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Abstract A first step towards a computational
multiscale approach has been adopted here to deal with
the computational simulation of the Hench bioglass®
45S5, an amorphous material of 48.1% SiOj, 25.9%
CaO0, 22.2% NayO and 3.7% P,O5 composition. Molec-
ular dynamics simulations based on classical force fields
followed by static minimizations on quenched structures
have been run on a unit cell size suitable for subsequent
ab initio calculations. The molecular mechanics opti-
mized unit cell envisaging 78 atoms of Naj;Ca7P,Sij3
Oy44 composition and P1 symmetry has then been fully
optimized (both unit cell parameters and internal coor-
dinates) at B3LYP level in a periodic approach using
gaussian basis sets of double-¢ quality and the devel-
opment version of the CRYSTALO3 code. Comparison
between the molecular mechanics and B3LYP optimized
structures shows the latter to give a slightly higher
density than the former, due to overestimation of the
Si—O bonds and underestimation of the Si—O-Si and
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Si—O-P angles, respectively. Other geometrical features
are in excellent agreement within the two approaches.
Electronic properties of the Hench bioglass have been
reported at B3LYP for the first time and both Mullik-
en charges and electronic band structure show a rather
ionic character of the material, whereas a band gap of
about 6.5 eV characterizes the bioglass as a strong insu-
lator. Work presently in progress will soon allow the
information to be transferred from the B3LYP calcu-
lations to the molecular mechanics engine in order to
refine the presently available empirical force fields for
complex ionic systems and their surfaces.

1 Introduction

The computational modelling of amorphous solids is a
difficult task, the immediate difficulty arising from the
need to obtain atomistic models (coordinates of the
atoms) that reproduce the known experimental features
of the material. This is because no currently conceivable
set of experiments leads to a unique structure of an
amorphous compound and there is no rigorous defini-
tion of when it has been determined.

Molecular dynamics (MD) simulations may be
considered the intuitive natural way to make a com-
puter model of an amorphous or glassy material. In
this framework, an equilibrated liquid is cooled through
the glass transition to the final solid structure. Periodi-
cally repeated units are usually utilized, and the faulty
assumption of periodicity is compensated by the use
of large unit cells. Recent ab initio molecular dynam-
ics simulations have provided very accurate data on the
local structure and electronic properties of amorphous
silica or simple silicate glasses [1-3]. Unfortunately, at
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present, the size and time scales which can be probed
by ab initio molecular dynamics are limited to few hun-
dreds of atoms and tens of picoseconds.

Classical molecular dynamics (MD) simulations allow
the study of structural, mechanical, thermodynamical
and dynamical properties of relatively large systems (of
the order of 10°~10° atoms) for long time scales (order
of ns). However, the reliability of the results obtained
strongly depends on the adequacy of the description of
the inter-atomic potential, acting on the constituent ions.

The aspect most frequently questioned regards the
limited validity of the force-field utilized. It is generally
assumed that empirical parameters are best used within
the class they have been fitted. Parameters for amor-
phous materials are typically obtained from fitting to a
set of experimental data measured on crystalline solids
and therefore their domain of applicability has to be
clearly understood and identified.

Moreover, a fundamental difference to harmonic
force fields used for organic molecules and biopolymers
consists in the difficulty of establishing a clear separa-
tion between bonding and non-bonding interactions in
the amorphous material. Bonding in alkaline and alka-
line-earth silicate glasses exhibits partially ionic and
partially covalent character and further complications
for parameterisation arise for multicomponent glasses
containing asymmetric network forming cations, such
as B** or P>*. In addition, bond breaking and form-
ing events can occur at the high temperatures used for
glass synthesis; thus the coordination number might vary
for a pair of elements during simulations. Finally, in
amorphous materials, irregularities may occur and, in
general, under- and over-coordinations should not be
ruled out.

Recent advances in the interatomic potential energy
functions allow the correct quantitative estimation of the
numerical value of structural, mechanical, thermo-phys-
ical, and transport properties for simple glasses [4-7].

Moreover, deep understanding of composition—
atomic structure relationships and insight into the
reactivity of multicomponent glasses have been achieved
[8-11]. However, accurate and reliable descriptions of
second-order properties for multicomponent glasses
have proved far more difficult, although general trends
that are consistent with experimental results can be ob-
tained [12]. With the inclusion of polarization effects
into empirical potential and the development of ab ini-
tio derived parameters, theoretical analysis of properties
besides structure has become appropriate [13,14].

