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Oxide glasses have proven useful as bioactive materials, owing to their fast degradation kinetics and tunable
properties. Hence, in recent years tailoring the properties of bioactive glasses through compositional design
have become the subject of widespread interest for their use in medical application, e.g., tissue regeneration.
Understanding the mixed alkali effect (MAE) in oxide glasses is of fundamental importance for tailoring the glass
compositions to control the mobility of ions and, therefore, the glass properties that depend on it, such as ion
release, glass transition temperature, and ionic conductivity. However, most of the previously designed bioactive
glasses were based on trial-and-error, which is due to the complex glass structure that is nontrivial to analyze
and, thus, the lack of a clear picture of the glass structure at short- and medium-range order. Accordingly, we use
molecular dynamics simulations to study whether using the MAE can control the bioactivity and properties of
45S5 glass and its structural origins. We showed that the network connectivity, a structural parameter often used
to access the bioactivity of silicate glasses, does not change with Na substitution with Li or K. On the contrary,
the elastic moduli showed a strong dependence on the type of the modifier as they increased with increasing mean
field strength. Similarly, the mobility of the glass elements was significantly affected by the type of modifier used
to substitute Na. The change of the properties is further discussed and explained using changes at the short- and
medium-range structure by giving evidence of previous experimental findings. Finally, we highlight the origin
of the nonexistence of the MAE, the effect of the modifier on the bioactivity of the glasses, the importance of
dynamical descriptors in predicting the bioactivity of oxide glasses, and we provide the necessary insights, at the
atomic scale, needed for further development of bioactive glasses.

DOI: 10.1103/PhysRevB.105.134101

I. INTRODUCTION

Oxide glasses have attracted much interest owing to their
unique, highly tailorable properties [1]. In addition, numerous
compositions in the form of a combination of all elements
from the periodic table enable control of oxide glasses proper-
ties [2] and, in turn, allow for the development of new glasses
for many technological and medical applications [1,2].

Since the development of the first bioactive glasses (45S5
bioactive glasses or Hench glasses) by Hench and his col-
leagues in the late 1960s [3], much research has been devoted
to developing new oxide glass with good bioactivity. The 45S5
bioactive glass has been used in clinical applications start-
ing from the mid-1980s [4]. The 45S5 glass gained its good
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bioactivity from its ability to form hydroxycarbonate apatite
(HCA) as a surface layer enabling the bonding to the bones,
releasing ions, and more importantly, degrade in the body [5].
When implanted in the human body, a process of ion exchange
between the glass surface and the surrounding biological fluid
starts, leading to the formation of a bonelike HCA layer,
which is replaced partially by the bone after long-term im-
plantation [4,5]. Despite their excellent bioactive properties,
the Hench type bioactive glasses suffer from low mechan-
ical strength and fracture toughness, restricting their usage
to only applications that are not exposed to high loads [6].
Furthermore, many developed bioactive glasses resulted from
empirical studies, which hinders the further development
of oxide glasses as bioactive materials. Nevertheless, new
bioactive glasses with enhanced mechanical properties were
developed using different routes, such as producing compos-
ites by combining oxide glasses with polymeric phases [7] or
processing techniques like cooling under pressure [6].

Controlling the bioactivity through the control of the ion
release is of great importance, and it has been the focus of
many papers. For instance, Brückner et al. investigated the
effect of modifier size on the ion release and the apatite
formation in 45S5 bioactive glass. They partially replaced
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the Na2O with either Li2O or K2O, and as hypothesized,
the network connectivity of the glass is expected to be the
same. In contrast, the size of the added cations (Li or K)
affected the bioactivity of this glass. Moreover, the change in
the glass properties with partial replacement of one alkali by
another is known as the mixed alkali effect (MAE) [8–13],
and it has been shown to affect the ion release of silicate
glasses where the mixed alkali silicate compositions show
lower ion release compared to the glasses having only one
alkali element [14]. The addition of different modifiers to the
original 45S5 composition was heavily investigated to tweak
and enhance the properties of this bioactive glass. Arepalli
et al. investigated the effect of low barium (BaO) content on
the bioactivity, thermal, and mechanical properties of 45S5
bioactive glasses [15]. They showed that the addition of BaO
leads to a decrease in crystallization temperature, increasing
the flexural strength, and improved hemolysis compared to
the pristine (unmodified) 45S5 [15]. Another study showed
that the 45S5 glass containing 1.35 mol% of BaO have im-
proved anti-inflammatory properties compared to the pristine
45S5 [16]. Karan et al. [7] investigated the effect of lithium
oxide substitution on the structure, in vitro chemical disso-
lution, and mechanical properties of 45S5 based glasses and
glass ceramics [7]. They found that the mechanical properties
increased with increasing Li2O content in the glass and glass
ceramics, which was attributed to compact glass structure
in the presence of small-sized Li+ ions [7]. In vitro study
of glass-ceramics samples in simulated body fluid solution
showed that carbonated hydroxyapatite was formed on the
glass-ceramics surface.

