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Understanding how the surface structure affects the bioactivity
and degradation rate of the glass is one of the primary
challenges in developing new bioactive materials. Here, classical
and reactive molecular dynamics simulations are used to
investigate the relationship between local surface chemistry
and local adsorption energies of water on three soda-lime
silicate glasses. The compositions of the glasses, (SiO2)65� x-
(CaO)35(Na2O)x with x=5, 10, and 15, were chosen for their
bioactive properties. Analysis of the glass surface structure,

compared to the bulk structure, showed that the surface is rich
in modifiers and non-bridging oxygen atoms, which were
correlated with local adsorption energies. The reactivity of the
glasses is found to increase with higher Na2O content,
attributed to elevated Na cations and undercoordinated species
at the glass surfaces. The current work provides insights into
the relationship between the surface structure, chemistry, and
properties in these bioactive glasses and offers a step toward
their rational design.

Introduction

Historically, biomaterials were chosen to be as inert as possible.
However, in the last decades, it became more prominent to use
biologically active “bioactive” materials to evoke a targeted
biological response,[1–3] which is a result of the formation of a
bond between the tissues and the material.[2–5] Such examples
of materials are oxide glasses, which were used as bioactive
materials with applications in many medical fields. This includes
curing cancerous cells by increasing the acidity of the environ-
ment locally, achieved by having a controlled ion release.[6] In
addition to that, they found applications in restorative and
regenerative biomedical applications such as orthopedic,
dental, maxillofacial implants, and tissue engineering.[3] Bio-
active glasses are favored among other alternatives due to their
ability to degrade in the body over time, allowing the possibility
to control the ion release and to enable bone regeneration
instead of replacement, leading to a restoration of the original
bone state and function.[7]

The first interaction between the biological tissue and the
bioactive glass happens at the interface between the glass and
the tissue.[8] In the case of water, the water molecules
chemisorb on the glass surface, and the hydroxyl groups are
formed on the surface that becomes hydroxylated.[8,9] The
change in the properties of the hydroxylated glass surfaces[10]

compared to the dry glass surface is because the hydroxyl
groups bonded to the surface make it more stable than having
only dangling bonds. Contact between water and an oxide

glass surface generally leads to the depolymerization of the
glass network by breaking Si� O� Si bonds and forming silanol
groups (Si� O� H). This process results from forming new
hydroxyl groups (OH) due to the dissociation of water
molecules.[8,9] On the other side, the bioactivity of glasses comes
from their ability to form hydroxycarbonate apatite (HCA,
Ca10(PO4)6� y(CO3)y(OH)2� y, with y being the CO3 content[11,12]) on
the surface, bonding to the bones, release ions, and, more
importantly, degrade in the body.[13–16] Thus, understanding the
surface properties of oxide glasses and linking the surface
chemistry to bioactivity is paramount.

There are only a few molecular dynamics (MD) simulation
studies on the adsorption of water on silicate glass surfaces that
tried to link the surface structure and reactivity. For instance,
Bakaev and Steele[17] demonstrated that defects in the atomic
structure of vitreous silica, such as single or triple coordinated
oxygen atoms and distorted SiO4 tetrahedra, create stronger
electrostatic fields compared to defect-free surfaces, enhancing
surface hydrophilicity by interacting with water molecules.
These findings contradict the expectation that surfaces devoid
of hydroxyl groups are hydrophobic, suggesting that atomic
structures of silica surfaces vary depending on their formation
process. In another study, Leed and Pantano[18] studied the
water adsorption on silica and silicate glass fracture surfaces
using MD simulations. Their conclusion suggests that the
strongest adsorption sites are linked to defects within the
network rather than modifier species, which, although introduc-
ing water adsorption sites, are comparatively weaker than those
associated with network defects.

