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Classical molecular dynamics simulations have been used to investigate the local and medium range 

structure of Ce-containing silicophosphate glasses widely used in optical and photonic devices because of 

their enhanced UV absorption and radiation damage resistance properties. New Ce3+-O and Ce4+-O 

parameters for a force-field based on the core-shell model were developed by fitting on the crystalline 

structures of Ce-containing crystal phases, and used to get insights into the structure of five 10 

silicophosphate glasses with increasing Ce2O3 and P2O5 content. An excellent agreement between 

experimental and computational data was found for the local environment around cerium ions and 

network former cations. Ce3+-O bond lengths are generally longer than Ce4+-O, which shows higher 

coordination numbers. Both P and Si are four-fold coordinated; their allocation in the network is not 

uniform: the increasing in Ce content leads to the formation of silica-rich domains and phosphate-rich 15 

domains, which entrap Ce cations increasing their solubility in the glass. We found that both the Qn 

distributions of phosphorous and Ce clustering depend on the Ce/P ratio in the glass. In particular, Ce 

clustering begins for Ce/P ratios between 0.17 and 0.29 in the glass series investigated. 

Introduction 

Cerium-containing materials are widely used in optical and 20 

photonic devices such as optical windows, laser, and optical 
amplifiers1, 2. Since cerous (Ce3+) and ceric (Ce4+) ions 
absorbs at 240 and 314 nm, they provide matrices with 
enhanced UV absorption and transparency in the visible 
spectral area. Instead, in case of ionizing-radiation exposure, 25 

Ce3+ acts as traps of holes and Ce4+ as traps of electrons, 
activating a radiation-resistance mechanism that prevents the 
overall worsening of the optical properties of the glass.3-5 
Moreover, in the last decade the antioxidant properties of 
Ce3+ ions have been also exploited in the field of silica-based 30 

bioactive glasses6. Ce-doping is thus an interesting 
procedure that improves optical and biological performances 
of Ce-containing materials.  
Unfortunately, Cerium, like other Rare-Earth (RE) ions, 
shows very low solubility in pure silica7, 8, where it tends to 35 

form clusters through RE-O-RE bridges.9 The solubility of 
RE ions increases in alkali silicate glasses, since the addition 
of alkaline modifiers (such as Li, Na, K, etc.) leads to a more 
depolymerized silica network, where regions rich in non-
bridging oxygens (NBOs) can bind RE ions.10 In fact, 40 

ternary homogenous SiO2-Na2O-RE2O3 glasses can be 
synthesized.11, 12  
The addition of aluminum has also been shown to effectively 
disperse the RE ions in SiO2-Al2O3-RE2O3 glasses13, 14 
because the exceeding negative charge carried by the [AlO4]

-
45 

, [AlO5]
2-, and [AlO6]

3- polyhedra formed depending on the 
RE2O3 content, balances the charge of RE cations increasing 
their solubility.15, 16 
Another effective solution to increase the RE solubility in 
silicate matrices is that of adding P2O5. In fact, the Qn 50 

species of phosphorous (where Q stands for quaternary 
species connected to n bridging oxygens (BO), n = 1, 2 or 3, 
depending on the RE content17, 18) act as a solvation shells 
around the RE ions, separating them from the silicon-oxygen 
network.14, 19 55 

Understanding the structure of silicophosphate glasses and 
the relation between the glass composition and RE clustering 
has thus become fundamental to design new RE-containing 
matrices with desired optical properties since the presence of 
Ce-O-Ce clusters is associated to the loss of visible light 60 

transparency of glasses.20-23 
In the particular case of Ce-containing glasses, the literature 
is quite rich of works focused on the characterization of their 
optical properties20-23 but few studies focused on their 
structure. To the best of our knowledge, only two works, one  65 
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Table 1 Shell model interatomic potential parameters. Atomic charges are reported as superscript text; “Oh” refers to Oxygen 
atoms bonding Hydrogen atoms. 

 References    

  Buckingham 

  Aij (eV) ρij (Å) Cij (eV Å6) 
Os

-2.8482-Os
-2.8482

 
28 22764.30 0.1490 27.88 

Ohs
-2.3-Ohs

-2.3
 

54 22764.30 0.1490 6.97 
Ohs

-2.3-H+1.4 43 311.97 0.25 0.0 
Si4+-Os

-2.8482
 

28 1283.91 0.32052 10.66158 
Al3+-Os

-2.8482 36 1460.3000 0.29912 0.0 
Al3+-Ohs

-2.3 41 1142.6775 0.29912 0.0 
P5+-Os

-2.8482 38 1120.0913 0.334772 0.0 
Ce3+-Os

-2.8482
  this work 2893.340501 0.323317 0.0 

Ce4+-Os
-2.8482 this work 45241.636456 0.306140 0.0 

  Three-body potential 

  kb (eV rad-2) θ0 (deg) ρ (Å) 
Os

-2.8482-Si4+-Os
-2.8482 28 100.0 109.47 1.0 

Os
-2.8482-P5+-Os

-2.8482 39 50.0 109.47 1.0 
P5+-Os

-2.8482-P5+ 38 50.0 141.18 1.0 

  Core-shell spring potential 

  kc-s  (eV Å-2) Y(e)  
Oc

+0.8482-Os
-2.8482 37 74.92 -2.8482  

Ohc
+0.9-Ohs

-2.3 43 74.92 -2.3000  

  Morse potential 

  Dij(eV) βij (Å
-1) ����(Å) 

Oh-2.3-H+1.4 43 7.05250 3.1749 0.9485 
experimental and one computational, extensively 
investigated both short-range and medium-range order of 
Ce-containing silicophosphate glasses.  5 

In 2011, Rygel et al.24 used X-ray techniques to study Ce 
environment in a series of 9 aluminophosphate and 8 
silicophosphate glass compositions. Their work provided 
precious reference experimental data on the Ce oxidation 
state, Ce coordination number and estimation of Ce 10 

clustering in glass matrixes. In particular, the XPS results 
showed that, for glasses melted in air, more than 95% of 
cerium ions are Ce3+ whereas EXAFS experiments provided 
an average Ce coordination number of ~7.0 with an average 
cerium-oxygen bond length of 2.41 Å. Moreover, Ce 15 

clustering was suggested based on numerical calculations for 
silicophosphate glasses containing more than 15 mol% 
Ce2O3. 
Recently, Du et al.19 investigated the Ce3+ and Ce4+ 
structural environment in one silicophosphate, one 20 

aluminophosphate and one aluminosilicophosphate glass by 
means of classical molecular dynamics (MD) simulations 
based on a rigid ionic (RI) force-field. To validate the force 
field, they referred to Rygel et al.14 24 experimental data, 
even though the glass composition employed in the two 25 

works were not exactly the same. Du et al.19 found a longer 
Ce-O bond length and larger coordination number for Ce3+ 
than for Ce4+ (2.48 and 6.4 vs. 2.24 and 5.8, respectively). 
Moreover, the silica network of the cerium silicophosphate 
glass was highly polymerized and dominated by Q4 species, 30 

with 5% of Si ions coordinated by 5 oxygens. In agreement 
with previous experimental hypothesis,14 cerium ions were 
found to be preferentially surrounded by PO4 tetrahedra, 
which form a kind of solvation shell around them. 