To help in the development and assessment of new
interatomic potentials for classical force field of mul-
ticomponent glasses with special attention, in the long
term, to the description of glass surfaces and processes
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occurring there, we attempt in this paper the computa-
tional simulation of the Hench Bioglass® (45S5 glass
composition: 48.1% SiOj, 25.9% CaO, 22.2% NaO
and 3.7% P»05 % mol) by means of an ab initio local
basis set based periodic treatment as coded in CRYS-
TALO3 program [15]. It is worth noting that the studied
glass is of great interest in medical applications since in
the presence of body fluids, and depending upon the
rate of ion release and resorption, it creates chemi-
cal gradients which promote the formation of a layer
of biologically active bone-like hydroxyapatite at the
implantation interface. Osteoblasts can preferentially
proliferate on the apatite layer, and differentiate to form
new bone that bonds strongly to the implant surface.

The long range target of modelling such complex
processes occurring at the bioglass surface in a compu-
tational fashion is very ambitious and challenging. Here,
the first step of a multiscale strategy is proposed in or-
der to meet this goal; this involves the combined use of
MD based on classical molecular mechanics (MM) force
fields to generate the glass structure as a starting point
for a full ab initio static geometry optimization based
on the best DFT hamiltonians, i.e. hybrid functionals as
B3LYP, to fully characterize the structural and electronic
properties of the glass.

2 Computational procedure

2.1 Generation of the amorphous structure by classical
MD simulations

In the cases of amorphous solids, as glasses, X-ray or
neutron diffraction experiments only provide one
dimensional information (correlation functions), there-
fore, a full three dimensional reconstruction of the
atomic structure is not possible, and recourse to mod-
elling is somewhat essential. The glass samples were
generated by means of classical MD simulations with
a recently published self-consistent force field explic-
itly derived for oxides, silicate and glasses [12]. A box
containing 78 atoms with cell size of 10.10 A per side,
calculated accordingly with the experimental density
of 2.72g/cm3, was considered. The initial position of
each atom was randomly generated. The leap-frog Ver-
letintegrator and a timestep of 2 fs were used to perform
MD simulations with the GULP package [16]. The sys-
tem was then heated at 6,000K, a temperature more
than adequate to bring the system to its liquid state in
the framework of the adopted force field, which assigns
partial charges to atoms. The melt was then equilibrated
for 100 ps and subsequently cooled down continuously
from 6,000 to 300K in 1,140 ps with a nominal cooling
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rate of 5 K/ps. The temperature was decreased by 0.01 K
every timestep using Nose-Hoover thermostat [17] with
the time constant parameter for the frictional coeffi-
cient set to 0.1 ps. The cooling protocol influences the
results of the simulations and the one adopted here has
been optimized by comparing the simulated total neu-
tron distribution function, broadened as described by
Wright [18], with those obtained experimentally for sil-
ica and sodium silicate glasses.

Simulations were carried out in the constant volume
NVT ensemble. Another 100 ps of equilibration at con-
stant energy and 50ps of data production were per-
formed at 300 K. Configurations at every 0.1 ps were
recorded for structural analysis.

Finally, static energy minimizations at constant P and
constant V were carried out on the obtained MD config-
urations. The one chosen as a starting point for the peri-
odic ab initio full geometry relaxation is considered to
be representative of the different structural features ob-
served for the constituting atoms during the glass form-
ing dynamic procedure.

2.2 Technical considerations

Glasses are considered to possess an infinite unit cell
because of the lacking of long range order, so that in this
framework, big simulation cells with periodic bound-
ary conditions and minimum image convention are usu-
ally used to evaluate the pair interaction between ions.
Defining unit cell size adequate for ab initio treatment
from these large systems is not trivial, since both electro-
neutrality and the correct density of the system have to
be maintained. One possible solution is then to generate
the amorphous structure using a unit cell small enough
to be handled at ab initio level. A reasonable compro-
mise, has however, to be reached in order to avoid a
too small unit cell size which will suffer of poor statis-
tical averaging. Moreover, technical problems arise for
the choice of the cut-offs employed in the evaluation of
Coulombic and van der Waals interactions.

