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m network model for P2O5–
Na2O–Al2O3–SiO2 glass studied by molecular
dynamics simulations†

Yaxian Zhao,a Jincheng Du, b Xin Cao,c Chong Zhang,c Gang Xu, a

Xvsheng Qiao, a Yong Liu,*a Shou Pengc and Gaorong Hana

We investigated the short- and medium-range structural features of sodium aluminosilicate glasses with

various P2O5 (0–7 mol%) content and Al/Na ratios ranging from 0.667 to 2.000 by using molecular

dynamics simulations. The local environment evolution of network former cations (Si, Al, P) and the

extent of clustering behavior of modifiers (Na+) is determined through pair distribution function (PDF),

total correlation function (TDF), coordination number (CN), Qx
n distribution and oxygen speciation

analysis. We show that Al–O–P and Si–O–Al linkage is preferred over other connections as compared to

a random model and that Si–O–Si linkage is promoted by the P2O5 addition, which is related to

structural heterogeneity and generates well-separated silicon-rich and aluminum–phosphorus-rich

regions. Meanwhile, due to the relatively high propensity of Al to both Si and P, heterogeneity can be

partly overcome with high Al content. A small amount of Si–O–P linkages have been detected at the

interface of separated regions. Clustering of Na+ is also observed and intensified with the addition of

P2O5. Based on the simulated structural information, a modified random network model for P2O5-

bearing sodium aluminosilicate glass has been proposed, which could be useful to optimize the mobility

of sodium ions and design novel functional glass compositions.
1 Introduction

Chemical strengthening, achieved by ion exchange through
immersing an alkali-containing glass into a molten salt bath,
generates high compressive stress in thin or irregular shaped
glass objects without measurable optical distortion, making it
one of the most important techniques of glass strengthening
methods.1 Sodium aluminosilicate glasses (NAS) are suitable for
ion exchange strengthening and currently receive signicant
interest not only because of their excellent mechanical proper-
ties and chemical durability, leading to wide applications in
touch-screen displays,2 windshields,3,4 and architectures,5,6 but
also because they can serve as a goodmodel system to introduce
a wide range of oxides for tailoring their properties.7–11 Among
these oxide additions, P2O5 has been recently studied and found
to be able to increase the hardness, compressive stress and
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depth of ion-exchange layer by causing depolymerized silicate
anions.12

Phosphorus pentoxide (P2O5), even with a very small addi-
tion, is known to play an important role in aluminosilicate glass
system and can impact the physical and chemical proper-
ties.13,14 The immiscibility of phosphate-rich and silicate-rich
phases caused by P2O5 addition is also observed,15,16

accounting for crystallization aer further thermal treatment.
The 31P MAS NMR study of the P2O5 containing NAS glasses
with a molar ratio of Al/Na ranging from 0 to about 1.27 shows
that in peralkaline region P2O5 is partly present as phosphate
tetrahedra attached to the aluminosilicate network charge
balanced by sodium, while in peraluminous region it integrated
into the glass former network as monomeric tetrahedra for
which all three available single bonded oxygens are connected
to tetrahedrally coordinated Al.17 In lithium aluminosilicate
system, the P, Al and Si local environment investigations also
show that P is mainly presented as orthophosphate and pyro-
phosphate species with a low amount of Al2O3 and gradually
enters the Si and Al based glass forming network with
increasing molar ratio of Al2O3/Li2O.18 While in metaluminous
sodium aluminosilicate glasses, P is found to mainly integrate
into the glass network via P–O–Al bonding because of the
alternative charge compensation scheme for [AlO4]

� and [PO4]
+

units, and the formation of Si–O–P bonding played only a minor
role.19 Although these experimental results provide valuable
RSC Adv., 2021, 11, 7025–7036 | 7025
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information for distinguishing the topology of the glassy states
with phosphorus, fully understanding the structural change
aluminosilicate glasses due to P2O5 and associated ion
exchange strengthening still remains a grand challenge.

In the past few decades, the structure models for oxide
glasses have been developed. The basic concept was rst
established in the 1930s,20 and then a modied random
network (MRN) model was proposed by Greaves21 in mid-1980s,
in which the oxide glass is described as partially covalent
random networks made up of corner-shared glass former-oxide
tetrahedra with glass modiers in the inter-networking regions.
Recently, a new modied model has been proposed to explain
the prevention of the alumina-avoidance principle in term of
aluminosilicate glass system,22 in which the network structure
region composed of well-separated homonuclear framework
containing only silicon–oxygen connection and heteronuclear
framework containing both silicon and aluminum tetrahedra,
and the inter-networking region composed of non-bridging
oxygens and non-framework cations. Considering the fact that
the ionic diffusion mechanisms are mostly vacancy-based
rather than interstitial-based,23 and the possibility that the
inter-networking region formed due to phosphorus addition,
such modied random network models are instructive to
understand the ion diffusion in P2O5–Na2O–Al2O3–SiO2 glass
system.