Although experiments provided great details on the bioac-
tivity of the glasses, the atomic-scale picture of the events
that led to the bioactivity is not fully clear. Molecular dy-
namics (MD) simulations provide quantitative and qualitative
insights at the atomic scale that can be used to understand
the composition–processing–structure–properties relationship
in glasses. In this regard, the effect of processing on structure,
elasticity, and diffusion behavior of 45S5 bioactive glass has
been studied using MD simulations [6,17]. Furthermore, the
effect of alkaline earth oxides, especially Sr, on the struc-
ture, diffusion, and bioactivity of 45S5 was studied using
MD simulations [18–21]. These studies showed that partial
substitution of CaO by SrO have a beneficial effect on tissue
growth and enhances bioactivity by increasing the dissolu-
tion rate. This is directly linked to a weakening of the glass
network, as SrO have a field strength lower than CaO and
thus enables diffusion pathways with lower energy barriers
for cation/water exchange [18–20]. Moreover, there is always
a need to tailor, enhance, or design oxide glasses that have
a combination of good mechanical properties and bioactiv-
ity. In this context, we study the effect of Li2O/Na2O and
K2O/Na2O substitution on the elastic, dynamic, and structural
properties of 45S5 bioactive glasses at the atomic scale, and
we provide an atomistic understanding that is still missing to
the observed changes. Finally, the results are compared with
the data available in the literature.

The remainder of this paper is organized as follows: In
Sec. II, we describe the procedure followed to obtain the
results. The calculated properties are presented in Sec. III.
In Sec. IV we discuss the results, and we suggest possible

explanations for the obtained results. Concluding remarks are
given in Sec. V.

II. METHODS

A. Interatomic potential model

The Pedone et al. potential [22] was used to define the
interactions between atoms. In this potential, the particles
are treated as charge points interacting via Coulomb forces,
a Morse function to describe the short-range interactions
between pairs of atoms, and an additional r−12 repulsive
contribution is necessary to model the interactions at high
pressure and temperature. This potential gives a realistic
agreement with available experimental data as mentioned in
the literature [6,17,22–25] as it was designed to reproduce
structural and mechanical properties of a wide range of oxide
glasses. Potential parameters and partial charges are given in
the Ref. [22]. An interaction cutoff of 5.5 Å was used for
short-range interactions, while Coulomb interactions are cal-
culated by adopting Fennell damped shifted force model [26]
with a damping parameter of 0.25 Å−1 and of 8.0 Å as a
long-range cutoff.

B. Glass preparation

We simulated a series of nine mixed alkali 45S5 glasses
(CaO)26.9–(Na2O)(24.4−x)–(M2O)x–(SiO2)46.1–(P2O5)2.6 (with
M = Li or K, and x = 0, 6.1, 12.2, 18.3, and 24.4 mol%)
with classical MD, using the LAMMPS package [27]. These
compositions mimic the ones considered in the experimen-
tal work of Brückner et al. [28]. All samples consisting of
around 10 000 atoms placed randomly (with no unrealistic
overlap) in a cubic simulation box under periodic boundary
conditions with the box edges were chosen to reproduce the
experimental glass density as given in Ref. [29]. The samples
were equilibrated at a high temperature (4000 K) for 500
ps to get an equilibrated melt. The melts were subsequently
quenched to 300 K using a cooling rate of 1 K/ps. After
quenching, the glass was further equilibrated at 300 K in the
NPT ensemble (isothermal-isobaric ensemble) for 1 ns and a
100 ps in NVT ensemble (canonical ensemble) for statistical
averaging. The results presented in this paper are averaged
over 100 configurations (from the last 100 ps of the NVT
run) unless otherwise mentioned. Comparison between the
room temperature experimental glass density and the one
obtained from our simulations after the NPT relaxation is
given in Supplemental Material [30] Table S1 and a discussion
of the structure factor in the light of the available experi-
mental data [31] is given in the Supplemental Material (See
Fig. S1 [30]). The temperature and pressure were controlled
using the Nosé-Hoover thermostat and barostat [32,33], with
100 and 800 fs as coupling constants for the thermostat and
barostat, respectively. The equations of motion were solved
using the velocity-Verlet algorithm with a timestep of 1 fs.

C. Mean squared displacement and diffusion coefficient

The dynamic of the samples was calculated at a tem-
perature higher than the glass transition temperatures by
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FIG. 1. The diffusion coefficient of (a) O, (b) Si, and (c) P as a function of the mean-field strength and for different temperatures in
the mixed-alkali 45S5 bioactive glass. Filled circles indicate data for potassium mixed-alkali 45S5, while filled triangles are for lithium
mixed-alkali 45S5 bioactive glasses. The red vertical lines indicate the pristine 45S5 bioactive glass. The diffusion data is averaged over the
last 200 ps from an NVT run at each temperature, and the error bars are within the size of the symbol and are removed for clarity.

computing the mean-squared displacement (MSD),

MSD = 〈|r(t ) − r(0)|2〉 (1)

where r(0) is the initial position at time t = 0 and r(t ) denotes
the position at a time t, at temperatures ranging between
1500 K to 2200 K with a resolution of 100 K. The MSD
was calculated using trajectories obtained during NVT runs
for 2 ns and using a time step of 1 fs at each temperature. At
the beginning of each simulation, the sample was equilibrated
in the NPT ensemble at the desired temperature and zero MPa
for 100 ps. The diffusion coefficient D was obtained using
Einstein’s equation,

D = lim
t→+∞

MSD

6t
(2)

and it was averaged over the last 200 ps of each run. The
length of the simulation time used in this work is long enough
for the MSD to be in the linear regime and for the diffusion
coefficient to converge (see Fig. S2 in the Supplementary
Material [30]).