The RI force fields are accurate in describing the short-range 35 

structural order of oxide glasses,25 but it has been shown in 
several works that they do not perform equally well in 
describing medium-range features26-28 such as network 
depolymerization, Qn distributions of former cations, 
network chemical and topological disorder, and extra-40 

framework cation clustering.  
With respect to the RI model, the core-shell (CS) model29 
allows a straightforward treatment of the polarizability of 
ions necessary to deeply relax the network glass structures 
during quenching,27 and, thus better reproduces the medium-45 

range structure of glasses.26, 28. Unfortunately, although two 
sets of core-shell interatomic potential parameters for the 
Ce3+-O and Ce4+-O pairs are present in the literature34, 35, 
they cannot be used to simulate Ce-containing 
silicophosphate glasses, being not consistent with Si/P-O 50 

potential parameters available in literature.28 The oxygen 
parameters (charge splitting and the harmonic force constant 
between core and shell) of these potentials are very different 
to the one previously developed for silicate and/or phosphate 
phases.28 

55 

It is worth to highlight that other classical potential allow an 
explicit treatment of ion polarizability, like the aspherical 
ion model (AIM)30, 31 and the polarizable ion model (PIM)32, 

33, but they do not contain all the parameters of the atomic 
pairs to which we are interested at the moment. They could 60 

certainly be exploited in the future. 
In this work, we will extend a core-shell model force field28 
successfully employed in the past for the simulations of 
alkali and alkaline earth silicate, phosphosilicate, 
aluminosilicate glasses26, 28, 32, 36-40 and phosphate glasses26, 

65 
28, 32-37 to Ce-containing silicophosphate glasses. 
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Table 2 Composition (mol%) of the investigated glasses, 
number of atoms (NTOT) per simulation box and density 
before (Priven) and after NPT relaxation. 

 CSP2 CSP3 CSP4 CSP6 CSP9 CSP 

Ce2O3 (mol%) 2.2 4.1 7.5 18.2 23.8 8.0 
P2O5 (mol%) 34.6 38.6 44.9 62.1 72.7 37.0 
SiO2 (mol%) 60.9 54.9 45.6 17.4 0.7 55.0 
Al2O3 (mol%) 2.3 2.4 2.0 2.3 2.8 0.0 
NTOT 5010 5001 5005 5012 5301 5422 
Priven density 

[g·cm-3] 
2.539 2.655 2.833 3.302 3.357 2.716 

NPT density 
[g·cm-3] 

2.501 2.612 2.734 3.148 3.193 --- 

To validate the newly developed parameters, we simulated 
the structure of several Ce-containing silicate and phosphate 5 

crystals, and of five silicophosphate glasses with variable 
Ce/P ratio, and Ce2O3 content. The structures obtained will 
be compared with the available experimental data on Ce 
environment provided by Rygel et al.24 for silicophosphate 
glasses. The Ce3+ and Ce4+ environment as well as the short- 10 

and medium-range order of each cation, will be thoroughly 
investigated in order to provide insights on Ce-containing 
silicophosphate glass structures.   

Methods 

Force field potential form 15 

The adopted force field was built accordingly to the Born 
model, which assumes that ions interact via long-range 
electrostatic forces and short-range forces.  
The interaction between two ions, i and j, are expressed 
through the Buckingham potential combined with the 20 

electrostatic energy:  

������ = 	 
�
�

��  + ������

���
���� − ���


���            (1) 

in which, Aij, ρij and Cij are the parameters to be fitted, while 
qi and qj are the charges of ions which have been fixed to the 
formal charges, k is 1/4πε0 (where ε0 is the dielectric 25 

constant) and rij is the distance between atoms i and j. The 
Coulomb forces act between all species whereas the 
Buckingham function models the Si‒O, P‒O, Al‒O and Ce‒
O short range interactions. 
Oxygen ions are modelled by the shell-ion model potential 30 

of Dick and Overhauser29: the total ionic charge Z is shared 
among a massless shell of charge -Y, on which all short 
range forces act, and a core of charge Z+Y, which are 
coupled by a harmonic spring potential of the form:  

������� = ����
 (�����                                    (2) 35 

where kc-s is the core–shell spring constant and rc-s is the 
distance between the core and the shell.  
A three-body screened harmonic potential is used to control 
the intra-tetrahedral O-Si-O and O-P-O and P-O-P angles  

��!���� = �"
 (θ��� − !���� � ∙ �%����

� ���&� '
       (3) 40 

Where kb is the three-body force constant, !���  is the angle 

between atoms i, j and k and !����  is the reference angle 
between atoms i, j and k. rij is the distance between i and j, a 
rik is the distance between i and k, and ρ is a parameter.  
Finally, the Morse function describes the O-H bond of 45 

hydroxyl groups present in one of the crystal phases used to 
validate the developed force-field parameters (vide infra).   