Molecular dynamics (MD) simulations is an effective method
to study the atomic structures and structure–property relation-
ship of glass materials,24 and has been successfully applied to
the investigation of structural heterogeneity in borosilicate25

and oxyuoride glasses.26 In the present work, to explore the
detailed structural information of P2O5-bearing sodium alumi-
nosilicate glass, compositions with various P2O5 content and
various Al/Na ratios were investigated by using MD simulations.
Short- and medium-range structural features, such as pair
distribution function (PDF), total correlation function (TDF),
coordination number (CN), oxygen speciation, linkage between
different network former cations (T–O–T connections, T¼ Si, Al,
P in this work), network former species (Qx

n), and network
connectivity (NC), were analyzed. Based on the structural
information from simulations, a modied random network
model for P2O5-bearing sodium aluminosilicate glass is
proposed, considering the relations between different network
formers and percolated channels with sodium clustering
behaviors. This structural model is then used to better under-
stand ion-exchange efficiency acceleration of phosphorus
addition in sodium aluminosilicate glass from the perspective
of the glass network topology.

2 Simulation details

To fully investigate the effect of P2O5 on the structures of
sodium aluminosilicate glass network, a wide range of compo-
sitions were considered in the present research, including the
phosphorus-free and phosphorous-bearing glasses with vari-
able Al/Na ratios, n%P2O5–(1 � n%)[15Na2O–xAl2O3–(85 � x)
SiO2] (mol%, n ¼ 0, 5, and x ranges from 1 to 30), labeled as NA
(n ¼ 0) and PNA (n ¼ 5), respectively, where N, A, and P refer to
7026 | RSC Adv., 2021, 11, 7025–7036
Na2O, Al2O3, and P2O5, as well as a series of compositions of
variable phosphorus content with xed Al/Na ratio, x%P2O5–(1
� x%)[15Na2O–nAl2O3–(85 � n)SiO2] (mol%, n ¼ 10, 15 and 20,
and x ranges from 0 to 7), labeled as LAP (n ¼ 10), MAP (n ¼ 15)
and HAP (n ¼ 20) for peralkaline, metaluminous, and per-
aluminous glass compositions, respectively, where LA, MA, and
HA refer to low, medium, and high Al content, and P refer to
P2O5. Table 1 lists specic compositions and naming of the
simulated glass system. The initial glass densities were calcu-
lated by using the soware Glass Engineer System.27,28 MD
simulations were performed using the DL_POLY version 2.20
package.29 The modied Teter potential were employed for
more efficiently calculating the glass structure and reducing the
computational time, which has been expanded by Du et al. and
widely used in silicate,23,30 aluminosilicate,11,26,31,32 and phos-
phosilicate24,33,34 glass systems.

During the simulatedmelt-and-quench procedure, canonical
(NVT), microcanonical (NVE) and constant temperature and
pressure (NPT) ensembles have been chosen to obtain reason-
able glass structure. In each simulation, around 3000 atoms
were used in the simulation box with periodic boundary
conditions. Larger simulation cells with 6000 atoms and
smaller simulation cells with 1000 atoms have also been
simulated for the compositions with RAl/Na ¼ 1.000 in NA and
PNA series to study the effect of system size. Related data are
available in ESI (see SF 1)† and show that structural data
converges for systems with 3000 and 6000 atoms per simulation
cell while the smaller system with 1000 atoms showed some
discrepancies. Considering both the accuracy of glass model
and computational efficiency, all the results and discussion
reported here are based on the simulation cell with 3000 atoms.
The initial atom positions were generated by randomly putting
the atoms in a cubic simulation cell with cell volume consistent
to the calculated glass density. To avoid atoms being placed too
close to each other during the generation of the initial cong-
urations, constraints of minimum interatomic distance based
on ionic radii were applied. Aer relaxing at 0 K and 0 Pa, the
melting temperature reached at 6000 K through 2000 and 4000
K for fully eliminating the memory effects of the initial cong-
uration. Aer that, a two-stage process with a step-wise cooling
strategy was used with a nominal cooling rate of 1 K ps�1. First,
before the temperature reached down to 1500 K through 4000,
3000, 2500, 2000 K, each temperature stair adopted NVT
ensemble for 200 000 steps (200 ps), followed by NVE for
another 200 000 steps (200 ps). Second, NPT and NVE runs were
performed in sequence at the temperature ranging from 1500 K
to 300 K through 1000, 750, 700, 600, 500, 400 K, aiming to
shrink the voids in glass samples as well as relax the system to
equilibrium volume. The nal trajectories of glass system,
recorded every 0.05 ps, were generated by additional 200 ps NVE
run at 300 K. These 4000 congurations were used for nal
structure analysis. For each composition, three parallel simu-
lations were conducted starting from different initial random
structures and the statistics analyses were averaged among the
three samples. The simulated densities are shown in Table 1
and ranges from 2.37 to 2.54 g cm�3, consistent with previous
reported experimental result.31,35,36 Compared with initial
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Compositions (mol%) and densities of the simulated glass system