Recently, Yu et al.[19] conducted a study using reactive
molecular dynamics to investigate the relationship between
topological constraints and surface energy, explicitly focusing
on the transition from hydrophilic to hydrophobic behavior on
silica surfaces. They showed that silica exhibits a hydrophilic-to-
hydrophobic transition that is controlled by the atomic top-
ology of its surface. Wilkinson et al.[20] used reactive MD
simulations and density functional theory to study the effect of
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glass network topology on the surface reactivity of glasses,
which evidenced the existence of a chemically stable intermedi-
ate phase on the surface of the glass where the glass network is
mechanically isostatic.

Here, using classical and reactive MD simulations, we
present a detailed study of the effect of glass composition on
the surface structure and water adsorption of recently devel-
oped bioactive soda-lime silicate glasses.[8] The soda-lime
silicate glasses are made of silica (SiO2), sodium oxide (Na2O),
and calcium oxide (CaO), with the possibility of containing
traces of magnesium oxide and alumina.[21] These glasses
exhibit better mechanical performance and chemical durability
than the reference glass in this field, the 45S5 bioactive
glass.[15,21,22] They also have a structure that makes them highly
bioactive in physiological environments.[8] Upon interaction
with body fluids, the glass releases modifier ions, such as Na
and Ca, leading to the dissolution of the silica network and the
formation of a silica-rich gel layer on the glass surface. This layer
attracts calcium and phosphate ions from the surrounding
fluids, resulting in the precipitation and subsequent crystalliza-
tion of HCA. The formation of HCA is vital as it enhances
osteoconductivity, allowing for the attachment and growth of
bone-forming cells, and enables a strong chemical bond with
natural bone tissue.[22]

Bulk glasses and melt surfaces are prepared using a
combination of classical MD and reactive MD simulations. Local
adsorption energy maps at 300 K are obtained and correlated
to the surface structure and chemistry. Finally, we provide an
atomistic understanding by an attempt to link the observed
change to the bioactive nature of these glasses.

Methods

Glass Preparation

The SHIK potential[23] was used to model the interactions between
the atoms and prepare the initial glass configurations. In this
model, the atoms are treated as fixed charged points, with the
charge of oxygen being composition-dependent, interacting via
short-range Buckingham potential and long-range Coulomb inter-
actions. An additional repulsive r� 24 therm is added to properly
treat the interactions at high temperature and pressure.[23] The
short-range cutoff was set to 8.0 Å, and the long-range interactions
were solved using the damped-shifted-force model[24] with 0.2 Å� 1

as a damping coefficient and 10.0 Å, as a long-range cutoff.
Potential parameters and partial charges can be found in Ref. [23].

The soda-lime silicate glasses of the following composition
(SiO2)65� x(CaO)35(Na2O)x with x=5, 10, and 15 were prepared by the
melt-quenching technique, which is often used for the preparation
of bulk glasses in atomistic simulations.[14,25–31] Initially, 10600 atoms
were inserted randomly in a cubic simulation box with periodicity
imposed in all directions. Unless otherwise stated, the time step
was set to 1 fs in all simulations. The samples were equilibrated at a
high temperature (T=4000 K) in the canonical ensemble (NVT
constant number of atoms, volume, and temperature) for 300 ps.
Then, the system was further equilibrated in the NPT ensemble
(constant number of atoms, pressure, and temperature) for 700 ps
at the same temperature with an imposed external pressure of
100 MPa, which was ramped to 0 MPa during the cooling. The

equilibrated liquids were quenched from 4000 K to 300 K using a
cooling rate of 1 K/ps. A production run in the canonical ensemble
at 300 K for 100 ps was performed to statistically average the
structural properties. All simulations are performed using LAMMPS
code,[32] and all atomic visualizations are done using OVITO.[33] The
density and glass transition temperature Tg of all compositions are
reported in Table 1.