������ =  (�� )%1 − ��+���
���
��,�' -             (4)                           

Table 1 lists all the force field parameters used in this work. 
It is worth to highlight that we derived, for the first time, a 50 

set of Buckingham parameters Aij, ρij and Cij for the Ce3+-Os 
and Ce4+-Os atom pairs, which are consistent with the most 
common core-shell force field employed in the simulation of 
silica-based glasses. The parameters for the Si-Os, P-Os, Al-
Os, Oh-Oh, Os-Os, Al-Oh, Oh-H pairs and Os-Si-Os, Os-P-Os, 55 

P-Os-P three-body terms were taken from the literature. 26, 28, 

37-39, 41-43  Ce3+-Os and Ce4+-Os Buchingham parameters were 
fit, initially, on the crystalline structures of Ce2O3 oxide44 
and CeO2 oxide45, respectively. Subsequently, the 
parameters were refined on further 5 structures: CeP5O14,

46 60 

Ce2Si2O7,
47 CePO4,

48 Ce-florencite (Al3CeP2O14H6) 
49 and 

CeSiO4 
50 crystal phases. The relaxed fitting procedure 

encoded in the GULP software was used 51, 52. 
No three-body potential was imposed on the Os-Al-Os bond 
angle to guide tetrahedral coordination. Indeed, the small 65 

amount of Al2O3 in the glass compositions under study, and 
the absence of other network modifier oxides but Ce2O3 at 
low-medium concentration, make Al itself act as a network 
modifier, with an average coordination number varying from 5 to 
6.53  70 

Generation of the models and structural analysis 

Five of the Ce-silicophosphate (CSP) glasses experimentally 
investigated by Rygel et al.24 were simulated: CSP2, CSP3, 
CSP4, CSP6 and CSP9, for which the Ce2O3 oxide content 
varies from 2.2 to 23.8 % mol, the P2O5 content increases 75 

from 34.6 to 72.7 mol%, the SiO2 content decreases from 
60.9 to 0.7 mol%, whereas the Al2O3 content remains 
constant around 2.0-2.8 mol%. Moreover, the CSP 
composition investigated by Du et al.19 was also simulated in 
order to compare the Qn distributions calculated by both 80 

rigid ion and core-shell models. The compositions of the 
investigated glasses, as well as the total number of atoms in 
the MD models and densities are reported in Table 2. For 
each composition, we generated three models of about 5000 
atoms. The Ce4+/Ce3+ ratio was fixed accordingly to 85 

experimental findings ([Ce4+] ≤ 3% of Ce atoms)24 for CSP6 
and CSP9 glasses. However, we chose slightly higher 
Ce4+/Ce3+ ratios for CSP2 (6.5 %) and CSP3 (3.5 %), in 
order to have a better statistics for Ce4+ ions. However, it is 
worth to highlight that because of the small number of Ce4+ 90 

ions present in the CSP2, CSP3 and CSP4 glasses, only the 
structural data regarding Ce4+ environment for the CSP6 and 
CSP9 glasses will be reported. 

 

 95 
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Table 3 Unit cell parameters and Ce-O bond lengths of crystalline phases before (experimental structure), and after (bold text) an 
isobaric geometry optimization run with the force field presented in this work. The results obtained by using the RI model proposed by 
Du et al.19 are also reported for comparison (italic text). 

Phase Space 
group 

a / b / c V [Å3] ∆V%(a) <Ce-O> [Å](b) Ce-O [Å](b),(c) 

Ce3+ 

Ce2O3 P 3̅m1 3.891/3.891/6.059 
3.888/3.888/6.063 

79.443 
79.365 

 
-0.10 

(1)  2.50 
       2.50 

(1)  2.343/2.693/2.43 
       2.313/2.693/2.52 

  3.898/3.898/5.9701 78.555 -1.12        2.50        2.323/2.673/2.52 

CeP5O14 P 1 9.227/8.891/7.219 
9.259/9.009/7.249 

9.165/8.626/7.366 

541.309 
546.122 

535.469 

 
+0.89 
-1.08 

2.48 
2.43 

2.52 

2.46 
2.42 

2.48 

2.39/2.42/2.45/2.49/2.50/2.54/2.55 
2.36/2.37/2.42/2.43/2.45/2.46/2.50 

2.43/2.44/2.45/2.50/2.56/2.64/2.65 

2.40//2.40/2.45/2.47/2.49/2.51/2.52 
2.37/2.38/2.38/2.41/2.45/2.45/2.47 

2.35/2.36/2.43/2.44/2.48/2.62/2.71 

Ce4(Si2O7)2 P 41 6.796/6.796/24.728 
6.849/6.849/25.223 

6.903/6.903/25.246 

1142.222 
1183.300 

1202.946 

 
+3.60 

+5.32 

2.53 
2.55 

2.56 

2.54 
2.55 

2.54 

2.48 
2.49 

2.50 

2.53 
2.52 

2.52 

2.42/2.45/2.48/2.52/2.55/2.55/2.72 
2.39/2.44/2.46/2.51/2.52/2.57/2.96 

2.36/2.36/2.49/2.50/2.51/2.55/3.12 

2.38/2.43/2.52/2.54/2.60/2.64/2.67 
2.31/2.42/2.48/2.57/2.58/2.69/2.83 

2.34/2.48/2.52/2.53/2.54/2.57/2.80 

2.36/2.37/2.38/2.45/2.50/2.60/2.67 
2.31/2.35/2.36/2.47/2.50/2.57/2.90 

2.31/2.40/2.41/2.42/2.54/2.58/2.85 

2.42/2.45/2.46/2.46/2.48/2.54/2.67 
2.41/2.41/2.45/2.47/2.47/2.52/2.90 

2.39/2.41/2.41/2.43/2.44/2.55/3.04 

CePO4 P 21 / n 6.790/7.020/6.292 
6.815/6.947/6.753 

6.760/6.951/6.845 

299.928 
308.372 

311.554 

 
+2.82 

+3.88 

(1)  2.51 
       2.53 

       2.57 

(1)  2.45/2.46/2.48/2.53/2.53/2.57/2.58 
       2.41/2.41/2.44/2.55/2.61/2.63/2.63 

       2.46/2.51/2.51/2.52/2.59/2.69/2.69 

Al3CeP2O14H6 R 3̅m 6.764/6.764/6.764 
6.931/6.931/6.931 

228.451 
234.378 

 
+2.59 

(1)  2.66 
       2.62 

(1)  2.722/2.656 
       2.752/ 2.586 

Ce4+ 

CeO2 F m3m 3.826/3.826/3.826 
3.851/3.851/3.851 

3.846/3.846/3.846 

39.607 
40.376 

40.231 

 
+1.94 

+1.58 

(1)  2.34 
       2.34 

       2.36 

(1)  2.348 

       2.348 

       2.368 

CeSiO4 I 41/amd 6.956/6.956/6.195 
6.892/6.892/6.297 

6.904/6.904/6.273 

299.800 
299.156 

298.981 

 
-0.22 

-0.27 

(1)  2.32 
       2.34 

       2.37 

(1)  2.274/2.364 

       2.264/2.424 

      2.284/2.454 

a ∆/% = �1234�1563�
1563 · 100 5 

b Number in brackets are Ce site index for Ce sites in crystalline cells of given compounds. 
c Superscript numbers refer to the multiplicity of bond length, when higher than 1. 

