
First investigation of the effect of strontium oxide
on the structure of phosphate glasses using
molecular dynamics simulations
El Mahdi Bouabdalli  (  bouabdalli.e@ucd.ac.ma )

National School of Applied Sciences, Chouaib Doukkali University, El Jadida https://orcid.org/0000-
0002-1140-6837
Mohamed El Jouad 

National School of Applied Sciences, Chouaib Doukkali University, El Jadida https://orcid.org/0000-
0002-5172-5306
Abdelowahed Hajjaji 

National School of Applied Sciences, Chouaib Doukkali University, El Jadida https://orcid.org/0000-
0002-4863-4753
Samira Touhtouh 

National School of Applied Sciences, Chouaib Doukkali University, El Jadida https://orcid.org/0000-
0002-6446-6980

Research Article

Keywords: Phosphate glass, Molecular dynamics, Strontium, Glass network

Posted Date: April 6th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1522777/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1522777/v1
mailto:bouabdalli.e@ucd.ac.ma
https://orcid.org/0000-0002-1140-6837
https://orcid.org/0000-0002-5172-5306
https://orcid.org/0000-0002-4863-4753
https://orcid.org/0000-0002-6446-6980
https://doi.org/10.21203/rs.3.rs-1522777/v1
https://creativecommons.org/licenses/by/4.0/


1 

 

First investigation of the effect of strontium oxide on the structure of phosphate glasses 

using molecular dynamics simulations 

El Mahdi Bouabdalli 1,*, Mohamed El Jouad 1, Abdelowahed Hajjaji 1 and Samira Touhtouh 1 

1Laboratory of Engineering Sciences for Energy (LabSIPE), National School of Applied 
Sciences, Chouaib Doukkali University, El Jadida 24000, Morocco. 

*Email: bouabdalli.e@ucd.ac.ma 

Abstract  

Phosphate glasses are characterized by properties distinguished by comparison with those of 
others such as borates, silicates, and tellurides that can be used in many fields such as optics, 
electronics, medicine, environmental protection, etc. On the other hand, these pure phosphate 
glasses have low chemical durability, which limits their application. The addition of strontium 
to the glass considerably improves its durability. Using classical molecular dynamics 
simulations, this work investigated the influence of SrO addition on a phosphate glass structure 
with a nominal chemical composition of (100- x) P2O5 – x SrO (where x = 0, 5, 10, 15... 45 mol 
%). According to the progressive increase in SrO content, the density of the simulated glass 
increased from 2.400 g/cm3 to 2.937 g/cm3, while their molar volume values reduced from 
59.143 to 42.449 cm3/mol. The simulated glasses' short-range structure is described, and it 
agrees well with prior experimental and theoretical research. Increased SrO level in the glass 
resulted in phosphate network depolymerization, according to simulations. Furthermore, we 
evaluated the aggregation parameters of the Sr-Sr pair, and it was most intense for the low SrO 
content, which can lead to the inhomogeneity of the phosphate glass network. 

Keywords: Phosphate glass; Molecular dynamics; Strontium; GLass network. 

1. Introduction  

In previous decades, many interests have been given to the chemical and physical properties of 
glass because of its wide variety of properties, which are depending on its composition. In 
specially, many studies have been made to describe the structure of glasses via several 
techniques and theoretical studies [1,2]. The phosphate glasses have excellent properties, such 
as low dispersion and relatively high refractive indices, which compared to the silicate glass, 
made them good candidates for optical fibers for communication devices [3]. Moreover, 
phosphate glasses also have other application fields in the biomaterial field [4–8], such as a 
solid-state laser source [9–12] and for vitrification of high-level nuclear waste [13,14]. In 
addition, the introduction of rare earth in phosphate glasses makes it attractive in the production 
of optoelectronic devices [15–18]. However, the phosphate glasses have low chemical 
durability that provided by the easily hydrated P-O-P bridges leads to their corrosion, induced 
by water originating, for example, in a humid environment [19,20]. This effect may limit the 
potential applications for these glasses. The problem can be solved by the addition of alkaline 
earth such as strontium oxide (SrO), which very strongly increases the glasses’ chemical 
durability [21]. Moreover, the introduction of SrO to phosphate glasses enhances their thermal 
stability and other physical properties. The incorporation of strontium as a network modifier 
cation (Sr2+) disrupts the glassy network, which leads to the structure depolymerization and the 
creation of non-bridging oxygen atoms (Onb), and called terminal oxygen (OT) [3,4,21,22]. As 
reported in previous studies [23,24] that the numbers of non-bridging oxygens, also named 
terminal oxygen (OT), increase with more cation oxide content. 
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The phosphate glass matrix can be described in a convenient method using Qi notation. Qi 