Surface Preparation

The surface of the glasses was prepared by relaxing a configuration
at 2300 K, which is � 1:3Tg using periodic boundary conditions in
all spacial directions for 100 ps. Then, a surface was created by
adding a vacuum of 10 Å along the z-axis at the top and bottom.
The surface was equilibrated for 500 ps at the same temperature
(2300 K). Afterward, a quenching to 300 K was performed using 1 K/
ps as a cooling rate. At 300 K the temperature was further relaxed
for 1000 ps. The glasses with the surfaces were subjected to an
equilibration at 300 K for 250 ps using the reactive force field
ReaxFF,[34] with the parametrization from Senftle et al.[35] During the
ReaxFF simulations, the timestep was reduced to 0.25 fs, and the
charge equilibration was performed for every 100 timesteps using
the Qeq formalism.[36–38] The choice of the charge equilibrating
frequency is based on the fact that at low temperatures (300 K), the
diffusion of the atoms is very low, and the atoms do not change
their environment very frequently. Moreover, different charge
equilibrating frequencies were checked for the robustness of the
results.

Adsorption Energy Calculation

The calculation of the adsorption energy or, also known as the
binding energy, Eads was obtained using the ReaxFF[34] force field at
a temperature of 300 K using eq. 1.

Eads ¼ EGW � ðEG þ EWÞ; (1)

where EGW, EG, and EW are the potential energies of the glass with
the water molecule on its surface, the potential energy of the glass
surface without a water molecule, and the potential energy of a
free water molecule in the gas phase, respectively. The upper
surface of the glasses was divided into 50×50 grid, resulting in 2500
grid points for each glass surface. A single water molecule was used
to scan the grid and determine the local adsorption energy as
schematically depicted in Figure 1 while allowing for potential
chemical reactions between the water molecule and the glass
surface. The water molecule is added for each grid pixel with a
separation distance of 3 Å from the surface. The position of the
center of mass of the water molecule was constrained in the x- and
y-direction in a way to keep it fixed at that (x,y)-coordinates, while
the z-position was allowed to move freely. The hydrogen atoms
were allowed to move freely in all spatial directions to allow for
possible rotations of the water molecule. The adsorption simulation
was run for 10 ps for each grid point, and the final Eads (Eq. 1) was
obtained by averaging the values of Eads of the last 2.5 ps. The
charge equilibration was performed every timestep.

Table 1. Density 1 and Tg of the simulated glasses.

x (mol%) 1 (g/cm3) Tg (K)

5 2.74 1800

10 2.77 1780

15 2.81 1752
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Results

Bulk Glass Structure

The structure of the glass is validated in the paper that
provided the parameter of the potential against many simu-
lated binary and ternary silicate and aluminosilicate glasses.[23]

The results showed very good agreement of the density and
the structure obtained from this potential and experiments.[23]

The structure factors S(q) of all the simulated samples are
plotted in Figure 2 along with the structure factor obtained by
neutron diffraction experiments for the (SiO2)73.36-(CaO)11.78-
(Na2O)14.86 compositions taken from Ref. [39], which is the

nearest composition to the simulated ones found in the
literature. The structure factor obtained from the simulated
glasses compares well to those obtained by neutron diffraction,
which highlights the ability of the used interatomic potential in
simulating glass models with realistic structures. Moreover, the
position of the first sharp diffraction peak (FSDP) shifts towards
larger q values, and its intensity decreases. The overall shape
and trend of S(q) obtained from experiments are well repro-
duced in the MD-simulated glass structures. An important
observation obtained from the structure factors is that the
short-ranged structure (large q values) is not affected by the
composition. This is, in fact, observed in the pair distribution
functions. In Figure 3(a), the first peak of the Si� O g(r) is shown
for all glasses. The position of the first peak is not affected by
the composition change and is centered around 1.58 Å, which
is in good agreement with the data reported in the
literature.[40–43] Similarly to the Si� O g(r), the coordination
number of Si calculated by integrating the Si� O g(r) up to its
first minimum (1.9 Å), did not show any change with changing
the glass composition (See Table 2).

Figure 1. (a) A slice showing the distance between the water molecule and
the glass surface. (b) shows a schematic representation of the calculation of
the water adsorption energy.