The pair-potentials used in this paper were recently
derived [12] by fitting structural and mechanical aspects
of oxides and several silicate crystals using a short range
cut-off of 15.0 A ; the Coulombic interactions were eval-
uated by the Ewald summation with no minimum image
convention, within the GULP package [16]. In the sim-
ulation of glasses, the short range cut-off should be opti-
mized with respect to the dimension of the box. Besides
taking into account the computational effort, long cut-
offs lead to negative pressures in constant volume simu-
lations and glass densities higher than the experimental
one in constant pressure simulations. On the other hand,

short cut-offs give rise to instabilities in the integrations
affecting convergence.

Several tests carried out in our lab showed that an
appropriate short range cut-off for the adopted potential
is 5.5 A . This is longer than half the simulation cell edge
length; therefore, the minimum image convention was
not applied here.

As already stated, the electrostatic interactions
usually are evaluated through the Ewald summation
method [19]. In this method, the Coulombic term is sub-
jected to a Laplace transformation and then separated
into two components, one of which is rapidly conver-
gent in real space, and a second which decays quickly in
reciprocal space. The resulting expressions for real and
reciprocal space are:

N N
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where ¢ is the charge on an ion, G is a reciprocal lattice
vector (where the special case G = 0 is excluded), V is
the volume of the unit cell, and 7 is a parameter that con-
trols the division of work between real and reciprocal
space. The above equations still require the choice of
cut-offs for real and reciprocal space. One approach to
determine these in a consistent fashion is to minimise
the total number of terms to be evaluated in both the
series for a given specified accuracy [20]. This leads to
the following expressions:

N. 3 1/3
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The above expressions contain one difference from
the original derivation, in that a weight parameter, o,
has been included in the GULP code that represents
the relative computational expense of calculating a term
in the real and reciprocal space, respectively. Tuning of
this parameter can lead to significant benefits for large
systems. In the present work the accuracy has been set
to 1078 and w to 1.0 that are the default values within
the GULP code.

2.3 Geometry optimization with CRYSTALO3

The structure of the bioglass obtained by the MM proce-
dure previously described, has then been optimized with

@ Springer



936

Theor Chem Acc (2007) 117:933-942

the ab initio CRYSTALO3 program [15] with two differ-
ent Hamiltonians, namely Hartree—Fock and the hybrid
functional B3LYP. The starting structure of Naj,Cay
P»Si13044 composition contains 78 atoms in a cubic cell
(a=b=c=1010A, 0 = g = y = 90°) (see Table 1,
third column). The basis set adopted is an all-electron
extended Gaussian-type function (GTF) basis set. For
Ca ions, the first ten electrons (shell 1 and 2) are rep-
resented by the effective core pseudopotential of Hay
and Wadt [21,22], while three contracted GTF are used
for the remaining ten electrons (shell orbital 3sp and
4s) and one GTF for the outer sp shell (basis [HAY-
WSC]-31G) [23]. The exponents of the most diffuse
shells are agp = 0.5 bohr~2. Na ions are described by
a 8-511G basis set [24-28] (most diffuse shell exponents
asp = 0.323 bohr~2). Si atoms adopt a 6-21G(d) modi-
fied basis set (most diffuse shell exponent asp = 0.13 and
aqg = 0.5bohr~? for polarization functions), whereas
P atoms is described by a 85-21G(d) basis set with

Table 1 Structural properties (average values) determined after
MM at constant V, MM at constant P and DFT optimization with
the B3LYP functional

