated with 
zinc surroundings is 1.676Å, longer than the P–ONBO 
(1.651Å), and, shorter than the P–OBO (1.762Å). The 
zinc-phosphate cluster is also explored by considering 
zinc in an octahedral geometry formed by six Q1 
structural units (designated as VIZn) (Fig. 4c). In this 
cluster, the four Zn–O bond lengths are 1.913Å. The 
reduction in bond lengths to P-OZn within the zinc 
coordination, observed previously, is also apparent in this 
configuration and accompanied by a notable decrease 
in the P-O-Zn angle to 111.0°. Upon inserting the zinc 
ion into the phosphate chains, one can observe that the 
P-OBO distance for both IVZn and VIZn becomes 1.743Å 
and 1.703Å, respectively, closely resembling that of 
Q2. Conversely, the angle ONBO–P–OBO, approximately 
107.2°, is like that of the Q1 unit [47, 48]. This indicates 
a complete transformation of the Q1 structural unit to the 
Q2 structural unit, with zinc occupying the tetrahedral 
site.

The electronic properties of the modelled structures 
were computed using Density Functional Theory (DFT), 
offering a detailed quantum mechanical perspective on 
their electronic configurations. The EHOMO and ELUMO 
were determined to derive the band gap (ΔE), indicative 
of electronic transitions and intrinsic conductivity. 

Chemical hardness (η) and softness (S) were calculated 
to evaluate the resistance to electron transfer, while 
the chemical potential (μ) and electrophilic index (ω) 
provided insight into the reactivity of these configurations 
[47, 48]. The obtained results are summarized in Table 4. 
The EHOMO refers to the energy of the Highest Occupied 
Molecular Orbital. This indicates the energy level of 
the most energetic electrons in a molecule or solid-state 
structure. However, the ELUMO energy corresponds to 
that of the Lowest Unoccupied Molecular Orbital. This 
is the energy level where an electron can be accepted. 
ΔE is the energy difference between LUMO and HOMO 
(ΔE=ELUMO-EHOMO), also known as the band gap in solid-
state physics. This parameter is an essential indicator 
of electronic stability and optical activity. VZn cluster 
exhibits the smallest ΔE, suggesting higher reactivity 
and lower stability compared to IVZn and VIZn ones. 
This smaller band gap is typically associated with a 
higher density of states near the Fermi level, leading to 
increased conductivity.  The other reactivity parameters 
including chemical potential (μ), softness (S), chemical 
hardness (η), and electrophilic index (ω) have been 
calculated based on the Eq. (1 - 4) [48, 49]:

						       (1)

						       (2)

					      	  (3)
		

						       (4)

The chemical hardness (η) is an attribute that 
quantifies the resistance of a species to changing its 
electron density. IVZn showed the highest η, implying 
greater stability and less reactivity, whereas VIZn had the 

  

                   Paramétres,
                        eV, eV-1

            Structure

EHOMO

± 0.0002
ELUMO

± 0.0002
ΔE

± 0.0002
η  

± 0.0002
S

± 0.0002
μ

± 0.0002
ω

± 0.0002

IVZn 4.9648 5.4734 0.5086 0.2543 3.9324 5.2191 53.5568
VZn 10.2982 10.7243 0.4261 0.2131 4.6926 10.5113 259.2385
VIZn 11.8812 12.4466 0.5654 0.2827 3.5373 12.1639 261.6917

Table 4. HOMO and LUMO energies, energy difference ΔE, chemical potential, softness, chemical hardness, and electrophile 
index of the IVZn, VZn, and VIZn clusters.
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lowest η, indicating higher reactivity. Correspondingly, 
the softness (S) of the clusters inversely mirrored their 
hardness, with IVZn being the softest and, hence the most 
reactive. The chemical potential (μ) provides insights into 
the electron-donating or accepting capabilities. A lower 
μ in VZn configuration suggests that it is more prone 
to gaining electrons, possibly enhancing its catalytic 
activity. Besides, the electrophilic index indicates the 
ability to act as an electrophile. VIZn has the highest 
ω, suggesting a higher propensity to attract electrons 
compared to IVZn and VZn. These results indicate that the 
behavior of VIZn is intricate, characterized by its minimal 
hardness contrasted with a pronounced electrophilic 
tendency, suggesting a distinctive pattern of reactivity. 
Moreover, the highlighted values indicate that VZn 
clusters are likely the most reactive but the least stable, 
while IVZn clusters show signs of lower reactivity and 
higher stability compared to the VZn and VIZn ones. 

CONCLUSIONS

This article focuses on the study of the zinc 
diphosphate glass sample Zn₂P₂O₇. The results 
confirmed the amorphous and vitreous nature of this 
sample, as demonstrated by X-ray diffraction (XRD) 
and differential scanning calorimetry (DSC). Through 
a detailed examination of the experimental FT-IR and 
Raman spectra, it was observed that zinc is linked 
with two Q1 units. Density functional theory (DFT) 
was employed to analyse the short-range structure of 
the Zn₂P₂O₇ glass. Three distinct types of short-range 
clusters were selected based on the experimental 
results, including IVZn (tetrahedral), VZn (pentahedral), 
and VIZn (octahedral). The evaluation of the structural 
stability of these models using global reactivity indices 
confirmed that the structure based on IVZn is more stable 
than those based on VZn and VIZn. This highlights the 
presence of zinc in the tetrahedral site of this structure. 
The theoretical FT-IR/RAMAN spectra simulated for the 
IVZn model correlated well with the experimental results.
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