 

The models were generated through classical molecular 
dynamics simulations by adopting the melt-quench method55 10 

implemented in the DL_POLY package.56 Since the 
experimental densities of the investigated glasses have been 
published after the drawing up of the present manuscript the 
box side lengths were defined accordingly to density values 
calculated by the Priven empirical method,57 which is 15 

encoded in the SciGlass package.58 With this method the 
density (d) is computed by using the formula: 

9	 = ∑ <�=�>� ∑ =�>�?�@A?�@A                                 (5) 

Where i is the index of the oxide, N is the number of oxides 
forming the glass, mi is the molar mass of the i-th oxide, ni is 20 

the number of atoms in the formula of the i-th oxide and gi is 
the partial coefficient of the i-th oxide..

 

 
 25 
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Table 4 Computed and experimental Ce-O bond distances and Ce3+/4+ coordination numbers of the investigated glasses. 

Glasses Ce4+ % <Ce-O> Å CN 

 exp24 exp<Ce-O> 
(± 0.01)24 

MD<Ce-O> MD<Ce3+-O> MD<Ce4+-O> expCN 
(± 0.1)24 

MDCN MDCN 
Ce3+ 

MDCN 
Ce4+ 

CSP2 2 2.44 2.42 2.42(0.05) n.d.(a) 7.2 6.7 6.64 n.d. 
CSP3 3 2.43 2.41 2.41(0.02) n.d. 7.2 6.6 6.55 n.d. 
CSP4 1 2.43 2.41 2.41(0.01) n.d. 7.1 6.5 6.52 n.d. 
CSP6 3 2.41 2.42 2.42(0.02) 2.28(0.01) 6.9 6.6 6.56 7.48 
CSP9 3 2.40 2.42 2.42(0.05) 2.28(0.00) 6.8 6.6 6.56 7.66 
CSP(b) ---  --- 2.39 2.39(0.04) 2.29(0.01) --- 6.6 6.50 7.78 

a The value is not discussed because of the scant population of Ce4+ in the composition.  

b The experimental data for this composition is not available; for comparison purposes, the MD rigid ion model19 yields: <Ce3+‒O> = 2.46 Å, <Ce4+‒O> = 
2.24 Å, CN Ce3+ = 6.7, CN Ce4+ = 6.5 

The parameters gi were derived by using experimental data 5 

on numerous properties of 222590 glasses and glass forming 
melts. This method can be applied to compute densities for 
glasses and glass forming melts belonging to various oxide 
systems: it was shown that the standard deviation lies around 
4% when 64 oxides are included.59  10 

Glass structural models were heated and held at 3200 K for 
100 ps in the NVT ensemble ensuring a suitable melting of 
the samples. The liquids were subsequently cooled to 300 K 
at a nominal cooling rate of -5 K/ps and the resulting glass 
structures subjected to a final NVT trajectory of 0.3 ns. 15 

Because of the employment of non-experimental densities, 
the final glass models were relaxed for 0.2 ns, at 300K and 
atmospheric pressure using the Berendsen NPT ensemble. 
The final densities presented deviations less than 4.5% with 
respect to the Priven values. Table S1 of the ESI compares 20 

the experimental density (ρexp) with those computed with the 
PRIVEN method (ρPRIVEN ) and after NPT MD simulations at 
300K (ρNPT). 
The densities of the CSP glasses investigated in this work 
are very close to the experimental ones (errors less than 25 

5.7%) and thus we are quite confident of the validity of our 
structural models. 
The integration of the equation of motion was performed by 
the leap-frog algorithm with a timestep of 0.2 fs, a value 
which is small enough to account for the high frequency 30 

vibrations of the core-shell system.55 The presented method 
was successfully applied to generate good structural models 
for silicate,28, 60 phosphosilicate38, 61 and aluminosilicate36, 37, 

62 glasses. t 
The structural analysis of the models was performed on the 35 

NPT relaxed structures by a homemade code55 on 2001 
configurations sampled at regular intervals during 0.2 ns of 
an NVT MD trajectory at 300K. The cutoff values for the 
analysis of the first coordination shells were fixed to 2.0 Å 
for Si-Os, 2.0 Å for P-Os, 3.0 Å for Al-Os, 3.0 Å for Ce3+-Os 40 

and 2.8 Å for Ce4+-Os. These values were obtained from the 
first minimum of the corresponding partial distribution 
function, which will be presented and discussed later for Ce 
atoms. 

Results and discussion 45 

Validation of the Buckingham parameters for Ce3+-O 
and Ce4+-O pairs.  

To test the reliability of the new parameters the final force 
field has been used to carry out a relaxed geometry 
optimization of 7 crystalline reference phases. The structural 50 

variations before and after the optimization have been 
monitored, and the results obtained for cell parameters, unit 
cell volume, and Ce-O bond lengths are listed in Table 3, 
together with the experimental counterparts. The data values 
obtained in this study by means of  the rigid ionic potential 55 

parameters proposed by Du et al.19 (also listed in Table 3) 
allow a direct comparison of the performance of the two 
potential models on the local environment around Ce ions. 
Cell parameters generally vary within 0.1 Å, with a 
maximum variation of 0.5 Å (2.0% of experimental value) 60 

for the c parameter of the Ce4(Si2O7)2 crystal, that also 
presents the most severe, but still modest, volume variation 
of +3.6% (+5.3% with the RI model). It is worth noticing 
that the CS model provides cell parameter variations for 
Ce2O3 and CeO2 between 0.06% and 0.08%, whereas the RI 65 

potentials yields a deviation between 0.2% and 0.3% on the 
unit cell parameters and of 0.6% and 2.9% on cell volumes, 
as reported in Table 3. 
The variation in the average Ce-O distance per Ce site (<Ce-
O>) is within 0.02 Å, which is similar to what Du et al. 70 

obtained with the RI potential.19 The CS model provides a 
maximum variation in <Ce-O> bond distances of -0.05 Å for 
one of the two Ce sites in CeP5O14 crystal, whereas the RI 
model yields a maximum deviation of 0.06 Å for the CePO4 
crystal phase. The variation in the length of single Ce-O 75 

bonds is generally within 0.05 Å, and shows a maximum of 
+0.2 Å (+0.4 Å with the RI model) only for the longer Ce-O 
distance in Ce sites of the Ce4(Si2O7)2 crystal.  
In summary, these results demonstrate that the proposed 
force field is able to reproduce the Ce environment in 80 

crystals with high accuracy. 