MM (V =cost) MM (P =cost) B3LYP

a(A) 10.10 9.92 9.42
b (A) 10.10 9.89 10.24
c(A) 10.10 10.51 10.34
a(®) 90.0 88.9 88.7
BC) 90.0 92.1 91.7
r(©) 90.0 87.7 86.0
Vel (A3) 1030.3 1029.2 993.9
d(g/cm?) 2.72 2.72 2.82
Si-O 1.607 1.606 1.658
cn. 4.0 4.0 3.7
Si-NBO 1.573 1.569 1.604
Si-BO 1.620 1.634 1.666
P-O 1.522 1.522 1.554
cn. 4.0 4.0 4.0
P-NBO 1.518 1.518 1.542
P-BO 1.552 1.552 1.648
Ca-O 2.479 2472 2.436
cn. 6.0 6.0 6.3
Ca-NBO 2.453 2.436 2.443
Ca-BO 2.737 2.761 2.611
Na-O 2.465 2.490 2.365
cn. 53 5.7 5.0
Na-NBO 2.420 2.434 2.390
Na-BO 2.621 2.680 2.722
0-0 2.598 2.598 2.692
Si-Si 3.102 3.100 3.064
Q (0-Si-0) 109.2 109.4 109.4
Q (O-P-0) 109.4 109.4 109.5
Q (Si-O-Si) 146.5 144.4 135.6
Q (P-O-Si) 171.0 169.0 138.0

(All the calculations have been performed starting from the same
initial structural model. Bond lengths are in A, bond angles in
degrees)
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most diffuse shell exponent ag, = 0.135 bohr—2 and
agq = 0.74583 bohr~2 for polarization, respectively. Oxy-
gen atoms are described with a 6-31G(d) basis set with
the most diffuse shell exponents a5, = 0.2742 bohr—2
and ag = 0.538 bohr~2 for polarization. The total num-
ber of atomic orbitals amounts to 1,098 functions.

The ab initio simulation has been divided in two
different macro steps. First, the unit cell parameters
were fixed at a given value while the fractional coor-
dinates were fully relaxed. In a subsequent step, the
unit cell parameters were relaxed and the procedure
repeated until convergence was achieved. This proce-
dure was carried out manually, since the CRYSTALO3
public version could not allow for the simultaneous opti-
mization of both set of variables. To speed up the cal-
culation, Hartree—-Fock Hamiltonian has been used as
a first method, starting from the MM optimized struc-
ture. About 500 macro optimisation cycles were needed
to achieve convergence, by running CRYSTALO3 on 16
IBM SP5 CPUs hosted by the CINECA Supercomput-
ing Center (IBM SP Cluster 1600, with IBM Power5
processors running at 1.9 GHz under the AIX 5.2 oper-
ating system). To speed up convergence, initial values of
the tolerances on gradient and maximum allowed geo-
metrical displacement were set to 0.003 hartree bohr—!
and 0.012 bohr, respectively. These values have been
then set to 0.0003 hartree bohr~! and 0.006 bohr for the
last part of the optimization (default values are 0.0003
hartree bohr~! and 0.0012 bohr).

Starting from the HF optimized structure, Becke
three-parameter (B3) hybrid exchange functional in
combination with the gradient-corrected correlation
functional (LYP) of Lee et al. [29,30] was used. The
B3LYP functional has recently been proved to be very
accurate for the treatment of ionic and covalent crys-
tals [31,32] and has been used by some of us to study
complex silicates, both as far as structures and phonons
frequencies are concerned [33-35]. By using a CRYS-
TALO3 development version, internal coordinates and
cell parameters have been optimized in a fully automatic
and efficient way on 16 CPUs (SGI Altix 350 with Itani-
um?2 Processor 3.0 MB L3 cache running at 1.3 GHz un-
der Suse-10 Linux operating system), adopting default
values of the optimization tolerances. The new imple-
mented optimization feature of the code has allowed
the optimization of the bioglass structure in less than
2weeks of wall clock time, which is very reasonable
for a system of this size in which internal coordinates
and cell parameters are fully coupled. This result has
also been possible due to significant improvements in
the generation and handling of the integration grid in
the DFT calculation, which has been fully parallelized
in the CRYSTALO3 development version of the code.
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Indeed, for the B3LYP calculations, the adopted grid
of points over which the integration of electronic den-
sity and its gradient is performed was a pruned grid of
75 radial points and 434 angular points, divided into 5
subintervals of 50, 146, 194, 434, and 194 points (known
as LGRID) resulting in about 900,000 total grid points.
With this grid, the integration of the electronic density
gives the total number of electron with an error of 1073
electrons upon 766 total in the unit cell. For all calcu-
lations, default values of Coulomb and exchange toler-
ances series have been used (ITOL1 = ITOL2 = ITOL3
=ITOL4 =6,ITOLS =12); Hamiltonian matrix has been
diagonalized on eight reciprocal lattice points (k-points,
shrinking factor IS = 2) [36] by distributing the calcula-
tion on eight different CPUs so to achieve almost linear
scaling in this step as a function of k points.