Series SiO2 Al2O3 Na2O P2O5 Al/Na Initial density (g cm�3) Simulated density (g cm�3)

NA 84 1 15 — 0.067 2.350 2.376 � 0.007
81 4 15 — 0.267 2.367 2.388 � 0.006
78 7 15 — 0.467 2.383 2.411 � 0.001
75 10 15 — 0.667 2.398 2.418 � 0.006
73 12 15 — 0.800 2.408 2.418 � 0.005
72 13 15 — 0.867 2.412 2.438 � 0.005
71 14 15 — 0.930 2.417 2.432 � 0.007
70 15 15 — 1.000 2.421 2.441 � 0.013
69 16 15 — 1.067 2.435 2.447 � 0.010
68 17 15 — 1.133 2.449 2.455 � 0.002
67 18 15 — 1.200 2.463 2.466 � 0.018
66 19 15 — 1.267 2.473 2.461 � 0.008
65 20 15 — 1.333 2.482 2.489 � 0.002
63 22 15 — 1.467 2.502 2.491 � 0.008
60 25 15 — 1.667 2.532 2.514 � 0.021
57 28 15 — 1.867 2.562 2.522 � 0.002
55 30 15 — 2.000 2.581 2.537 � 0.012

PNA 79.8 0.95 14.25 5 0.067 2.379 2.398 � 0.010
76.95 3.8 14.25 5 0.267 2.393 2.402 � 0.005
74.1 6.65 14.25 5 0.467 2.407 2.420 � 0.013
71.25 9.5 14.25 5 0.667 2.419 2.423 � 0.003
69.35 11.4 14.25 5 0.800 2.427 2.427 � 0.007
68.4 12.35 14.25 5 0.867 2.431 2.424 � 0.008
67.45 13.3 14.25 5 0.930 2.435 2.440 � 0.007
66.5 14.25 14.25 5 1.000 2.437 2.437 � 0.005
65.55 15.2 14.25 5 1.067 2.437 2.440 � 0.012
64.6 16.15 14.25 5 1.133 2.437 2.444 � 0.006
63.65 17.1 14.25 5 1.200 2.438 2.450 � 0.005
62.7 18.05 14.25 5 1.267 2.445 2.455 � 0.003
61.75 19 14.25 5 1.333 2.454 2.462 � 0.001
59.85 20.9 14.25 5 1.467 2.472 2.478 � 0.003
57 23.75 14.25 5 1.667 2.499 2.511 � 0.001
54.15 26.6 14.25 5 1.867 2.509 2.504 � 0.004
52.25 28.5 14.25 5 2.000 2.526 2.504 � 0.003

LAP 75 10 15 0 0.667 2.398 2.418 � 0.006
74.25 9.9 14.85 1 0.667 2.403 2.419 � 0.007
73.5 9.8 14.7 2 0.667 2.407 2.421 � 0.005
72.75 9.7 14.55 3 0.667 2.411 2.422 � 0.016
72 9.6 14.4 4 0.667 2.415 2.422 � 0.006
71.25 9.5 14.25 5 0.667 2.419 2.423 � 0.003
70.5 9.4 14.1 6 0.667 2.423 2.429 � 0.008
69.75 9.3 13.95 7 0.667 2.427 2.437 � 0.007

MAP 70 15 15 0 1.000 2.421 2.441 � 0.013
69.3 14.85 14.85 1 1.000 2.425 2.445 � 0.005
68.6 14.7 14.7 2 1.000 2.428 2.440 � 0.002
67.9 14.55 14.55 3 1.000 2.432 2.446 � 0.007
67.2 14.4 14.4 4 1.000 2.436 2.439 � 0.006
66.5 14.25 14.25 5 1.000 2.437 2.437 � 0.005
65.8 14.1 14.1 6 1.000 2.438 2.439 � 0.012
65.1 13.95 13.95 7 1.000 2.439 2.436 � 0.011