 Ce local environment in glasses. 

Table 4 reports the comparison between the computed and 
experimental Ce-O bond distances (<Ce-O>), and Ce 
coordination numbers (CN), together with experimental 85 

amount of Ce4+ (given as percentage respect to total Ce) in 
the investigated glasses. The exhaustive Ce K-edge EXAFS 
work of Rygel et al.24 is the experimental reference for Ce 
local environment in CSP glasses.  
It is worth noticing that <Ce-O> is the only direct, accurate 90 

experimental observable, exp<Ce-O>, while experimental 
CN, expCN, has been calculated by linear interpolation of 
exp<Ce-O> data24 and bear major uncertainty. The exp<Ce-O> 
values decrease with the Ce2O3 content from 2.44 Å, for 
CSP2, to 2.40 Å, for CSP9, whereas the MD<Ce-O> remains 95 

almost constant on 2.41-2.42 Å. 
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Fig. 1 a) Partial distribution functions of Ce-Oc atom pairs and b) 

Oc-Ce-Oc bond angle distributions of the CSP6 glass. 
 
However, the difference between the two counterparts never 5 

exceeds 0.02 Å, which indicates that the proposed force field 
very well reproduces this structural feature. As for the 
coordination numbers, MD simulations results reveal that 
Cerium ions are surrounded by 6.5-6.7 non-bridging 
oxygens (NBOs). These values are slightly smaller than 10 

those given by Rygel et al.24 which are in the range 6.9 ÷ 7.2 
(± 0.1), but agree very well with the X-ray diffraction 
measurements performed by Cole et al.20, who determined a 
CN value of about 6.5 units in Ce-phosphate glasses. By 
comparing MD simulations, diffraction and EXAFS 15 

measurements with predictions based on the bond valence, 
Mountjoy63 also found that the Rare Earth CN in 
(RE2O3)x(P2O5)1-x glasses varies between 6.5 and 7.0 when 
0.18 ≤ x ≤ 0.28. 
Figure 1a shows the partial distribution functions (PDFs) of 20 

Ce3+-Oc and Ce4+-Oc pairs of the CSP6 glass. The Ce3+-Oc 
PDFs are less symmetric and wider than the Ce4+-Oc ones, 
and the Ce3+-Oc bond length is generally longer. Thus, the 
higher field strength of the Ce4+ ion yields more ordered 
short and medium environments than Ce3+. 25 

The analysis of the average bond distances between Ce3+ and 
Ce4+ cations and Oc, reveals that the MD<Ce3+-Oc> lies 
between 2.41 and 2.42 Å, while the MD<Ce4+-Oc> was found 
to be 2.28 Å for both CSP6 and CSP9 glasses. The MDCe3+-O 
and MDCe4+-O interatomic distances found in the present 30 

study are in line with the <Ce-O> distances found in the 
crystalline samples reported in Table 3 (italic fonts). 
Crystalline phases containing Ce3+ exhibit a <Ce-O> 
between 2.34 Å and 2.72 Å, while Ce4+-containing crystals 
show the <Ce-O> varying between 2.27 Å and 2.36 Å.  35 

A good agreement is also found between our  MD<Ce4+-Oc> 
distances and those reported by Du et al.19, which ranges 
between 2.24-2.28 Å. Instead, our MD<Ce3+-Oc> bond 
lengths are 0.04-0.05 Å smaller than those found by Du et 
al.19 in silicophosphate glasses.  40 

Both Ce3+ and Ce4+ atoms are coordinated by NBOs only. 
The results reported in Table 4 show that Ce4+ average CN is 
7.5 and 7.7 for CSP6 and CSP9, respectively. The CN of 
Ce4+ value is about 1 unit higher than average Ce3+ CN, 
which is almost constant to 6.5-6.7. These results are in 45 

partial disagreement with those obtained by Du et al.19 in 
their computational work. In fact, they found that the CN of 
Ce4+ is slightly lower (6.5) than that of Ce3+ (6.7). Instead, 
our results are in line with those found in crystals where Ce3+ 
mainly presents a CN value of 7 units, while Ce4+ CN is 8.  50 

Although shorter bond lengths are usually associated to 
smaller CN, the case of Ce4+ can be explained by its very 

high field strength that allows a more effective packing of O 
ions. 

The comparison of Bond Angle Distributions  (BADs) (Fig. 55 

1b) of Oc-Ce3+-Oc and Oc-Ce4+-Oc confirms that Ce3+ 
coordination environment is more disordered than the Ce4+ 

one.19 Both Oc-Ce4+/3+-Oc BADs present two peaks at 70-80° 
and 140°, however those of the Oc-Ce4+-Oc BADs are 
narrower. The differences highlighted by the BADs are 60 

confirmed by the fact that the CN distributions for Ce3+ is 
wider than for Ce4+ (Figure 2; Table S2 of the Electronic 
Supporting Information (ESI)). 
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Fig. 2 Coordination Number (CN) distributions for (a) Ce3+ in 
CSP2, CSP3, CSP4, CSP6 and CSP9 glasses and (b) Ce4+ in 

CSP6 and CSP9 glasses. 

Short-range order of Si, P and Al 

The average CN (<MDCN>) of P, Si and Al cations, their 70 

CN distributions and their average bond distances with Oc, 
MD<T-Oc> are reported in Table 5.  
As expected, due to their network former roles, both P and 
Si generally exhibit a CN around 4. In particular, the CN of 
P is 4.00-4.01 in all models, whereas the CN of Si ranges 75 

from 4.02 to 4.04 in the CSP2, CSP3, CSP4 and CSP6 
compositions. This is due to the presence of a maximum of 
5.1% of 5-folded Si. The obtained data agree with 
experimental findings of highly coordinated Si in 
silicophosphate glasses with P2O5 > 30%.64, 65 Among 5-80 

coordinated Si, some Si(Q5) sites, i.e.: Si coordinated by 5 
BOs, are present. They amount to 4.5%, 2.2%, 2.2%, 3.4% 
and 0.0% of total Si in CSP2, CSP3, CSP4, CSP6 and CSP9, 
respectively. 
 85 
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Table 5 MD<T-Oc>, MD<T-BO>, MD<T-NBO> bond lengths and CNs of T=Si/P/Al cations in the investigated glasses. Data for Si in 
CSP9 are omitted because of its negligible presence in the composition (0.7 mol%). The standard deviations are reported in parenthesis. 