D. Calculation of elastic moduli

To calculate the elastic moduli, we used the second deriva-
tive method [24]. This method enables us to compute the
stiffness matrix as well as the compliance matrix. Using a
single-point energy calculation, the stiffness matrix elements
are obtained by

Ci j = 1

V

∂2U

∂εα∂εβ

. (3)

For cubic isotropic materials, there are only two independent
parameters of the stiffness matrix (C11 and C44) [22,24] and
C12 = C11 − 2C44. Following the Voigt convention, the bulk,
shear and Young moduli are given by Eqs. (4)–(6),

BVoigt = C11 + 2C12

3
, (4)

GVoigt = C44, (5)

E = 9BG

3B + G
. (6)

The computed elastic moduli reported in this paper were
calculated using molecular statics through energy minimiza-
tion. The obtained glass structures at 300 K were subjected
to an energy minimization to the closest energy minimum in
the potential energy landscape using the conjugate gradient
algorithm. The minimized structures were deformed in each of
the six directions in both positive and negative directions, and
the stress tensor was measured. This operation was repeated
100 times using different uncorrelated initial configurations to
get averaged elastic moduli.

E. Structural descriptor Fnet

In previous studies, many authors used the F net, which
is a structural descriptor for the estimation of the glass
strength. This parameter, which was originally proposed by
Lusvard et al. [34], takes into account both structural and
energetic properties of the glass. Recently, a modified ver-
sion of the F net was proposed [35]. In this new definition
[Eq. (7)], the energetic properties of the glass are the single
bond strength (SBS) as calculated by Sun [36] instead of
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FIG. 2. The diffusion coefficient of (a) Ca, (b) Na, and (c) Li or K as a function of the mean-field strength and for different temperatures
in the mixed-alkali 45S5 bioactive glass. Filled circles indicate data for potassium mixed-alkali 45S5, while filled triangles are for lithium
mixed-alkali 45S5 bioactive glasses. The red vertical lines indicate the pristine 45S5 bioactive glass. The diffusion data is averaged over the
last 200 ps from an NVT run at each temperature, and the error bars are within the size of the symbol and are removed for clarity.
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FIG. 3. Diffusion coefficients of O, Si, P, Na, and Ca as a func-
tion of temperature for the studied 45S5 bioactive glass. The symbols
represent the simulated data, and the lines are fit to the Arrhenius law.
The diffusion data is averaged over the last 200 ps from an NVT run at
each temperature, and the error bars are within the size of the symbol
and are removed for clarity.

the bond enthalpy of diatomic molecules used in the original
formulation.

Fnet = 1

N

cations∑

X

nXCNXOSBSXOMNC (7)

Where N is the total number of atoms, nX is the number of
cations of type X , CNXO is the average coordination number
of the pair X–O, and MNC is the overall network connec-
tivity that is NC = NCSi + NCP = ∑4

n=0 n × Qn
Si/P, and Qn

represent the fraction of n bridging oxygen per glass for-
mer tetrahedron which gives more accurate evaluation. This
modified version of the Fnet was shown to have an excellent
correlation with physical properties and dissolution rate of
many glasses [35,37,38].

III. RESULTS

A. Diffusion

The self-diffusion coefficients of all elements of the glasses
studied here are determined from the mean squared displace-
ment (MSD) (See Supplemental Material Fig. S2, where
we show the diffusion coefficient as a function of time for
the pristine 45S5 composition [30]) that was measured from
MD simulated trajectories at temperatures between 1500 and
2200 K with a resolution of 100 K and for a duration of 2 ns.
The D(t) curves displayed in the Supplemental Material [30].

Figure S1 show that the simulation time was long enough for
the atoms to diffuse and for D to converge. Moreover, the
MSDs of O, Si, and P showed that the glass former matrix
diffused an order of magnitude less than the modifiers, namely
Li, Na, K, and Ca. In addition to that, it is clear that the
addition of Li2O and K2O helped in reducing the diffusivity
of the glass network former atoms, with a more pronounced
effect for Li2O.