Figure 2. The structure factor for the simulated soda-lime silicate glasses
(solid lines) compared to experimental structure factor from Cormier et al.[39]

obtained by neutron diffraction of same or very close compositions (open
circles). The labels for the simulated S(q) are given in terms of Na2O content,
while for the experimental one, the composition is (SiO2)73.36-(CaO)11.78-
(Na2O)14.86. The vertical dashed lines highlight the position of the first four
peaks in the (SiO2)60-(CaO)35-(Na2O)5. It should be noted that the plots are
shifted by one along the y-axis for clarity.

Figure 3. pair distribution function for (a) Si� O, (b) Na� O, (c) Ca� O, and (d)
O� O in the bulk glasses at 300 K.

Table 2. Short-range structural parameters of glasses obtained from
molecular dynamics at 300 K. The cutoffs were set to 2.0, 2.75, 2.8, and
2.9 Å for Si� O, Na� O, Ca� O, and O� O pairs, respectively.

Si� O Na� O Ca� O O� O

x
(mol
%)

rij Nij rij Nij rij Nij rij Nij

5 1.58 4.00 2.21 5.49 2.23 5.85 2.53 4.71

10 1.58 4.00 2.20 5.45 2.23 5.86 2.53 4.45

15 1.58 4.00 2.20 5.54 2.22 5.84 2.53 4.17
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Figure 3(b and c) shows the change of the Na� O and Ca� O
g(r) with increasing sodium content. With the increase of Na2O
at the expense of SiO2, no visible change in the g(r) of both
Na� O and Ca� O is observed. The bond length of Na� O was
found to be 2.2 Å, and the of Ca� O is 2.23 Å. The mean
coordination numbers of the Na� O and Ca� O pair are around
5.5 and 5.85, which were calculated up to the first minimum of
the Na� O and Ca� O g(r) (rmin =2.75 for Na� O and 2.8 for Ca� O).

The g(r) of the O� O are depicted in Figure 3(d) and show
the mean distance between two oxygen atoms given by the
position of its first peak. With the increase of Na2O content, the
O� O distance did not change on average. Further analysis of
the oxygen local environment is characterized by the number
of silicon atoms found in the first coordination shell of the
oxygen. This enables the classification of oxygen atoms into
different types, namely free oxygen (FO), non-bridging oxygen
(NBO), and bridging oxygen (BO). Those are oxygen atoms that
have 0, 1, or 2 Si atoms in the first coordination shell. The
statistics of FO, NBO, and BO are shown in Figure 5, which
shows the number of FO and NBO is increasing with increasing
Na2O content at the expense of decreasing BO content. This is
expected as the content of the modifiers is increasing.

The angle distribution function (ADF) shown in Figure 4
indicates that the silicon atoms are forming tetrahedra (Fig-
ure 4(a) mean θO� Si� O�109°). The Si� O� Si bond angle distribu-
tions are presented in Figure 4(b) and provide information on
the linkage between the SiO4 tetrahedra. The Si� O� Si bond
angle has a mean value around 135° and slightly changes to
130° values. On the other hand, for the O� Na� O and O� Ca� O
angle distributions, the main peak is located at around 86° and
a subpeak around 62° angles.

The Qn distribution can be used to get some insights on the
near medium-range order in these glasses and how it changes
with increasing Na2O content. The n indicates the number of
bridging oxygen in each silicon tetrahedra. Figure 6 shows
histograms of the change of the Qn species with composition.
With the increase of Na2O content, there is an increase in the
low n Qn (n=0, 1, and 2), and there is a decrease of the high n
Qn (n=3 and 4). This is in good agreement with the NBO and
BO population analysis.

NC ¼
Xn

n¼0

nxn (2)

The network connectivity of the glasses was calculated
based on the Qn distributions using Eq. 2 with xn being the
fraction of the Qn, shown in Figure 6. The NC decreases with
increasing Na2O content. The NC of all glasses is below 3, which
is suggested as a structural threshold for accessing the

Figure 4. Bond angle distributions obtained of (a) O� Si� O, (b) Si� O� Si, (c)
O� Na� O, and (d) O� Ca� O in the simulated glasses at 300 K.