presents a [PO4] tetrahedron connected by i common oxygen atoms with other [PO4] 
tetrahedrons.  The bridging oxygen atoms (OB) are the oxygen atoms bonding two [PO4] 
tetrahedrons by P-OB-P bridges, while the non-bridging oxygen atoms (ONB) are the oxygen 
atoms connected to only one P. From this, the phosphate glasses can be realized with a range 
of structures, from a cross-linked network of Q3 tetrahedra (vitreous P2O5) to polymer-like 
metaphosphate chains of Q2 tetrahedra to pyro- (Q1) and orthophosphate (Q0) anions [1]. There 
might also be confirmation of non-network oxygen atoms (ONN), which are not bonded to the 
matrix of the phosphate network and do not participate in their depolymerization [25]. 

Taking all the above into consideration, this study aimed to explore the effect of SrO 
substitution on the structural characterizations of glasses with a nominal (100-x) P2O5 - x SrO 
chemical composition, which can be used as optical materials using classical molecular 
dynamics simulations. 

2. Materials and Methods 

2.1. Simulation Methods 

The classical molecular dynamics has been used to model (100 – x) P2O5 – x SrO glasses with 
various concentrations of strontium oxide (SrO), where x = 0, 5, 10, 15 … 45 mol %. These 
numerical simulations were performed with the software program DL_POLY_4.09 [26,27].  
The aim of the study was explored the influence of strontium on the structure of phosphate 
glasses with a different composition of (100-x) mol % P2O5 – x mol % SrO. This is the (100-x) 
P2O5 - x SrO glass in which part of phosphorus (P) ions was substituted by different contents 
of strontium (Sr). For all simulations, the numbers complete of atoms comprised between 11570 
and 14336 ions and were randomly placed in an orthorhombic simulation box for various 
configurations of the models. The exact formal compositions of strontium contained in 
phosphate glasses are described in Table 1. The box lengths were set according to the 
experimental glass density. To remove the surface effects, periodic boundary conditions were 
applied. 

The pair interactions of i-j ions were described using the Buckingham potential of the equation: 

V	#𝑟%&' = )*)+
,-./012 + A56exp :

;012
<*+ = −

?*+
0@12                                                      (1) 

Where V (rij) is the Buckingham potential of i-j ions, rij is the distance between ions i-j, εB is 
the permittivity of free space, qiqj is the product of effective charges, and 𝐴%&,  𝜌%&  and 𝐶%& are 

parameters given in Table 2, which were taken from literature [28]. The first term of the Eq. (1) 
is responsible for coulombic interactions; the second term is responsible for repulsion 
interactions and last determine Van der Waals forces. 

Table 1: Simulated compositions (in mole %) and their densities and cell sizes. 