HAP 65 20 15 0 1.333 2.482 2.489 � 0.002
64.35 19.8 14.85 1 1.333 2.476 2.474 � 0.006
63.7 19.6 14.7 2 1.333 2.471 2.476 � 0.004
63.05 19.4 14.55 3 1.333 2.465 2.472 � 0.005
62.4 19.2 14.4 4 1.333 2.459 2.448 � 0.002
61.75 19 14.25 5 1.333 2.454 2.463 � 0.001
61.1 18.8 14.1 6 1.333 2.449 2.461 � 0.004
60.45 18.6 13.95 7 1.333 2.444 2.454 � 0.004

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 7025–7036 | 7027
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densities, the deviations are less than 2% and 1% in NA and
PNA series, respectively, which is quiet reasonable for MD
simulations.31

3 Results
3.1 General glass network structures

The analysis of network former species (Qx
n) has been carried

out as shown in Fig. 1, which is an important method to
Fig. 1 Qx
n distribution for (a) Si, (b) Al, (c) P and (d) Q�x

n and network co

7028 | RSC Adv., 2021, 11, 7025–7036
understand the intermediate range structural information in
oxide glass, where n is the number of bridging oxygen (BO)
coordinating with a glass network former atom x (x¼ Si, Al, P in
the present work). [SiO4] tetrahedra in both NA and PNA
compositions mainly exist as QSi

4 species (Fig. 1a), with the
coexistence of QSi

2 and QSi
3 groups, and the amount of QSi

4

increasing with consuming of QSi
2 and QSi

3 as Al/Na ratio
increasing, consistent with the experimental and theoretical
results from the earlier literatures,32,37 indicating a polymerized
nnectivity (NC) in the compositions with different Al/Na ratio.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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silicon–oxygen network,9,18,33,38 which could be attributed to
more sodium ions acting as charge compensator for [AlO4]
tetrahedra. It is worthy to note that the P2O5 addition increases
QSi

4 amount with reducing QSi
3 in peralkaline compositions

(Fig. 1a). On the contrary, the Al environment has not been
signicantly inuenced by Al content or P2O5 addition (Fig. 1b),
with QAl

4 maintaining the dominant species coexistence with
a minor amount of ve-fold coordinated sites QAl

5.39 As shown
in Fig. 1c, QP

n exhibits more complicated effects compared with
Si and Al. In peralkaline region, P is mainly located as depoly-
merized units QP

1 and QP
2. Due to the fact that these units need

positive charge to maintain local neutrality, sodium ions have
been partly scavenged from silicon–oxygen network, leading to
the increased amount of QSi

4, which means a denser silicon–
oxygen network in peralkaline region (see Fig. 1a). These
depolymerized units disappear and QP

3 species become domi-
nant as increasing Al/Na ratio. Aer Al/Na > 1, P mainly exists as
QP

4 with consuming QP
3, providing charge balance for [AlO4]

tetrahedra,19 thus a fraction of sodium ions transform the role
of charge compensator to network modier and move back to
the vicinity of [SiO4] units, resulting in a slight reduction of QSi

4

and increase of QSi
3.

To further investigate the glass network in NA and PNA, the
mean Qx

n was yield by

Qx

n ¼
Xn

1

xnn: (1)

where xn is the percentage of this typeQ
n for the element x. Then

the glass network connectivity (NC) was calculated by
Fig. 2 (a) Al/Na ratio dependence of oxygen speciation in NA and PNA, a
HAP.

© 2021 The Author(s). Published by the Royal Society of Chemistry
NC ¼ mSi

mSi þmAl þmP

�QSi

n þ mAl

mSi þmAl þmP

�QAl

n

þ mP

mSi þmAl þmP

�QP

n
: (2)

wheremx is the atom number of the element x in the simulation.
As shown in Fig. 1d, all average number of bridging oxygen
exhibit a similar trend with the dominant species, QSi

4, QAl
4,

and QP
4, respectively, which is an indication that the polymer-

ization of Si–O network as well as P–O network increase with Al/
Na ratio, especially for peralkaline compositions. The addition
of P2O5 enhances the polymerization of Si–O network in terms
of the higher value of �QSi

n. However, the network connectivity of
the overall glass structure exhibits a depolymerized behavior
aer P2O5 addition, even it increases with Al/Na ratio, implying
a structural heterogeneity containing separated denser Si–O
network with higher polymerization than overall glass structure
and depolymerized P-rich regions.