Figure 5. Histograms of the free oxygen O0, non-bridging oxygen O1, and
bridging oxygen O2 distribution in the soda-lime silicate glasses obtained
from MD simulations at 300 K. The error is smaller than the symbol size.

Figure 6. Histograms of the Qn distribution of the silicon atoms in the soda-
lime silicate glasses obtained from MD simulations at 300 K. On the
secondary axes, the network connectivity (NC) of the same glasses is plotted
as a function of the Na2O content. The error is smaller than the symbol size.
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bioactivity of the oxide glasses, meaning that all glasses are
supposed to be bioactive.[14]

Glass Surface Structure

Although, the bioactivity of the glasses is often accessed using
bulk dynamical properties and structure.[14–16] The first inter-
action of the glass with any physiological environment, e.g.,
soft tissues, is through its surface. Moreover, the surface plays
an important role in determining the chemical durability of
glasses. Thus, there is a need to also analyze the structure of
the surface with the glass composition and its resemblance to
the bulk structure and how it can be linked to the bioactivity
and degradation behavior of the glasses.

The NBO and BO profiles shown in Figure 7(a and b)
highlight that the oxygen atoms found at the surface are all
NBOs, while they converge to the mean value in the bulk region
(See Figure 5). On the other hand, the network connectivity
shown in Figure 7(c) indicates that the glass surface is less
connected than the bulk glass, which potentially will allow
easier adsorption of water molecules in the interior of the glass.

All results shown in Figure 7 confirmed that the surface is rich
in Na and Ca (See Figure 10), and the first atomic layer at the
surface is exclusively composed of NBO, Na, and Ca ions for all
glasses.

On the other hand, the topological constraints of oxide
glass surface were shown to be linked to the glass reactivity,
such as dissolution rate and hydrophobicity.[20,44–46] Thus, in
Figure 8, the topological constraints per atom maps of the glass
surfaces are shown. The topological constraints were counted
by excluding all NBOs, sodium, and calcium atoms from the
structure. The number of rigid constraints nc around each
network-forming atom was then calculated using the eq. 3:

nc ¼ 2r � 3þ
r
2 ; (3)

where r is the average coordination number of network-forming
atoms. This algorithm of counting the number of constraints is
well established in the literature.[20,44–46] The surface was
identified using a surface mesh with a probe sphere radius of
4.9 Å, and atoms that are 5 Å below the surface were
considered to obtain the surface maps.

Figure 7. Profiles of (a) NBO concentrations, (b) BO concentrations, and (c) network connectivity along the z-axis, which is the surface normal axis.

Figure 8. Topological constraints maps of the surfaces of the three glasses simulated in this work. The nc data is averaged over 100 configurations, each
separated by 1 ps. (a) is for (SiO2)60(CaO)35(Na2O)5, (b) (SiO2)55-x(CaO)35(Na2O)10, and (c) (SiO2)50(CaO)35(Na2O)15.
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It is clear from the surface constraints maps that the glasses
go from a surface structure that is stresses-rigid (nc > 3) to a
flexible one (nc < 3) with increasing Na2O content. This
transition is also linked to the increase of the Na and Ca on the
surface compared to the bulk glasses. This indeed has
implications on the dissolution rate and the surface hydro-
philicity of the glasses, as the number of constraints per atom
was shown to be a good descriptor to predict the dissolution
rate and surface hydrophilicity,[19,20,47 48] where glasses that have
lower surface constraints tend to be hydrophilic.[19,20]