Samples P2O5 SrO Densité (g cmJ⁄ ) Number of atoms Cell zise (Å3) 
PSr0 100 0 2.400 14336 352.146 
PSr5 95 5 2.444 13967 352.146 
PSr10 90 10 2.491 13721 352.146 
PSr15 85 15 2.542 13415 352.146 
PSr20 80 20 2.596 13106 352.146 
PSr25 75 25 2.654 12800 352.146 
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PSr30 70 30 2.717 12494 352.146 
PSr35 65 35 2.784 12185 352.146 
PSr40 60 40 2.858 11879 352.146 
PSr45 55 45 2.937 11570 352.146 

The Buckingham potential is very beneficial for describing the mostly ionic interactions. For 
more covalent bonds, the three-body term is essentially used to describe the directional 
character of the bonds. The P-O bond has a strongly covalent character; therefore, the three-
body potential was used to determine O-P-O and P-O-P interactions [29] :  

V565(θ) = N
OK565#θ565 − θ'

O
                                                        (2) 

Where j is the type of element of the central atom, kiji is the three-body force constant, 𝜃%&% is 

the reference bond angle and 𝜃 is the bond angle for O-P-O and P-O-P interactions. Potential 
parameters of the three body are listed in Table 3. 

Table 2: Values of the Buckingham potential parameters of the i-j pair [28]. 

Pair (i-j) Aij (eV) 𝜌𝑖𝑗 ( Å) Cij (eV.Å6) 
Sr – Sr 16574.664 0.2600 0.0000 
Sr – O 2026.613 0.3100 0.0000 
P – P 831.250 0.3000 0.0000 
P – O 887.340 0.3700 0.0000 
O – O 454.343 0.3600 0.0000 

Table 3: Values of the parameters used to calculate the potential in equation 2.  

Triplet (i-j-i) Kiji (ev) θ565(°) 
P-O-P 3.0 135.5 
O-P-O 3.5 109.47 

The common simulation procedure was used to produce the modeled glass structures: an initial 
configuration is first melted at 10000 K for 0.01 ps to ensure a perfect mixing of the system. 
After that step, the melts are gradually cooled to room temperature (300 K) with a quenching 
rate of 10 K/ps. The glassy structures are finally relaxed at room temperature for 0.01 ps. During 
the latter stage, the structural parameters are sampled for further analysis (see Figure 1). 

3. Results and Discussion 

3.1. Density 

The dependencies of the density and molar volume of the simulated strontium phosphate glasses 
are shown in Figure 2. Linear functions of the density of the simulated glass in the Figure 2 
have been fitted using linear regression. The glass density increased linearly with increasing 
SrO content according to the formula ρ (x) = (0.0118 x + 2.3757) (g / cm3) and R2 = 0.991. The 
obtained value of the glass density for the composition x = 0 (2.3757 g/cm3 ) is in good 
agreement with the experimental value obtained, which is equal to 2.32 g /cm3 for the same 
glass composition as reported in [21]. 

More information concerning the glass network changes can help determine the molar volume. 
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Figure 1: Temperature evolution during heating and cooling 

The molar volume was calculated according to the formula V = M/ρ, where ρ is the glass density 
and M is the molar mass of the glass. The calculated values of the glass molar volume are also 
included in Figure 2. The molar volume decreased according to the formula V (x) = -0.37097 x 
+ 59.14355 (cm3 / mol). The decreased value indicated that the glass network had become more 
compacted. This can have been associated with the placement of the Sr atoms in the open voids 
of the glass network; in this way, the free space of the network would have decreased. This 
result strongly indicates the modifier role of strontium in the glass network. These results agree 
well with those of the previous work [21].  

 
Figure 2: Density and molar volume of the simulated glass as a function of the content of strontium oxide. 

3.2. Modeled structures of some simulated glasses 
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The views of the pure and doped phosphate simulated structures with some content of strontium 
oxide are shown in Figure 3. It clearly appears that the strontium atoms are homogeneously 
distributed in the phosphate glass matrix. 

 

Figure 3: Views of the simulated phosphate structure (a) and the simulated phosphate structure doped with some 
SrO content: 10 mol % (b), 20 mol % (c), 30 mol % (d), 40 mol % (e) and 45 mol % (f). Color code : 

Phosphorus is gray, and strontium is yellow. 