The bioactivity of oxide glasses has been shown to be
related to the mobility of ions within the glass, and their
ability to migrate to the glass surface and dissolve in the
body [28,39], leading to a necessity of checking the in vitro
cytocompatibility of the glass [28]. The diffusion coefficients
of all elements are plotted in Figs. 1 and 2 as a function of the
mean-field strength, which was calculated as ((1-x)FSNa−O +
xFSM−O), where M stands for Li or K, and x is the fraction of
modifier used to substitute Na2O. The values of FSM−O and
FSNa−O are calculated using the following formula: FSM−O =

1
(rm+rO )2 , with rM are the ionic radii of Na, Li, or K and rO is
the ionic radius of oxygen. Assuming that the ionic radius of
O is the same the equation is approximated to be as follows,
FSM−O = 1

r2
M

. As shown by the plots in Figs. 1 and 2 the
self-diffusion coefficients of all elements depend essentially
on the composition and temperature. The self-diffusion coef-
ficient of the glass network former O, Si, and P, increases with
increasing temperature, which is the expected behavior. In the
K-45S5 series, the diffusion of those elements stayed almost
constant with the increase of K2O content, while it showed a
slight decrease in the Li-45S5 series with the increase of Li2O
content (increasing mean field strength). On the other side, the
self-diffusion coefficient of the modifiers does not follow the
same trend. In Fig. 2(a), we show that the mobility of Ca ions
increases with decreasing K2O content with a maximum in the
pristine 45S5, and it decreases with increasing Li2O content.
In contrast to Ca, Na ions show almost no change in diffusion
coefficient in the K-45S5 series and become less mobile with
the increase of the Li2O content, as indicated by the decrease
of the diffusion coefficient shown in Fig. 2(b). For the diffu-
sion coefficient of Li and K shown in Fig. 2(c), DK increase
with increasing K2O and DLi showed no dependence on Li2O
content.

As mentioned previously, the self-diffusion coefficients of
each element were quantitatively calculated from the slope of
the MSD versus time in the linear regime and in all temper-
ature range. The lnDX , where X is one of the glass elements,
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FIG. 4. The activation energies ( Ea) of (a) O, (b) Si, and (c) P as a function of the mean-field strength in the mixed-alkali 45S5 bioactive
glass. The Ea was calculated from the fitting of the lnD vs 1000/T with the Arrhenius function. Filled circles indicate data for potassium
mixed-alkali 45S5, while filled triangles are for lithium mixed-alkali 45S5 bioactive glasses. The red vertical lines indicate the pristine 45S5
bioactive glass. The error is estimated from the fit.
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FIG. 5. The activation energies (Ea) of (a) Ca, (b) Na, and (c) Li or K as a function of the mean-field strength in the mixed-alkali 45S5
bioactive glass. The Ea was calculated from the fitting of the lnD vs 1000/T with the Arrhenius function. Filled circles indicate data for
potassium mixed-alkali 45S5, while filled triangles are for lithium mixed-alkali 45S5 bioactive glasses. The red vertical lines indicate the
pristine 45S5 bioactive glass. The error is estimated from the fit.

were plotted vs 1000/T, and it follows an Arrhenius behavior
that is depicted by the following equation,

lnD = lnD0 − �Ea

kBT
, (8)

where Ea is the activation energy, D0 is the pre-exponential
factor, kB is the Boltzmann constant, and T is tempera-
ture [40]. We can see that the activation energy is the slope
of the linear fitting between lnD and 1000/T; this follows
perfectly the Arrhenius law [Eq. (8)] as is shown in Fig. 3 for
all elements in the pristine 45S5. The calculated values of the
correlation factor R2 in all glasses and for all elements were
higher than 0.98, showing excellent linearity that validates the
calculation of the activation energies for self-diffusion.

The activation energies for self-diffusion for O, Si, and P
(Fig. 4) are slightly affected by the content of K2O while they
increase significantly with increasing Li2O content. The be-
havior of the activation energies of the modifiers does strongly
depend on the type of modifier used to substitute Na, as shown
in Fig. 5. Generally speaking, the activation energies are lower
than those obtained for O, Si, and P atoms, as expected. The
substitution of Na2O by K2O or Li2O increased the activation
energy for Ca and Na self-diffusion, with the minimum found
in the pristine 45S5 glass. We observe a clear non-linearity
of the behavior of the activation energy of Na migration with
mean FS in the K-45S5 glass, highlighting the presence of the
MAE, while it is almost not present in the case of Li-45S5.
The activation energy of Li self-diffusion is slightly affected
by the Li2O content, and that of K decreases significantly with
increasing K2O content.

B. Elastic properties

Figure 6 shows the elastic moduli (Young’s modulus, bulk
modulus, and shear modulus) as a function of the Fnet and
mean field strength (FS). The calculated elastic moduli are
in good agreement with available experimental data [7,29].
The elastic moduli decrease with increasing K2O content and
increase with increasing Li2O content, highlighted by the in-
crease of the elastic moduli with increasing mean FS. This can
be seen as an indication of the increasing bond strength and
elasticity of these glasses. Moreover, the rate of the increase of
the elastic moduli with decreasing K2O content in the K-45S5
series is slightly higher than the rate of increase of the elastic
moduli with increasing Li2O content in the Li-45S5 series.
Thus, we can tweak the elasticity of the 45S5 bioactive glass

by entirely or partially replacing Na with Li or K. We observed
a similar trend of the elastic moduli with the Fnet, and in good
accordance with previous studies that showed that the elastic
moduli are positively correlated with Fnet [35].