Glasss MD<T-Oc> MD<T-BO> MD<T-NBO> MD<CN> CN 
 [Å] [Å] [Å]  3 4 5 6 

 P 

CSP2 1.55 (0.01) 1.58 (0.01) 1.49 (0.01) 4.01 0.2 (0.1) 99.0 (0.5) 0.8 (0.5) 0.0  
CSP3 1.55 (0.01) 1.58 (0.01) 1.49 (0.01) 4.01 0.1 (0.1) 99.3 (0.2) 0.6 (0.2) 0.0  
CSP4 1.55 (0.01) 1.59 (0.01) 1.49 (0.01) 4.00 0.1 (0.1) 99.3 (0.3) 0.6 (0.3) 0.0  
CSP6 1.56 (0.01) 1.61 (0.01) 1.50 (0.01) 4.00 0.1 (0.1) 99.3 (0.2) 0.6 (0.2) 0.0  
CSP9 1.56 (0.01) 1.63 (0.01) 1.51 (0.01) 4.01 0.1 (0.2) 98.6 (2.0) 1.3 (0.9) 0.0 
CSP 1.55 (0.01) 1.60 (0.01) 1.50 (0.01) 3.99 0.9 (0.1) 99.1(1.0) 0.0 (0.0) 0.0 

 Si 

CSP2 1.63 (0.01) 1.63 (0.01) 1.56 (0.01) 4.02 0.0 94.2 (2.4) 5.1 (2.9) 0.0 
CSP3 1.63 (0.01) 1.63 (0.01) 1.56 (0.01) 4.04 0.1 (0.1) 95.7 (0.7) 4.2 (0.7) 0.0 
CSP4 1.63 (0.01) 1.63 (0.01) 1.56 (0.01) 4.04 0.0 95.9 (0.3) 4.1 (0.3) 0.0 
CSP6 1.63 (0.01) 1.63 (0.01) 1.55 (0.00) 4.04 0.0 96.0 (2.2) 4.0 (2.4) 0.0 
CSP 1.63 (0.01) 1.63 (0.01) 1.55 (0.01) 4.04 0.0 96.0 (1.3) 4.0 (2.0) 0.0 

 Al 

CSP2 1.83 (0.01) --- --- 5.04 0.5 (0.1) 16.0 (7.1) 62.3 (3.6) 21.3 (8.6) 
CSP3 1.84 (0.01) --- --- 5.08 0.0 11.4 (2.5) 68.1 (4.5) 19.4 (0.2) 
CSP4 1.84 (0.01) --- --- 5.22 0.0 8.9  (1.8) 61.8 (1.6) 29.5 (3.6) 
CSP6 1.84 (0.01) --- --- 5.09 0.4 (0.4) 8.4 (4.7) 72.1 (7.9) 19.2 (4.0) 
CSP9 1.84 (0.01) --- --- 5.30 0.0 2.6 (1.7) 65.0 (3.6) 32.5 (5.0) 
In all models, the <P-Oc> bond lengths are about 1.55 Å, 
while the <Si-Oc> are about 1.61 Å, again in very good 
agreement with experimental findings on aluminosilicates,66 5 

silicophosphate67 and aluminophosphate68 glasses. Table 5 
also reports the computational analysis of Si and P bond 
distance with respect to bridging (BO) and non-bridging 
(NBO) oxygens speciation. 
In all compositions, <P-BO> and <P-NBO> measure ~1.59-10 

1.62 Å and ~1.49 Å, respectively, showing a very good 
agreement with the experimental counterparts (1.60 Å and 
1.50 Å)68. Interestingly, the <P-BO> bond length increases 
with the P2O5 content and, thus, with the amount of P-BO-P 
bridges, while the <P-NBO> distance remains constant to 15 

1.49-1.50 Å. The <Si-BO> is ~1.63 Å, i.e. within the range 
of 1.61-1.64 Å found for the Si-BO in silicate glasses by 
experimental studies, depending on the content of modifier 
cations in the glass.69,70 The <Si-NBO> measures ~1.55 Å 
and is 0.08 Å shorter than <Si-BO>, according to 20 

experimental findings on several crystal phases, where Si-
BO and Si-NBO bond length differ of 0.06-0.08 Å.71  
Aluminum average coordination number (Table 5) ranges 
between 5.04 and 5.30, and the CN distribution varies from 
4 to 6 in all glasses. The most populated sites are 5-fold 25 

(~60-70%) and 6-fold Al (~20-30%), while Al in tetrahedral 
coordination represent about the 10% of total Al atoms. The 
Al CN distribution and the average Al CN found in this 
work are coherent with the role of network modifier 
highlighted by NMR experiments for low concentration of 30 

Al2O3 in RE containing glasses72, 73. Finally, the MD<Al-Oc> 

bond length is ~1.8 Å in good agreement with the 
experimental results of highly-coordinated Al in Ce-
containing aluminophosphate glasses.68 

Medium-range order of Si, P and Al 35 

The medium-range environment of P and Si is described by 
the Qn species distribution and the characterization of the 
second coordination sphere of former cations, which provide 
an overview on network polymerization level and network 
chemical disorder, respectively. The results are collected in 40 

Tables S3 and S4 available in ESI. 
The Qn distribution of tetrahedral P, P(Qn), (Figure 3a) is 
dominated by Q2 and Q3 species with small amounts of Q1 
species for CSP2, CSP3 and CSP4 glasses, whereas the Q2 
species are prevalent in the CSP6 and CSP9 glasses, where 45 

smaller amounts of Q1 and Q3 species are also found.  
Figure 3b shows that the Qn distribution of silicon is always 
dominated by Q4 species (~90% of total Si) with a small 
amount of Q3 species (~5%). These distributions reveals that 
Si atoms form the most polymerized part of the network, and 50 

the phosphate network depolymerizes with the addition of 
Ce2O3 and P2O5. Ring size analysis, reported in Figure S1 in 
ESI, confirms this trend. Our results are in agreement with 
NMR experiments, which have revealed that the addition of 
small amount of P2O5 to binary alkali-silicate glasses leads 55 

to more polymerized silica networks (since phosphorous 
attracts modifier cations, thus forming metaphosphate 
groups),  
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Fig. 3. Medium-range order of P and Si cations. (a) P(Qn) 
distribution for all compositions; (b) Si(Qn) distribution for all 5 

compositions with exception of the CSP9 glass (too small amount 
of Si in the models); (c) average number of BOs bonded to P 

atoms as a function of Si/P (black), Ce2O3 content mol % (red) 
and Ce/P (blue). 