The polymerized effect of P–O on Si–O network is more
signicant for peralkaline compositions (see SF 2† for LAP),
with increasing P2O5 content, the amount of QSi

4 increases,
causing higher value of �QSi

n. The inuence gradually dimin-
ishes with increasing Al/Na ratio, that is for metaluminous and
peraluminous compositions with various P2O5 content (see SF
3&4† respective for MAP and HAP), the decreased value of QSi

4

and �QSi
n is attributed to the partly release of sodium ions from

[PO4] units to [SiO4] units.
In aluminosilicate glasses, phosphorus can play two

different roles: rst, for peralkaline compositions, P mainly
exists as depolymerized species QP

1 and QP
2 and partly extracts

sodium ions from silicon–oxygen network to maintain local
nd (b) P2O5 content dependence of oxygen speciation in LAP, MAP and

RSC Adv., 2021, 11, 7025–7036 | 7029
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Fig. 3 Total correlation function of (a) Na–O, (b) Na–NBO and Na–BO for LAP glass compositions.
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charge neutrality, and second, for metaluminous and per-
aluminous compositions, QP

4 is the dominant species with the
breakage of double bond to provide an alternative charge
compensation for [AlO4] units,14,19 which can be veried by
oxygen speciation analysis as shown in Fig. 2. In peralkaline
region, with increasing Al/Na ratio, the amount of non-bridging
oxygen (NBO) decreases while that of BO increases (Fig. 2a),
indicating a higher network connectivity. When Al/Na > 1, three-
bonded oxygen (TBO) appears and increases dramatically with
consuming of BO, due to the lack of sodium ions to charge
compensate [AlO4] tetrahedra. Contrary to the effect of Al, the
P2O5 addition has increased the amount of NBO and decreased
that of TBO. For BO, the effect of P2O5 is more complicated, that
is, in peralkaline region, the P2O5 addition reduces the amount
Fig. 4 Coordination number of (a) Na–O, (b) Na–NBO, (c) Na–BO, and

7030 | RSC Adv., 2021, 11, 7025–7036
of BO while increases it in peraluminous region. Such trend can
be explained that when Al/Na < 1 there is enough sodium ions
acting as charge compensator for [AlO4] units, with excess Na+

to generate NBOs in [SiO4] units. The added P would attract Na+

around [SiO4] and [AlO4] units to provide charge balance for QP
1

and QP
2, thus more sodium ions act as modiers by breaking up

the glass network with increased NBO and decreased BO. When
Al/Na > 1, QP

4 units partly replace the role of TBO and connect
with [AlO4] units, transforming TBOs to BOs thus increasing the
amount of BO with consuming TBO. These are consistent with
simulated results of the LAP, MAP and HAP compositions in
Fig. 2b, wherein the amount of NBO monotonically increases
and TBO decreases with increasing P2O5 content. For LAP
compositions, the amount of BO decreases to a large extent with
(d) Na–TBO for LAP, MAP and HAP glass compositions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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added P2O5, while for MAP and HAP, the effect gradually
diminishes, the amount of BO even keeps almost unchanged for
HAP, attributing to the competition between the depolymer-
ization and charge compensation effects of phosphorus. It is the
same reason that the peak shape of BO in Fig. 2a becomes
asymmetric and peak position shis from the ratio of Al/Na ¼ 1
to 1.2, at which point there is a balance between the two
different effects of P2O5 on glass network.
3.2 Local environment around sodium ions

Focusing on the effect of P2O5 upon sodium ions, the total
correlation function of Na–O for LAP compositions, as shown in
Fig. 3a, assesses the local environmental evolution with added
P2O5. The overall shape and peak position change little with
composition. From the enlarged image of rst peak in the inset,
there is only a slight le shi of peak position, which is almost
negligible. The result is nearly the same as it is in MAP and HAP
compositions (see SF 5†). Based on the further analysis of TDF
in Fig. 3b, Na–NBO bond length is about 2.34 Å while that of Na–
BO being 2.55 Å. This suggests that the Na–O bond length
becomes shorter when Na ions act as network modiers than
when they act as charge-compensators,25,40 because of the fact
that Na ions are more strongly bonded to the created NBO than
to the surrounding BO when they act as charge compensators.