C. Structure

1. Local structure of the glass former atoms

The local structure of the glass former atoms (Si and P) in
the glasses is analyzed using the pair distribution functions as
depicted in Fig. 7 where we focus only on the first peak. The
average bond distances Si–O (1.6 Å) and P–O (1.52 Å) did not
show any dependence of the content or type of the modifier
used to substitute Na, which is in accordance with the data
reported in the literature [24]. However, the broadness of the
Si–O peak decreased as a function of the mean field strength,
which means that with increasing Li2O content, the Si–O bond
lengths are more homogeneous while increasing K2O they are
more heterogeneous. The integration of the pair distribution
functions to a specific cutoff, defined as the first minimum
of each radial distribution function (RDF), enable us to ob-
tain the mean coordination numbers of the network former
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FIG. 6. The elastic moduli as a function of the mean-field
strength in the mixed-alkali 45S5 bioactive glasses. Experimental
values of the Young’s modulus are taken from Ref. [29]. Filled circles
indicate data for potassium mixed-alkali 45S5, while filled triangles
are for lithium mixed-alkali 45S5 bioactive glasses. The red vertical
lines indicate the pristine 45S5 bioactive glass. The elastic moduli are
averaged over 100 initial configurations, the maximum error obtained
for the elastic moduli was 0.2 GPa, and the error bars are not shown.
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bioactive glasses at 300 K. The curves are shifted in the y axis for clarity.

atoms in the first coordination shell, that means how many
oxygen atoms surround Si or P. At the same time, its evolution
with distance is called cumulative coordination number. This
minimum is found to be 2.0 Å for Si–O and 1.8 Å for P–O.
The mean coordination number of Si–O and P–O shows a
plateau, indicating very well-defined first coordination shell.
Both Si and P are surrounded by four oxygen atoms, and it is
independent of the composition in the studied glasses. This is
in good accordance with previous results [6].

The Si–Si, P–P, and Si–P RDFs generally present the
distance of separation between the center of SiO4-SiO4, PO4–
PO4, and SiO4-PO4 tetrahedra. These RDFs show peaks
around 3.16 Å for both Si–Si and Si–P pairs, while for P–P,
the RDFs are not clear, which is due to the low P–P content
(see Supplemental Material [30] Fig. S3). The corresponding
cumulative coordination numbers of Si–Si and Si–P have val-
ues around 2.0 and 0.1 as shown in the supplemental material
Fig. S3. For the P–P pair, the distribution does not show any
correlations because PO4 are distributed in the network as iso-
lated units. In addition, the RDFs, the bond angle distributions
(BADs) provide details on the inter- and intrapolyhedral an-
gles and are shown in the Supplemental Material [30], Fig. S4.
The O–P–O BAD is centered around 109.4◦ and show no de-
pendence on the composition in the composition range studied
here. The O–Si–O and O–P–O BADs show the distribution of
the angles inside SiO4 and PO4 tetrahedra and are shown in
Fig. S4. The O–Si–O distribution is centered around 109◦ and
have a small shift of 1◦ toward lower angles in the Li45S5
while it is unaffected in the K-45S5. The Si–O–Si BADs have
a broad distribution centered around an angle of 146◦. The
Si–O–P BADs are affected by the content of Li or K. In the
pristine 45S5, it is a broad distribution centered around 160◦
and shifts toward small angles with the increase of the Li or K
content; moreover, the distribution shows a double peak in the
glasses when Li or K fully substitutes Na. We should stress
that P–O–P linkage does not exist in the 45S5 glasses, which
is in accordance with the data available in the literature [6,41].

2. Local structure of the glass modifiers

Figure 8 show the change of the Ca–O RDF with the type
and content of the modifier used to substitute Na. With in-
creasing K2O content, the Ca–O RDF becomes broader, while
with increasing Li2O content, it becomes more narrowed

compared to the pristine 45S5 glass. The mean coordination
number of the Ca–O pair, shown in Table S2, increases with
increasing mean field strength, from 5.97 in the glass with Na
fully substituted by K to 6.77 in the glass with Na entirely
substituted with Li. The Na–O behaves similarly to the Ca–O
pair for the RDF and shows increasing mean coordination
with increasing mean FS, as shown in Fig. 9. The Li–O and
K–O RDFs showed less dependence on the content of Li
or K, while the Li–O mean coordination number increased
with increasing Li2O content and that of K–O decreased with
increasing K2O content. If we look at the BAD of O-X-O and
X-O-X, where X stands for Li, Na, K, or Ca, as plotted in
Figs. S4 and Fig. S5, we can see that the environment of the
modifiers is more complex. This is due to the high coordina-
tion states that can be attained by these cations, presenting a
maximum of 8 for Na cations and a minimum of 3.8 for Li
cations.

3. Local structure of oxygen

The RDFs of the O–O pair are depicted in Fig. 10(a), show-
ing the mean distance between two oxygen atoms as given by
the first peak position. With the decrease of the field strength,
the O–O distance increases as shown by the shift of the RDF
toward larger distances, and it becomes slightly broader, in-
dicating that longer O–O bonds are present in the systems
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when the mean FS is low. This highlights the presence of large
polyhedral units in the glasses with low mean FS. The oxygen
local environment is further characterized by how many glass
former (Si or P) neighbors it have in its first coordination shell.
This results in defining two types of oxygen in these glasses:
nonbridging oxygen (NBO), an oxygen bonded to only one
Si or P, and bridging oxygen (BO), an oxygen bonded to two
Si or P. Moreover, it is worth stressing that P–O–P bonds do
not exist in the simulated glasses. As shown in Fig. 10(b),
the population of NBO is higher than that of BO, which was
expected as the glasses contain almost 50 mol% of modifiers
and should have more NBO than BO. These findings are in
good agreement with experimental data [28,41]. Moreover,
the content of NBO and BO is less affected by the type of
modifiers used to substitute Na and can be neglected.