 10 

whereas highly coordinated Si species appears at high 
phosphorous concentration.64, 74, 75 
The relation between the average number n of BOs bonded 
to P atoms,	>B, the Ce2O3 content and the Si/P and Ce/P ratio 
is shown in Figure 3c (the numerical values are reported 15 

Table S4 of the ESI). 
The figure shows that >B monotonically decreases with the 
Ce2O3 content and with the Ce/P ratio, while it increases 
with the Si/P ratio. This implies that Ce-containing 
silicophosphate glasses with a specific value of >B (and thus 20 

with a specific degree of polymerization) can be designed by 
varying the Ce/P and Si/P ratios. 

 

0,0 0,1 0,2 0,3
0,0
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0,8

1,0
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Fig. 4. Network chemical disorder investigated by plotting the 25 

ratio RT
P/Si (T=Si and P) vs the variation of the ratio 

n°Ce/(n°P+n°Si) for CSP2, CSP3, CSP4 and CSP6 glasses. 
Discussion on CSP9 omitted because of the negligible amount of 

Si atoms in the models. 

Moreover, an overview of P-Si intermixing in each 30 

composition is given by the coordination numbers of each 
former ion (T) with respect to the number of Si and P ions in 

their second coordination sphere (CNT
Si and CNT

P ). The 

network chemical disorder is quantified by the factor RT
P/Si 

for both Si (Eq. 6) and P (Eq. 7). This factor is given by the 35 

ratio of CNT
P  and CNT

Si, normalized with respect to the ratio 
of number of P and Si in the models (Table 2). 

RDEF/DE = �HIJ�K HIJ�J��⁄ /�>°N >°OP⁄ )              (6) 

RFF/DE = �HIKK HIKJ�⁄ �/ �>°N >°OP⁄ �              (7) 

If RT
P/Si is equal to 1, then T is equally surrounded by P and 40 

Si; if RT
P/Si < 1, then T is preferentially surrounded by Si; and 

if RT
P/Si > 1, T is preferentially surrounded by P.  

Figure 4 shows the plot of RSi
P/Si (squares) and RP

P/Si (circles) 
versus the ratio n°Ce/(n°Si+n°P) that characterizes each 

composition. Both the RSi
P/Si and RP

P/Si values (reported in 45 

Table S5) are smaller than 1, meaning that both the P and Si 
environments are richer in Si rather than in P. However, 

while RP
P/Si value is constant around 0.5 for all compositions, 

RSi
P/Si decreases from 0.86, in CSP2, to 0.60, in CSP6, 

indicating that Si environment becomes richer in Si 50 

tetrahedra by increasing the Ce content. These trends, 
together with those reported for the Qn distribution of P in 
Figure 3a, indicate that the increment of Ce content leads to 
the formation of polymerized silica-rich and Ce-phosphate 
regions. Therefore, as also observed by Du et al.,19 55 

phosphate groups tend to act as solvation shells for Cerium 
ions. An overview of the structural differences for CSP3 and 
CSP6 compositions is shown in Figure 5. In CSP3 glass 
(Fig. 5a) P and Si are mixed in polymerized regions, while 
CSP6 (Fig. 5b) clearly lacks of Si-P intermixing. 60 

It is worth stressing that, although our results are in 
qualitative agreement with those reported by Du et al.19 with  
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Fig. 5 Change in network structure moving from CSP3 (left) to CSP6 (right) composition. Yellow polyhedra are P units, dark blue sticks represent Si, red 

sticks are O, violet spheres are Al, green spheres are Ce
3+

 and orange spheres are Ce
4+

 

respect to the solvation role played by the phosphorous ions, 
a quantitative agreement is lacking. In fact, the Qn 5 

distributions of structural models derived in this study by 
means of the CS and the RI models on the CSP glass 
composition previously investigated by Du et al.19 (Table 2) 
are quite different. The RI model provides a broader Qn 
distribution for phosphorous, constituted by 2.9%, 29.9%, 10 

49.8% and 16.5% of Q1, Q2, Q3 and Q4 species, respectively; 
while the CS model yields a narrower distribution dominated 
by Q2 (50.7%) and Q3 (35.7%) species, with a negligible 
amount of Q4 species (table S6 of the ESI).  
To confirm the accuracy of the CS model in reproducing the 15 

medium-range environment of the P ions the Qn and the P-
O-P bond angle distributions have been computed for a 
CaO-P2O5 glass, for which experimental data are 
available.76, 77 The results obtained by means of the RI and 
CS models are reported in Table S7 and Figure S2 of the 20 

ESI. Once again, our results demonstrate the superiority of 
the CS model to reproduce the medium range order of oxide 
glasses. This superiority is due to the explicit account of the 
polarization of O atoms. In fact, Tilocca27 recently showed 
that the shell model well reproduces the dynamical evolution 25 

of the interconversion between Qn species during the cooling 
of the melt as it happens in Car-Parrinello MD simulations. 
This aspect is very important because the different Qn 

distributions leads to different chemical disorder (see Table 
S8 of the ESI) and different Ce clustering. As physical 30 

properties of glasses, i.e.: bioactivity, chemical durability, 
optical properties, etc…, strongly depend on their medium-
range order, a modelling protocol able to reproduce them 
correctly is necessary when the final aim is to predict glass 
behavior as a function of the composition. 35 

The Aluminium second coordination sphere was studied 
within a cutoff of 5.00 Å, with respect to all cations, MDCNAl

M  

(M is Si, P, Ce3+or Ce4+). We compared MDCNAl
M  to 

coordination numbers calculated accordingly to random 

distributions of cations inside the box, randomCNAl
M  (Equation 40 

8). 

HI
QRSTU VWX = Y
Z[ ∙ ��\]�T^^Z ∙ R_

1"26       (8) 

where nM and Vbox are reported in Table 2. The MDCNAl
M  data 

values listed in Table 6 highlight how, moving from CSP2 to 
CSP9, Al surroundings become richer in Ce3+ and P, and 45 

poorer in Si. The comparison between random and MD-
derived coordination numbers shows that, for every 

composition, the randomCNAl
M  are higher than the MDCNAl

M  for 
Ce3+ and Si, and smaller for P. Therefore, Al is preferably 
allocated in phosphate-like glass regions and tends to avoid 50 

mixing with Ce ions and silica-like network regions. 
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Table 6 Coordination number of Al with respect to other cations (M), HIVWX, within a cutoff of 5.00 Å. MD-derived (HIVW,XaX ) data are 

compared to data calculated accordingly to random distributions (HIVW,
QRSTUX ). 