The coordination number (CN) of Na–O was calculated from
the integral to the rst peak of TDF and shown in Fig. 4. The
cutoff value, determined from the rst minimum distance of
pair correlation function, was 3.25 Å for Na–O pairs.41,42 The Na–
Fig. 5 Pair distribution function of Na–Na for (a) LAP, (b) MAP, (c) HAP g

© 2021 The Author(s). Published by the Royal Society of Chemistry
O coordination number increases in the sequence of LAP, MAP,
and HAP, as well as BO and TBO, wherein NBO decreases.
Contrary to the effect of Al, the addition of P2O5 increases the
amount of NBO around sodium ions and decreases that of BO
and TBO, which lead into the result that total CN of oxygen
around sodium ions does not change signicantly. This is
attributed to the different mechanism of Al and P to attract Na+.
Due to the fact that [AlO4] units are negative charged, sodium
ions are attracted to provide charge compensation and bonded
with bridging oxygen with larger bond length, causing
increased oxygen coordination number. As for [PO4] units,
sodium ions are extracted from the silicon–aluminum network
to form QP

1 and QP
2 and act as modiers to bond with non-

bridging oxygen of these depolymerized units. As the number
of NBO around sodium ions is much lower than that of BO, the
average local oxygen environment is dominated by BO and
change little with P2O5 content.
3.3 The distribution of sodium ions and correlation with
network formers

In order to investigate the spatial organization of sodium ions,
Na–Na PDFs in different compositions have been calculated and
shown in Fig. 5. In all the pair distribution functions, we
observe the existence of a well-dened peak, suggesting the
existence of some spatial correlations among sodium ions,
which is indicative of a trend to cluster within modier chan-
nels and has been identied intrinsic in silicate glasses.21,30,43

For peralkaline compositions (Fig. 5a, LAP), the rst peak
lass compositions and (d) P0 composition with various Al/Na ratios.
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position of the distribution function le shis slightly and the
intensity increases signicantly, indicating that the propensity
for clustering increases with the addition of P2O5. Compared
the Na–Na PDFs of different Al/Na ratios, we also conclude that
the degree of clustering seems to decrease with increasing Al
content, from the decreased difference of intensity or peak
position in MAP and HAP glasses in Fig. 5b and c. It has been
further veried by the PDF of Na–Na for P0 composition with
various Al/Na ratios in Fig. 5d as the intensity of rst peak
monotonously decreases with increased Al content. These
results suggest that the spatial distribution of Na+ is closely
related to the interaction with different glass network former
species.

To further study the correlation between network former
cations and sodium ions, the average number of Na+ around
different network former cations through the integral of TDFs
of Si–Na, Al–Na, and P–Na (see SF 6†), has been calculated and
shown in Fig. 6. In all simulated compositions, the average
number of Na+ around different network former cations
decrease with increasing P2O5 content. In peralkaline region,
the preference of sodium ions around network former cations is
found to decrease in the sequence of phosphorus, aluminum,
and silicon from Fig. 6a. Sodium ions tend to be distributed in
the vicinity of [PO4] units and act as modiers to generate
NBO,44 followed by that of [AlO4] and [SiO4] units. The
increasing Al content (LAP, MAP, and HAP) mainly affects the
distribution of sodium ions around phosphorus and aluminum
cations, as the average number Na+ around [PO4] and [AlO4]
units decreased while that around [SiO4] units remain almost
unchanged in Fig. 6b. The distribution of sodium ions near Si is
mainly affected by P. With increasing P2O5 content, sodium
Fig. 6 P2O5 content dependence of the average number of Na+ arou
compositions and (b) for Si, Al and P with various Al content.

7032 | RSC Adv., 2021, 11, 7025–7036
ions around Si decrease, indicating that sodium ions are
extracted from the silicon–oxygen network, consistent with the
above analysis of QSi

n distribution (see Fig. 1a).
4 Discussion
4.1 Structural heterogeneity in phosphorus-bearing
aluminosilicate glass

The simulated microstructures of LAP glasses are presented in
Fig. 7. It is clearly that the glass structure is far from homoge-
neous. In the P2O5-free aluminosilicate glasses (Fig. 7a), there
are two regions, a network structure region composed of well-
separated aluminum–silicon and silicon-rich framework
species as well as a channel region of non-bridging oxygens and
network modiers inserted into aluminum–silicon region,
which is consistent with the proposed model in terms of
aluminosilicate glasses.22 In the P2O5-bearing aluminosilicate
glasses (Fig. 7b), the structural heterogeneity still exist and even
more signicant as the fraction of homonuclear framework
predominantly containing [SiO4] units increase aer P2O5

addition. A fraction of P is distributed at the interface of silicon-
rich and aluminum–phosphorus regions, interpreting the
formation of minor P–O–Si linkage, which has been detected in
previous NMR experiments.19 While for MAP and HAP compo-
sitions (see SF 7†), the effect of P on the heterogeneous distri-
bution of network formers and modiers seems weaker.