4. Network connectivity and clustering of the modifiers around
the glass formers

The network connectivity of the pristine and mixed-alkali
glasses was calculated based on the Qn distributions using
Eq. (9)

NC =
n∑

n=0

nxn (9)

with xn being the fraction of the Qn, with n = 0, 1, 2, 3, or
4, the number of bridging oxygen (BO) atoms bound to a
network-forming cation. Figure 11(a) shows the partial (Si, P)
and total NC. The total NC is around 1.9 and is not dependent
on the composition, which is in excellent agreement with the
experimental data [19,28]. The P based NC is around 0.4 and
almost shows no dependence on the composition, and it is
lower than the total NC, while that of Si is around 2.15 and
is higher than the total NC.

The medium-range structure of oxide glasses is very im-
portant in what concerns the bioactivity and also other glass
properties [19]. Greaves, in his modified random network
model [42], suggested that in silicate glasses, it is expected
to have modifier rich regions and network former rich re-
gions leading to a heterogeneous network. The heterogeneity
strongly affects oxide glasses’ properties, including the diffu-
sion, implying that all properties that depend on it will also
be affected, such as bioactivity. The aggregation of a modifier
around a glass former (Si or P) is quantified by calculating the
ratio RT

i/ j :

RT
i/ j = CNT −i

CNT − j
× Nj

Ni
, (10)

where T is the network former, Si or P, i and j are two different
modifier cations among Li, Na, K or Ca; Ni is the number of
i type of cation in the simulation box. A ratio R near to one
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indicates that i and j ions are distributed around T statistically
without any preference. However, a ratio R > 1 suggests that
T prefer to be surrounded by i, and finally, a ratio R < 1
indicates the affinity of j. Moreover, by using this parameter,
we eliminate any compositional dependence due to a different
number of atoms on the preference of one modifier to be
around another. As shown in Fig. 11(b), for all compositions,
P prefers to be surrounded by Ca than by Na. Silicon prefers
Ca in the systems that contain potassium, prefer Na in the
glasses that have lithium, and does not show any preference
in the pristine 45S5. In addition to that, Fig. 11(c) shows that
both Si and P prefer to be surrounded by Ca than Li and
K than Ca in the lithium and potassium mixed-alkali 45S5
bioactive glasses, respectively. These results are consistent
with previous works [43].

5. Clustering of modifiers

In oxide glasses, it is known that the modifiers can show
spacial clustering [42], which was shown to depend on the
modifier content and type [24]. This type of clustering can be
extracted from trajectories obtained by MD simulations. To
do so, we use the parameter proposed by Tilocca et al. [44]
which is defined in Eq. (11):

RX−Y = NX−Y,MD

NX−Y,hom
= CNX−Y + δ(X−Y )

4
3πr3

c
NX

Vbox

, (11)

where δ(X−Y ) is 1 if X = Y and 0 otherwise and rc is a cutoff
distance at which the X − Y coordination number CNX−Y of
is calculated. The NX represent the total number of atoms X
contained in the simulation box of volume Vbox. In Fig. 12(a)
we plotted this ratio to check for Na–Na, Na–Ca, and Ca–Ca
clustering tendency as a function of the third modifier content
that is Li, or K. In Fig. 12(b), we plotted the Na–X, Ca–X, and
X–X clustering as a function of the third modifier content and
with X being Li, or K.

IV. DISCUSSION

The MAE we are focusing on in this paper is studied
by partial substitution of Na in the 45S5 bioactive glass by
either Li or K. By comparing the radii and molar masses of
Li, Na, and K, it is clear and well known that Li have the
smallest radius and lowest mass followed by Na and then K.
Based on this, it is expected that the density of the glasses
should increase with increasing K content and decrease with