3.3. Partial radial distribution function 

The partial distribution function (PDF) is defined as a function that is used to describe the 
features of the short-range order in the glasses. Moreover, the PDF also defines the variation of 
the probability density as a function of the distance from a specified particle. The formula for 
the PDF is given by the following equation: 

g56(r) = V
W*W+

∑ Y*+(Z;∆Z O⁄ ,Z]∆Z O⁄ )
,-Z^∆Z6                                        (3) 

Where V is the volume of the simulation cell and Ni and Nj are the total numbers of ions i and 
j, respectively. The term n56(r − ∆r 2⁄ , r + ∆r 2⁄ ) is the average number of ion j surrounding 

ion i within the distance of r ± r/2. Exemplary PDF curves for P-O, Sr-O, and O-O pairs for x 
= 25 mol % glass are presented in Figure 4. 
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Figure 4: The P-O, Sr-O, and O-O pair distribution functions (PDFs) for 25-mol% of SrO 

As would be expected for amorphous systems, the obtained curves were characterized by a 
single well-developed peak that as the influence of the short-range order in the closest 
coordination shell. The other peaks were significantly less intense that confirm the glassy 
character of the simulated systems. For the rest of the tested systems, the found curves were 
very similar. It must be indicated that the first PDF peak for the P-O pair was composed two 
peaks (as presented in Figure 4), which were attributed to two main P-O bond lengths that are 
depending on the role of oxygen in the [PO4] tetrahedron. The first peak of the lower P-O length 
was attributed to shoter P-ONB bonds, which the maximum located at ca.1.456 Å. This lastly 
value is a good agreement with the literature data, which the bond length is in the region of 
1.43–1.49 Å [30]. The P-ONB bond length increased linearly with the concentration of strontium 
oxide, as shown in Figure 5 (P-ONB curve). This increase may be assigned to the increased 
content of P-ONB bonds compared to P-OB bonds. The P-OB bond lengths are longer than the P-
ONB bond lengths [31]. Consequently, with increasing of the P-ONB content, the position of the 
PDF curve component moves toward higher lengths. The influence may also be because the 
strontium (Sr) ions prefer to break double P-ONB bonds and transform them into P-ONB-Sr 
joining, instead of disrupting P-OB-P bridges. However, the P-OB bond length was higher and 
the proportionate component of the first PDF peak was located for greater distances. The 
position of the peak was composed of 1.62 and 1.67 Å and was almost constant. The P-OB 

distances are in good agreement with the previous MD results indicating ca. 1.51–1.64 Å  [1,31–
35]. However, it should be noted that the MD values are higher than the values from ab initio 
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simulations, which are closer to 1.6 Å [31,36–38]. This may be an effect of the simulation 
model and the P-O interatomic potential parameters used. 

 

Figure 5: Variation of P-OB and P-ONB bond lengths the simulated glasses as a function of the content of 
strontium oxide. 

3.4. Coordination Number Analysis 

The coordinate number of the given central atom at the distance is obtained by integrating the 
PDF curve. Thus, the integration donates the average coordination number (CN) of P to oxygen 
according to the distance from the central P atom. The obtained CN curves are represented in 
Figure 6. The coordination number of the P atom appeared as a step-like curve, which is 
characteristic of glass network formers [30]. The P atoms are taken, in a step-like manner, and 
have a constant coordination number of 4 compared to oxygen. Furthermore, the value of the 
assumed cut-off radius was freed in a large range from above 1.7 Å up to ca. 2.8 Å. This proved 
that all phosphorus atoms were located in the middle of the oxygen tetrahedrons [PO4]. Above 
2.8 Å the second coordination sphere started. However, the coordination number curves for Sr 
and O do not have the characteristic step-like manner. The form of these curves is mainly the 
feature for the glass network modifiers. 