 CSP2 CSP3 CSP4 CSP6 CSP9 

HIVW,XaJ� 3.6 (0.5) 3.4 (0.5) 3.0 (0.5) 1.0 (0.1) 0.0 (0.0) HIVW,
QRSTUJ� 5.4 4.6 3.6 1.1 0.0 
HIVW,XaK 7.4 (0.3) 7.1 (0.3) 7.9 (0.2) 9.2 (0.5) 9.1 (0.5) 
HIVW,
QRSTUK 6.1 6.5 7.0 8.1 8.5 
HIVW,Xa�bZc 0.1 (0.1) 0.2 (0.1) 0.5 (0.2) 1.0 (0.1) 1.3 (0.2) 
HIVW,
QRSTU�bZc 0.4 0.7 1.2 2.3 2.6 
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 Figure 6. Analysis of Ce3+ second neighbors within a cutoff of 5 

5.00 Å. Coordination numbers with respect to P (blue), Si (red) 
and Al (green) in Ce second coordination sphere. 

Ce second coordination shell and clustering. 

The coordination numbers of Ce3+ with respect to P, (HI�bK ), 
Si, (HI�bJ� ), and Al, (HI�bVW), are reported in Figure 6 and in 10 

Table S9 of the ESI. As expected from the previous 
discussion, the Ce3+ environment becomes richer in P and 

poorer in Si moving from CSP2 to CSP9. The variation of 
HI�bK  and HI�bJ�  with the composition is gradual, from 7.99 
to 8.71, and from 1.30 to 0.00, respectively.  15 

Since Ce-Ce clustering is known to affect the optical 
properties of glasses and is related to the Ce solubility, we 
characterized Ce clustering by seeking the formation of Ce-
O-Ce linkages and counting the size of clusters within a Ce-
Ce cutoff of 5.0 Å 20 

Figure 7a shows the cluster size distributions for the 
investigated glasses. In all glasses, the distribution is 
dominated by isolated Ce3+ and Ce4+ ions, supporting the 
findings that these ions are well solvated by PO4 tetrahedra 
in the glasses. However, at the CSP6 composition (Ce2O3 = 25 

18.2 mol%), a rapid decrement of isolated Ce ions and a 
substantial increment of the population of clusters with 
larger sizes is observed. This shows that Ce clustering begins 
at the CSP6 composition. These results are in agreement 
with those reported by Rygel et al.24 who estimated that Ce 30 

clustering should be present in composition where Ce2O3 > 
15 mol%. This estimation was done by comparing the Ce 
coordination number, CeCN, with the amount of terminal 
oxygens (TO comprises NBOs and oxygens bearing the 
double P=O bond) per Ce atoms, TO/Ce, calculated 35 

accordingly to a segregation model.24 Clustering is expected 
for CeCN > TO/Ce, because in this condition the Ce atoms 
must share some of the TOs provided by phosphate network, 
and Ce-O-Ce bridges appear.  
In Table 4 we have compared the TO/Ce ratio provided by 40 

our MD-derived models to the Ce coordination number. In 
agreement with the results obtained by Rygel et al.24, we 
found that the CN of Ce ions becomes higher than TO/Ce 
ratio between the CSP4 and the CSP6 composition. Figure 
7b reports the plot of the Ce CN and TO/Ce ratio versus the 45 

Ce/P ratio that characterizes each composition. 
Figure 7b also shows that the average cluster size (and thus 
the average degree of clustering) increases with the Ce/P 
ratio of the glasses in a monotonic way: 1.05, 1.09, 1.26, 
1.92 and 1.99 for CSP2, CSP3, CSP4, CSP6 and CSP9, 50 

respectively. This further analysis confirms that Ce 
clustering occurs in CSP6 and CSP9 compositions. 
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Fig. 7 (a) Ce-Ce cluster size distributions in CSP2, CSP3, CSP4, 
CSP6 and CSP9 glasses. (b) The full square symbols represent 

the average cluster size as a function of the Ce/P ratio in the 5 

glasses; the full circles represent the TO bonded to P and 
available for Ce coordination as a function of the Ce/P ratio 

whereas the empty circles represent the Ce coordination numbers 
as a function of the Ce/P ratio. 

Conclusions 10 

In this work, we have presented a core-shell force field for 
Ce-containing glasses compatible with the potential forms 
and parameters present in the literature for silicophosphate 
glasses. The force field has been parametrized on 5 
crystalline phases containing Ce3+ (Ce2O3, CeP5O14, 15 

Ce2Si2O7, CePO4 and Ce-florencite (Al3CeP2O14H6)) and on 
2 crystalline phases containing Ce4+ (CeO2 and CeSiO4).  
The proposed force field reproduces accurately the Ce3+ and 
Ce4+ short range environment in both crystalline and 
amorphous structures.  Moreover, the force-field has been 20 

used to investigate the structure of five silicophosphate 
glasses containing an increasing amount of Ce and P and a 
decreasing amount of Si.  
The Ce3+ and Ce4+ short-range environments are found to be 
very different: the Ce3+ coordination number (~6.5) is about 25 

1 unit smaller than the Ce4+ one (~7.5), and the Ce3+ 
environment is more disordered, mimicking the structural 
arrangement of  Ce3+ and Ce4+ in several crystalline phases. 
The analysis of medium-range order of all cations present in 
the models has allowed us to depict a precise picture of the 30 

structure of the glasses under study. The investigation of Qn 
speciation of P and Si and of the network chemical disorder 
have suggested that polymerized silica-like regions and 
depolymerized phosphate-like regions are formed. P 
tetrahedra act as Ce “solvation” shell, as observed in 35 

previous works.14, 19, 24 The increase of Ce2O3 content in the 
glass enhances the Si and P separation, attracting P 
polyhedra towards Ce-containing depolymerized regions.  
Beyond the well-known correlation between the high 
amount of P2O5 and the small Ce clustering occurrence, we 40 

found that Ce clustering in silicophosphate glasses begins for 
Ce/P ratios between 0.17 and 0.29.  
These findings might have important implications also for 
other glass compositions. For example, in bioactive glasses 
the addition of Ce ions (which enhances the antioxidant 45 

properties of glasses) could compromise the formation of the 
hydroxyapatite layer on their surfaces because of the 
appearance of insoluble Ce-rich phases that increase 
chemical durability.  
 50 
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