Adsorption of H2O on the Glass Surface

The adsorption energies were calculated using the method
described in Sec. II. The results of the local adsorption energies
are shown as a 2D heatmap in Figure 9 for all glasses. It should
be noted that only the top surface was used for the
calculations. In the top panels of Figure 9, histograms of the
distribution of the local adsorption energies are shown, with
the mean values μ and skewness S given inside each plot. In the
top panel of Figure 9(c), a snapshot of a configuration with an
adsorption energy of around � 3 eV is shown. In this config-
uration, the water molecule is electrostatically attracted to the
Na and Ca cations, with the distance between the oxygen from
water and the nearby Na and Ca is nearly similar and is around
2.62 Å, which increases the binding strength of the water to the
surface. Most of the Eads values are between � 3 and 0 eV.
Although there are only very few studies similar to the current
one, the current results are similar to the literature data for
other silicate glasses.[18,20,49]

The mean value of adsorption energy decreases (increases
in absolute values) with increasing Na2O content. The decrease
of the adsorption energies with Na2O is because the content of
the modifier on the surface increased, especially Na (See
Figure 10). It should be noted that the values of the adsorption
energies might be higher than the real ones, although a good
agreement is observed when compared to other MD simula-
tions, which is attributed to the fact that the glass further
relaxes during the water adsorption simulations.

Discussion

The bulk and surface structures of soda-lime silicate glasses
were investigated. The surfaces simulated in this work were
intended to represent those of a real melt-quenched surface
created during cooling, which is believed to be a realistic
approach to modeling glass surfaces. The surface is richer in
modifiers and NBOs than the bulk glass, which led to a decrease
in its network connectivity (See Figure 7(b)). These changes in
surface chemistry have implications for the surface structure
and other properties it affects, such as bioactivity and
degradation rate.

The adsorption of water on the surface of the glass plays a
crucial role in determining the bioactivity of the glass, in
particular in the formation of the HCA layer, which is necessary
for bonding with biological tissues. The increase of Na and Ca
density on the surface, as shown in Figure 10, leads to higher
surface reactivity. This reactivity is reflected in the adsorption
energies of water on the glass surface, where the adsorption
energy was observed to increase, in absolute values, with the

Figure 9. Top panels are histograms of the adsorption energy in the three glasses simulated in this paper (mean μ and skewness S are given inside each plot),
while bottom panels are spatial maps of the Adsorption energy maps after having been coarse-grained through a Gaussian filter. (a) is for
(SiO2)60(CaO)35(Na2O)5, (b) (SiO2)55-x(CaO)35(Na2O)10, and (c) (SiO2)50(CaO)35(Na2O)15. In the top panel of (c) a snapshot of the atomic configuration at the
adsorption energy of � 3 eV is highlighted by the red box. The Si, Na, Ca, O glass, O water, and H are represented by brown tetrahedra, purple spheres, green
spheres, blue spheres, red spheres, and white spheres, respectively.
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increase of the density of the modifiers on the surface, leading
to a stronger bonding on the surface. This promotes the
formation of silanol groups (Si� OH� ), which increases the
hydrophilicity of the surface, leading to an enhancement of its
bioactivity. The creation of Si� OH� groups is usually a precursor
for the formation of the calcium phosphate layer (with
phosphorus attracted from the physiological environments),
which results in the precipitation and subsequent crystallization
of HCA.

By comparing the results from the present simulations to
other MD simulations using ReaxFF on sodium silicate glass,
which highlighted the presence of a transition from what
Wilkinson et al.[20] called a near hydrophilic� hydrophobic tran-
sition of the surface in the region around nc=3.0 constraints/
atom. This was attributed to the isostatic nature of that region
of the surface. However, this seems system-specific, as this
transition was not observed in the current studied glasses.
While the values of the Eads shown in Figure 9 indeed depend
on the local number of topological constraints per atom, no
hydrophilic� hydrophobic transition can be reported. This
behavior is explained by the fact that the surface of the glasses
is rich in defects (e.g., NBO) and modifiers (Na and Ca), which
favor water adsorption and binding, making the surface hydro-
philic. This explanation is supported by the atomic density of
Na and Ca cations depicted in Figure 10. This density was