The variation in the coordinate numbers for P, Sr, and O in relation to oxygen as a function of 
the content of strontium oxide is presented in Figure 7. The average coordination numbers for 
the pairs P-O, Sr-O and O-O were determined using the cutoff radiuses following (rc):  2.647, 
3.356, and 3.757 Å, respectively. It is mentioned that these values were taken between the first 
and second maximums of the appropriate PDF functions, which mainly present the minimum. 
As seen in Figure 7, the number of P coordination decreases and increases in Sr with increasing 
strontium oxide content in the glass composition. In addition, the number of P coordination is 
slightly higher compared to the values obtained in the earlier study, which ranged from 4.008 
to 4.013 [39]. However, the coordination number of Sr increases from 7.237 to 7.916 when the 
content of strontium oxide increases from 5 to 45 mol%, which is good according to previous 
molecular dynamic simulations [40]. Furthermore, the average number of O coordination 
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decreases from 11.586 to 9.219 when the strontium content  increases in the glass simulated 
composition as seen in Figure 7. 

 

Figure 6: The coordination number of the pair P-O, Sr-O, and O-O as a function of the distance for the simulated 
glasses containing 25-mol% of SrO. 

 

Figure 7: The P-O, Sr-O, and O-O coordination number as a function of the glass composition. 

In addition, Figure 8 shows the Sr-O distance and the coordination number of the simulated 
glass as a function of the strontium oxide content. We observed that the longest distance was 
the Sr-O distance that increased with increasing SrO content in the phosphate glass, and at the 
same time, the number of coordination with respect to oxygen also increased from 7.237 to 
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7.916. The increase in the Sr-O distance and the coordination number in the simulated glass 
with the SrO content is in good agreement with those previously studied, as reported in [40,41].  

In general, we can find that the increase in the content of strontium oxide (SrO) in phosphate 
glass increased the mean coordination numbers for oxygen for the form of strontium and 
decreased for the form of phosphorus. The increase in the number of Sr-O coordination was 
related to the extension of the mean distances from oxygen. In this case, this linear growth 
proved the relationship between the distance and the coordination number. In addition, we 
might suppose that the chemical bond lengths followed the trend. A similar conformation has 
been observed for calcium atoms in phosphate glasses as reported in [30]. 

 

Figure 8: Dependence of the Sr-O distance and coordination number as a function of the content of SrO in the 
glass composition.  

3.5. Angle distribution function 

In the simulated systems, phosphorus pentoxide (P2O5) was the only pure oxide of the network. 
Consequently, in the further description of the glass network, we concentrate principally on this 
cation. The P-O-P and O-P-O angle distribution functions (ADFs) are important parameters that 
describe the network. The ADFs for the simulate glasses are shown in Figure 9 and Figure 11. 

The angle of the P-O-P bond is the angle at which the [PO4] tetrahedrons are connected by each 
other. In this study, the distribution was more largely due to a much higher level of randomness. 
The position of the maximum angle of P-O-P linearly decreased with increasing strontium oxide 
(SrO) in the composition glass, which might have been an influence of the phosphate chains' 
shortening. This behavior is in good agreement with those previously studied [42]. In addition, 
the full width at half-maximum (FWHM) of the P-O-P bond also increased with increasing the 
content of SrO as observed in Figure 12. However, the angle of the O-P-O bond describes the 
angle of the bond in [PO4] tetrahedrons. In an ideal tetrahedron, the distribution would typically 
have a maximum for an angle of 109.47 °, and a similar maximum was observed in these 
simulated glasses. The potion of the maximum O-P-O angle was dependent on the glass 
composition. Thus, the intensity of the peak slightly decreased with the content of strontium 
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oxide, as seen in Figure 11. Furthermore, the maximum angle of position of O-P-O increased 
with the content of SrO and its full width at half maximum (FWHM) also decreased, as shown 
in Figure 10.  The values of the average bond angles of O-P-O and P-O-P are comparable with 
the values  obtained previously 107°-110° and 151°-160°, respectively [32,43].  

 

Figure 9: The angular distribution function of P-O-P bonds for the glasses. 

 

Figure 10: Dependence of the maximum angle and FWHM of the O-P-O bond on the SrO content in the glass 
composition. 
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Figure 11: The angular distribution function of O-P-O bonds for the glasses. 

 

Figure 12: The maximum angle and FWHM of the P-O-P bond as a function of the SrO content in the glass 
composition. 