increasing Li content. However, if we look at Table S1 in the
Supplemental Material [30], one can see that the density is
decreasing in both Li- and K-mixed alkali 45S5, which is
not the expected behavior. Moreover, glasses with a similar
amount of alkali substitution have close enough densities,
which were found to be independent of the type of the alkali
metal (Li or K). Many factors could explain this. For instance,
the change in the Li–Li and K–K clustering ratios supports
this density decrease with increasing Li or K content. This
ratio decreases with increasing Li or K content, indicating
an increased repulsion between these modifiers, which will
lead to an increase in the volume and thus decrease of the
density. In addition, the oxygen density (shown in Fig. 13),
which indicates the compactness of the glasses, show that
while the density decreases in both glass series, the compact-
ness of these glasses is entirely different. The oxygen density
increases in the case of Li mixed alkali 45S5 glasses while
it decreases in the K mixed alkali 45S5 glasses, which is in
good agreement with experimental observations [29]. As a
matter of fact, Li has a very small ionic radius compared to
K; thus, when Li substitutes Na the SiO4 chains get closer to
each other. In contrast, in the case of substituting Na by K,
the SiO4 chains get pushed away from each other because
of the larger size of K, which is clearly shown in Fig. 14,
where the chains’ separation distance decreases with increas-
ing Li content and increases with increasing K content. This
will make the glass network less compact in the case of K
substituted 45S5 as highlighted by the change of the oxy-
gen packing density [29,45] and vice-versa for Li substituted
45S5. The snapshots in Fig. 15 visually show that the two
selected chains get closer to each other in the 100Li-45S5
glass, and they are pushed away in the 100K-45S5 glass. Thus,
this competition between the atomic weight and size of cation,
which one can be dominant over the other, plays an important
role in affecting the glass density and other properties, as will
be discussed later. This highlights that Li affects the glass
differently than K, although they are both alkali metals. The
presence of a silicate network made mainly by Q2 units and
orthophosphate units [See Fig. 15(c)] is usually due to modi-
fier cations which balance the charge [28]. For the 45S5, when
we only have sodium and calcium as modifiers, we showed
that Ca and Na are randomly distributed around Si and P [see
Fig. 11(b)]. The presence of a third cation with a significantly
different radius indeed cause a preference, as was evidenced
in Figs. 11(b) and 11(c). The preference of P to be surrounded
by Ca is more pronounced in the Li series than in the K series,
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which is related to the compactness of the Li substituted 45S5
glass. Moreover, as we showed in Fig. S6 in the Supplemental
Material, the rings structure almost does not change with the
addition of K or Li and fluctuates around the average values
of the pristine 45S5. The mean chain length show that when
Na is substituted by Li, the mean chain length is almost the
same as compared to the unmodified 45S5 glass, while when
Na is substituted by K, the average chain length increases.
This indicates that the addition of K enabled the formation of
longer chains.

The properties of the glasses that depend on the transport
mechanisms, such as the ion release and glass transition,
strongly depend on the composition of the glass. The partial
substitution of an alkali by another one, in some cases, causes
a nonlinear change in the properties, where the glass proper-
ties exhibit minima or maxima at the composition with equal
content of the alkali metals. However, previous experimental
studies [28] showed that mixed alkali 45S5 did not show
a nonlinear dependence in their properties, meaning that no
maxima or minima were observed when compared to single
alkali glasses. This indeed correlates pretty well with our
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FIG. 13. Oxygen density as a function of the mean field strength
at 300 K. Filled circles indicate data for potassium mixed-alkali
45S5, while filled triangles are for lithium mixed-alkali 45S5 bioac-
tive glasses. The data is averaged over the last 100 ps from an NVT
run, and the error bars are within the size of the symbol and are
removed for clarity.

findings, where no minima or maxima in the glass properties
were observed compared to the pristine 45S5. Instead, the
diffusion decreased linearly with increasing mean FS, and
the elastic moduli increased with increasing mean FS. The
decrease in the diffusion in the 100Li-45S5 glass is due to
the compact network of the glass, making the ion mobility
harder. In Fig. 16, we show the diffusion coefficient per atom,
where D was calculated from the atomic mean squared dis-
placement and indicate the contribution of each atom to the
total diffusion coefficient. We chose three glasses to visualize
the diffusion coefficient which are the extreme cases, 45S5,
100Li-45S5, and 100K-45S5. The snapshots show 6- Å -thick
slices at 1500 K. The SiO4 and PO4 tetrahedral network is
presented by a mesh and the modifiers are shown as spheres.
The color of the mesh and the atoms indicate the value of the
diffusion coefficient. From the snapshots, we clearly see that
the diffusion of the atoms in the 45S5 glass is higher than
the other two glasses, supporting the data shown in Figs. 1
and 2. Comparing the diffusion in the 100Li-45S5 glass and
100K-45S5 glass, we see that the 100Li-45S5 glass shows the
lowest diffusion coefficient among all glasses. This is clearly
visualized in Fig. 16 middle snapshot. The 100K-45S5 glass
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FIG. 14. Chain separation as a function of the mean field strength
for the simulated glasses at 300 K. The chain separation distance was
calculated from the radial and angular distribution functions. Filled
circles indicate data for potassium mixed-alkali 45S5, while filled
triangles are for lithium mixed-alkali 45S5 bioactive glasses.
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FIG. 15. (a) and (b) are snapshots showing two slices of a width of 6 Å and zoomed in images showing two chains and their separation
distance in the sample containing 100 mol% Li (a) and the samples containing 100 mol% K (b). The blue dashed arrowed lines highlight the
separation distance between the two selected chains, with d1 and d2 the distances in 100 Li-45S5 and 100 K-45S5, respectively. The snapshots
clearly show that the chains are closer to each other in 100 Li-45S5 glass, and they are pushed away in the 100 K-45S5 glass. (c) shows the
simulation box of the 45S5 with two planes highlighting the zoomed-in slice. The boxes show different structural units in the 45S5 glass, such
as rings, chains linked to rings, and orthophosphate species. These medium-range structures are also found in other glasses.

has lower diffusion than the pristine 45S5, but higher diffusion
than the 100Li-45S5 glass. This behavior is due to the fact the
alkali metals are known to form an ionic bond with oxygen;
however, Li has a stronger bonding with O when compared to
Na and K [24].