measured in the number of Na or Ca atoms/Å3 and was
calculated considering a surface thickness of 5 Å. The atomic
density maps reveal that with increasing Na2O content, the
surface concentration of Na rises while that of Ca remains
relatively constant. Consequently, modifier ions at the surface
are anticipated to exhibit higher Lewis acidity than those within
the bulk, rendering them highly reactive in physiological
environments.[50,51] Moreover, if the surface is hydrophobic, the
water molecules adsorbed on it are weakly attracted by the
surface, and they are easily replaced by the hydroxyl
groups.[52,53] On the contrary, if the surface is hydrophilic, the
water molecules are strongly adsorbed on the hydroxyl groups,
which have a higher degree of electron bond polarization with
respect to oxygen ions within the glass matrix.[52,53] This will lead
to a more sustained ion release, which also depends on the
type of modifiers in the glass.[54]

It was shown that the presence of silicon linked by BO on
the surface of the glass leads to hydrophobicity, which agrees
with our observed results as more NBO were on the surface
than BO.[17] As the Si� BO content decreases, the adsorption
energy decreases (increases in absolute values), indicating that
the adsorption becomes more favorable. Moreover, we found
that the average adsorption energy in the Ca sites is always
higher than that of the Na sites (See Table 3). However, the
difference between the average adsorption energy in the Na

Figure 10. Top panels (a-c) are number density maps of Na atoms on the top surface, and bottom panels (d-f) are number density maps of Ca atoms on the
top surface. (a and d) is for (SiO2)60(CaO)35(Na2O)5, (b and e) (SiO2)55-x(CaO)35(Na2O)10, and (c and f) (SiO2)50(CaO)35(Na2O)15. All atoms within 5 Å from the surface
are used to get the density maps. The data is averaged over 100 configurations, each separated by 1 ps.
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site and adsorption energy in the Ca site decreases with
increasing Na2O content, which is due to the increase of surface
Na atoms with the increase of Na2O content (See Figure 10).
Other simulations using Car-Parinello MD on soda-lime borosili-
cate glass have shown a similar trend regarding the difference
between the adsorption energies in the Na sites and Ca sites.[55]

Although those calculations were performed for only one site
each, they still support the findings of the current work. Thus, it
can be concluded that the local composition of the surface
plays a significant role in defining the adsorption behavior of
water and potentially other molecules on the surface.[56]

The results of this work highlight that the locality of the
changes in the adsorption energies of H2O on the soda-lime
silicate glass surfaces is a key to understanding the bioactivity
of the glasses. Higher Eadsj j are typically correlated with more
reactive surfaces, which means that the formation of silanol and
other subsequent reactions of the ions exchange are facilitated.
This reactivity is essential for forming the HCA layer, which
allows the glass to bond effectively with the bones. Under-
standing the link between the adsorption energy and the
surface chemistry will eventually allow for enhancing their
bioactivity through surface engineering, making them more
suitable for biomedical applications. In particular, in environ-
ments where controlled degradation and sustained ion release
are necessary for bone regeneration and repair.[57–59]

Conclusions

In conclusion, three soda-lime silicate glasses were studied
using a combination of classical and reactive molecular
dynamics simulations. The structure of the glass surface was
extensively studied and compared to the bulk structure in terms
of NBO and BO content, as well as the network connectivity and
modifiers density. The local adsorption energies strongly
depended on the surface structure and composition. With the
increase of the modifiers in the glass surface and defects, the
water can bind strongly on the surface, which is the reason for
the hydrophilicity of the surface. Moreover, a correlation was
observed between the local adsorption energies and the local
topological constraints per atom. We hope that the insights
provided in this paper into the relationship between surface
chemistry and the adsorption energy of water on soda-lime
silicate glasses surfaces will pave routes for tailoring the
properties of oxide glasses through surface engineering and for
the rational design of new glasses with adapted properties,
e.g., bioactivity, for medical applications. In particular, for

applications where controlled degradation and ion release are
necessary.
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