In order to investigate the mutual affinity and avoidance
between different network formers, the percentage of different
T–O–T (T ¼ Si, Al, P) connections in glass compositions with
various P2O5 content has been calculated through detailed
analysis of BO and TBO and shown in Fig. 8a. In the simulated
nd different network-forming cations (a) in LAP, MAP, and HAP glass

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Morphology screenshots of some typical simulation samples (a) LAP-P0, (b) LAP-P7. The screenshots show the bulk size with around 34 Å
in length 6.8 Å for thickness. Color indications: red-O, blue-Si (stickmodel); bluegreen tetrahedra-Al, purple tetrahedra-P, yellow ball-Na (yellow
shaded area is percolated channel region, P-rich area is stressed by bold dotted line in the P2O5-bearing glass composition).
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glass system, with increasing P2O5, the percentage of Si–O–Si,
Si–O–Al, and Al–O–Al decreases while that of Si–O–P and Al–O–P
increases. The amount of P–O–P linkage is too small to be
drawn in the chart. It is worthy to note that a fraction of Al–O–Al
exits in our simulated structure. The result is to some extent
breaking the Al avoidance principle which suggests that Si–O–Al
linkages are more energetically favorable such that Al–O–Al
linkages are not formed if there is a possibility for Si–O–Al to
occur. However, the extent of obedience of this principle in
aluminosilicate glasses is questionable.45,46 Recently, preven-
tion of the Al avoidance principle have been investigated by
NMR spectral analysis and it has been proposed that breaching
of the principle was essential for understanding the distribu-
tion of [SiO4] and [AlO4] units in alkaline-earth aluminosilicate
Fig. 8 (a) Fraction and (b) degree of preferred connection of different T–
P2O5 content.

© 2021 The Author(s). Published by the Royal Society of Chemistry
glass.22 In our simulation, the quantity of Al–O–Al linkage
decreases with P2O5 content while increase with Al content,
which is consistent with previous experimental and simulated
results.32,47,48

To quantify the propensity of different inter-tetrahedral
connectivity, the degree of preferred connection, DPCmn

(where m and n mean network-former cations, Si, Al, and P for
example), is dened and calculated, which is governed by

DPCmn ¼ fmnðMDÞ
fmnðRMÞ

: (3)

where fmn is the ratio of the connection m–O–n to the whole
network former connections. MD and RM mean the values
yielded by the molecular dynamic simulation or the random
O–T network linkage for LAP, MAP and HAP glass compositions various
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model. According to the random model, the linkages between
the network former cations are uniform, therefore, fmn(RM) will
be written as,

fmnðRMÞ ¼ km�O�nP
l1 ;l2

kl1�O�l2

: (4)

where l1 and l2 are the network former cations, and

km�O�n ¼
8<
:

m� ðm� 1Þ
2

m ¼ n

m� n msn

: (5)

When DPCmn > 1, m and n show some affinity and prior to
form linkage in the network, whereas when DPCmn # 1, there
are not. As shown in Fig. 8b, the distribution of DPCmn indicates
that the formation of T–O–T (T ¼ Si, Al, P) connections is far
away from random model, and shows a certain propensity. The
priority of different T–O–T linkage in order from high to low is
Al–O–P, Si–O–Al, Si–O–Si, Al–O–Al, and Si–O–P, revealing
a strong affinity of [PO4] tetrahedra for aluminum.10,18 The
lowest priority of Si–O–P might cause immiscibility and phase
separation, that is, P could serve as nucleating agent in silicate
glasses.49 Although the percentage of Si–O–Si connection
decreases with increased P content, DPCSiSi has an increasing
trend, indicating that P obviously improves the priority of Si–O–
Si linkage, especially for LAP compositions, suggesting the
formation of separated silicon–oxygen rich regions, which
could induce the emerging of cristobalite (SiO2) crystals aer
heat treating.50 Such complex bonding geometries might arise
from the different value of ionic eld strength, P5+ > Si4+ > Al3+,
leading to different NBO preference causing that [PO4] units are
mainly incorporated as ortho- and pyrophosphate units (Q0

P and
QP

1) and show broad QP
n distribution with more NBO while

[SiO4] units mainly exist as QSi
3 and QSi

4 with less NBO, and
[AlO4] units mainly exist as QAl

4 and are not sensitive with
composition, suggesting that Si–NBO is strongly preferred than
Al–NBO, which has been veried by 17O MAS NMR
Fig. 9 A structural model proposed for P2O5-bearing sodium aluminosi