On the other hand, the 100K-45S5 glass has a more open
network, leading to a slight increase in ion mobility and a
decrease in the K self-diffusion activation energy. The modi-
fiers in oxide glasses are surrounded by oxygen polyhedra, the
number of the oxygen surrounding the modifiers depends on
the size of the modifier and thus on the field strength [24]. This
will eventually lead to the formation of microsegregation of

the modifiers, forming channels within the glass network [42].
The tendency of channel formation will indeed depend on
the type of the modifier and will be affected by the two or
more modifiers present within the glass network [19,29]. The
modifiers clustering tendency has been previously discussed
in several papers [46], and it is evidenced in this study as
shown in Fig. 12. It was shown that the modifier’s chan-
nels play the role of energetically favorable routes for ionic
diffusion [29,47]. In oxide glasses, the process of ionic dif-
fusion is composed of a succession of ion hops along the
channels, where cation hop from one polyhedron to a re-
cently vacated neighboring polyhedron [25]. The differences

FIG. 16. Snapshots showing slices of a width of 6 Å from the 45S5, 100 Li-45S5, and 100 K-45S5 glasses. The SiO4 and PO4 are shown
using a mesh, and the modifiers are shown as spheres. The mesh and atoms are colored by their diffusion, calculated from the atomic mean
squared displacement at 1500 K. The snapshots clearly show that the Si, P, and O atoms have lower mobility than the modifiers with the pristine
45S5 glass having the highest mobility of atoms, followed by the 100 K-45S5 glass, and the lowest diffusion is recorded in the 100 Li-45S5
glass.
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in the electronegativity of the alkali metals can also affect
the ion release rate, which was observed by the behavior
of the diffusion coefficients and the activation energies. The
alkali elements with a higher degree of covalency in their
bonding (e.g., Li), as depicted by the values of FS, tend to
be strongly bonded to oxygen atoms and, therefore, have a
reduced ion release compared to elements with lower bond
covalency (lower FS) such as K. The absence of MAE in the
45S5 (Hench type) glasses can be mainly attributed to the fact
that the network is less polymerized compared to that in net-
work silicate glasses which has higher network connectivity
and thus different transport mechanisms [48]. This will lead
to significant differences in the dissolution behavior and ion
release [48,49], which were shown to depend on the glass
topology strongly [48]. Although the network connectivity of
these glasses is almost the same, the diffusion coefficient and
activation energies for self-diffusion were strongly affected by
the sodium substitution by Li and K, and we observed that the
pristine 45S5 showed the optimal diffusion properties that will
eventually lead to optimal ion-release and thus apatite forma-
tion when compared to the substituted glasses. This effect is
more pronounced in the case of Li-substituted 45S5 glasses.
Hence, based on the above discussion, it is evident that the
mixed alkali glasses from both series have lower bioactivity
compared to the pristine 45S5. However, the K-45S5 series is
expected to be more bioactive than the Li-45S5 series. These
findings are in good agreement with experimental observa-
tions, where the pristine 45S5 glass showed the fastest apatite
formation and best bioactivity when compared to the substi-
tuted glasses [28]. However, it is worth noting that the full or
partial substitution of sodium or calcium can still be beneficial
and desirable in tailoring the mechanical properties of these
glasses, especially the hardness and elastic moduli to make
them mechanically compatible with the implantation zone. In
addition to tuning the mechanical properties of the glasses,
the partial substitution can be used to prevent crystallization
or control some of the body functions that will help in fast
healing [50].

The change in the glass structure can also be related to
the change of the elastic moduli. The Li-45S5 glass showed
the highest elastic moduli among other glasses, while K-45S5

showed the lowest elastic moduli. This correlates well with
the glass packing density as shown by the oxygen content,
where glasses with higher oxygen density have the highest
elastic moduli and vice versa. These trends are in good agree-
ment with experimental findings [29]. Furthermore, the glass
strength, as indicated by the Fnet, increases with increasing Li
content while it decreases with increasing K content; this is
also observed in the change of FS, indicating an increase of
the bonding strength that eventually leads to an increase of
the elastic moduli.

V. CONCLUSION

In conclusion, using MD simulations, we showed that there
is no visible mixed-alkali effect on the diffusion and elastic
properties of Li- and K-substituted 45S5 bioactive glasses.
However, we pointed out that the complete or partial substitu-
tion of sodium by another alkali will be desired for tuning the
properties of these bioactive glasses, such as ion release and
mechanical compatibility. We demonstrated that the changes
in the diffusion and elastic properties were related to the
changes of the packing density of these glasses, which is
positively correlated with the elastic moduli. The changes of
the oxygen packing density were mainly due to the –Si–O–Si–
chains getting closer in the glasses having Li and pushed away
from each other in the glasses containing K. Furthermore, the
changes in the dynamic behavior of the studied systems, will
indeed, affect the processing window of these glasses, e.g.,
reducing crystallization. We believe that the insights provided
in this paper into the alkali substituted 45S5 will pave routes
for tailoring the properties of bioactive glass and for the ra-
tional design of new bioactive glasses for medical and clinical
applications.
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