3.6. Distribution of Qn for the different sample 

The Qi notation can study the changes in the structure of the glass network appropriately. The 
distribution of the Qi structural units in the simulated glasses according to the glass composition 
is presented in Figure 13. The base glass network is mainly made up of Q3 with some 
comparable additions of structural units Q2 and Q1. Therefore, the matrix of the phosphate 
network consisted of long chains, connected to each other by Q3 units and finished by Q1 units. 
As seen in Figure 13, the introduction of strontium oxide (SrO) in the phosphate glass led for 
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the first time to a decrease in the number of structural units Q3. Consequently, the joined chains 
were being separated. Second, the decrease in Q2 structural units became more rapid with a 
higher content of strontium oxide. In parallel, there is the formation of the structural units, Q1 

and Q0, which replace the structural unit Q3. Therefore, in the middle region of the SrO content 
in the phosphate glass, the longer chains were shortened and again separated Q0 units were 
distinguished. The high modifier content in the glass was built of very short chains, such as Q1 

units and separated Q0 units. The results of the depolymerization of the simulated glass by the 
strontium oxide modifier are in good agreement with those obtained experimentally for some 
similar composition of the network glass, which are confirmed by the infra-red (IR) and Raman 
spectra that show the role of the network modifier of Sr2+ ions and also demonstrate that the 
structural network of these phosphate glasses comprises branching (Q3), middle phosphate 
tetrahedra (Q2) and pyrophosphate (Q1) and finally isolated entities (Q0) [21]. 

 

Figure 13: Distribution of Qi structural units in the simulated glasses.  

3.7. Clustering 

From the calculated values of the coordination numbers of the Sr-Sr pair, we used them to 
obtain the aggregation parameters (RSr-Sr), as defined in [44]. This parameter was defined as a 
simple ratio of the coordination number to a homogeneous random distribution. A value above 
1 designated ions clustering. The evaluated values of the aggregation parameter (RSr-Sr) are 
presented in Figure 14.  As seen in the last figure, we observed that the values of the parameter 
demonstrate that, with a low content of strontium oxide (SrO), a very strong aggregation of the 
atoms can be observed. This leads to the formation of Sr-rich clusters and does not result in the 
homogeneity of the glass structure. The increase in the SrO content in the phosphate glass 
composition induced an increase in the regions, and, in this method, the complete phosphate 
glass network became more homogeneous. A similar influence was observed for Ca [30]. 
However, in the state of Ca, the value of the aggregation parameter was lower and, for the low 
modifier, the contents were about twice the Ca value. Therefore, we concluded that the 
aggregation of Sr was stronger than that of Ca. 
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Figure 14: Variation of the Sr-Sr aggregation parameter (Rsr-sr) of the glass composition as a function of the 
SrO. 

4. Conclusion  

In conclusion, we have discovered the effect of the SrO on the structural properties of phosphate 
glasses with their different content using classical molecular dynamics simulations. The density 
of the simulated phosphate glasses increases from 2.400 g/cm3 to 2.937 g/cm3 with increasing 
SrO content, which is in good agreement with the previous experimental study. The increasing 
content of SrO in phosphate glass is accompanied by an increase in the bond lengths of P-ONB 
and Sr-O, but the bond length of P-OB decreases with this content of SrO.  We have found that 
the number of coordination of the Sr-O pair increases from 7.057 to 7.915 and decreases for the 
P-O pair from 4.673 to 4.379, respectively, with increasing SrO content. The simulated 
phosphate glasses with low strontium oxide contents were built of chains, which can have 
branches and form three-dimensional structures. The increase in SrO content in the phosphate 
glass led to its network depolymerization, which was characterized by transforming the longest 
chains of structural unit Q3 to pyrophosphate (Q1) and isolated entities (Q0). This result 
corresponded well with that obtained experimentally. We calculated the strontium aggregation 
parameters, and it was primarily intense because of the low SrO contents. This result can lead 
to non-homogeneity of the glass network with the formation of Sr-rich and Sr-depleted regions. 
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