7034 | RSC Adv., 2021, 11, 7025–7036
experiments.51 As a result, the Si environment is signicantly
modied by P2O5 addition with an increase of QSi

4 species,
generating a more polymerized Si–O network. Besides, there is
a strong affinity of phosphorus to bond with aluminum as
tetrahedral coordinated phosphorus have a bond valence of
1.25, the bond valence of [AlO4] species is 0.75, thus a P–O–Al
connectivity leaves no charge on the bridging oxygen and local
electrostatic neutrality would be satised.18,52 Therefore, Si–O–
Al connection has been consumed to form Si–O–Si and Al–O–P
with P2O5 addition.16

Based on the propensity of connection between different
network former cations, the addition of P2O5 has induced
separated aluminum–phosphorus-rich and silicon-rich region,
exacerbating the heterogeneity of glass structure, which might
not be distinguished in emission scanning microscope (SEM).16

In contrast, due to the relatively high priority of Al–O–P and Si–
O–Al, the increasing Al content, acting as the role of bridge and
generating linkage like Si–O–Al–O–P, tends to generate a more
homogenous glass structure,15,39 which is supported by the
decreased priority of Si–O–Si with addition of Al content (see SF
8†). Besides the heterogeneity of network former cations, clus-
tering of sodium ions is also observed with addition of P2O5,
especially in peralkaline region, which would have an effect on
the mobility of sodium ions, as the connected Na–O polyhedra
provide natural pathways for migration.23,53
4.2 Proposal of a new structural model fromMD simulations

Based on the above MD simulation results, a structural model
for phosphorus-bearing sodium aluminosilicate glass has been
proposed, as shown in Fig. 9. In our simulated P2O5-bearing
glasses, the network composes of three complicated corner-
sharing network formers Si, Al, and P with inhomogeneous
distribution. Phosphorus, with more NBO in the rst coordi-
nation shell, has a strong affinity to Al forming aluminum–

phosphorus-rich regions and avoids to connect with Si, mean-
while, the clustered Na+ are preferred to appear in the vicinity of
[PO4] and [AlO4] units. Therefore, Al–O–P connections can be
licate glasses.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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located at the border of framework,10 leaving NBO around P to
inter-connect with clustered Na+ to form percolated channels.
Due to both relatively high propensity to P and Si, [AlO4] units
play a central role of separating silicon and phosphorus, acting
as bridge, to form continuous network containing three
network formers. Because of the effect of P on the promotion of
Si–O–Si linkage, silicon-rich regions have been formed, and
separated by percolated channel from aluminum–phosphorus-
rich region. Due to the preferential interaction of sodium ions
to [PO4] and [AlO4] units, sodium depletion layer is formed at
the border of phosphorous–aluminum region and benecial for
silicon-rich region, where there is a more polymerized structure
compared to the overall network connectivity. The clustered
sodium ions around P and Al together with NBOs form perco-
lated channels in the glass network. Considering the fact that
sodium ions cluster around [AlO4] and [PO4] units and that
NBOs can be mainly provided by [SiO4] and [PO4], there are two
possible channel locations (Fig. 9): Channel location 1 is the
interface of separated aluminum–phosphorus and silicon-rich
region; Channel location 2 is inserted into silicon–aluminum
region formed by Si–O–Al connection.

In the framework of the present topological model, it is
reasonable to understand that for peralkaline aluminosilicate
glasses, the phosphorus addition can signicantly improve the
ion-exchange efficiency since it provides new percolated
channel location due to the existence and exacerbation of local
heterogeneity and clustering within the network former and
modier species, thus increasing the amount of diffusion
pathways to improve alkali migration. On the other hand, for
metaluminous and peraluminous compositions, the effect of P
diminishes gradually and does not have a signicant inuence
on ion-exchange process, as Al improves the homogeneous
distribution of alkali ions and phosphorus cations in some
extent.

5 Conclusions

This MD simulation study reveals the structural heterogeneity
in P2O5-bearing sodium aluminosilicate glass system, especially
in peralkaline compositions. Due to the relatively depoly-
merized [PO4] units causing Na

+ ions being moved from silicate
network, as well as the strong priority of P to Al, signicant
heterogeneity is favored in these compositions. Nevertheless,
the propensity for such heterogeneity, including the inhomo-
geneous distribution of mutual connection of network formers
and clustering extent of sodium ions, decreases with increasing
Al content. Based on these results, a structural model has been
proposed from the perspective of glass network topology to
elucidate the effect of P on the acceleration of ion-exchange
efficiency, which depends on the Al/Na ratio. With this model,
we can further study the structure–properties relationship and
design novel functional glass compositions with optimized ion
mobility.
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