3 Results and discussion

The small system size used in this study prevents the
study of medium range order properties such as clus-
tering of ions [9] and Q, [8], ring size [37], and void
size distributions [38]. Moreover, it is worth considering
that also the Si—O-Si inter-tetrahedral angle distribution
might be affected by the size of the simulation cell [14].
However, as shown by the presence of an energy gap
in the electronic density of states of amorphous oxides
and in the similarity of the vibrational spectra between
amorphous and crystalline materials, short range prop-
erties govern the electronic and vibrational properties
of the amorphous phases.

Therefore, the optimised structures have been analy-
sed in terms of their structural features, focusing on the
differences between the results of the classical and the
quantum mechanical approaches. Investigations were
carried out both by comparing computed density, lat-
tice parameters, bond distances, and angles—values are
listed in Table 1—and by graphical visualization of the
distribution of each atom inside the unit cell (see
Scheme 1, 2 and 3), using the molecular graphics pro-
gram MOLDRAW [39].

3.1 Structural features
3.1.1 Density
On one hand, the experimental value of 2.72 g/cm?

imposed on constant volume MM minimization is con-
firmed by the calculation carried out at constant P. On

Bioglass view along ¢ axis

MM (P = cost) B3LYP
Na*

SiO,and PO,*

Scheme 1 Graphical representation of the Na*, Ca’*,Si0,, and
POi" ion distribution inside the unit cell of the Hench 45S5 bio-
glass, as viewed along the ¢ axis

the other hand, relaxation of the cell volume using the
B3LYP functional leads to a density of 2.82 g/cm?, some
3.5% higher than the experimental one.

Constant volume MM calculations adopt a cubic
simulation boxe (¢ = b = ¢ = 10.10A and « = B =
y = 90°), whereas for both the constant pressure MM
and B3LYP cases the optimised cell is triclinic with rela-
tively small deviations from the cubic box. Comparison
between constant P MM and B3LYP shows that the
optimised unit cell of the latter (see Fig. 1) has the a
and c cell parameters smaller, respectively, than ~0.5
and 0.2 A than the former. As for the lattice angles, the
B3LYP «, 8 and y values deviate from the P constant
MM ones by less than 0.2°.
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Scheme 2 Graphical representation of the Na™, Ca2+, SiOy, and
POi_ ion distribution inside the unit cell of the Hench 45S5 bio-
glass, as viewed along the a axis

3.1.2 Bulk properties

The fundamental structure of the bioglass consists of
a random network of distorted SiOy4 tetrahedra sur-
rounded by sodium and calcium ions and of two phos-
phate groups, one isolated and the other linked to a SiO4
group—in Fig. 1 and Scheme 1, 2 and 3, labelled (1) and
(2), respectively. This last feature is known to be an
artefact since >'P MAS NMR findings [8] show that low
concentrations of P in the Hench Bioglass® allow the
random dissemination of isolated monophosphate units
in the silicon network. During the MD experiments on
large boxes [8,9], we observed that the occurrence of
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Scheme 3 Graphical representation of the Na*, Ca’t,Si0,, and
POZ’ ion distribution inside the unit cell of the Hench 45S5 bio-
glass, as viewed along the b axis

linked Si—-O-P units is strongly dependent, within the
framework of a chosen force field, on the annealing pro-
cedure used to obtain the glass structure. However, small
percentages of linked Si and P tetrahedra were always
found and this occurrence can be considered a defect
when large numbers of atoms are considered. To repro-
duce the statistical distribution observed in large boxes,
multiple small unit cells should be considered for ab ini-
tio calculations. While working is in progress to address
this issue, in this preliminary paper, a configuration rep-
resentative of both the possible structural features of
the P atom has been chosen as a starting point for the
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Fig. 1 View along the ¢ axis of the B3LYP Hench 45S5 bio-
glass optimised unit cell. The unit cell contains 78 atoms with
Naj,Ca7P2Sij3044 composition

periodic ab initio full geometry relaxation with the aim
of verifying the local stability of the P environment.

The detailed analysis of the geometrical features of
the tetrahedral network and the coordination environ-
ment of the modifier ions allows a clearer description of
the computed structures. Relevant geometrical features
of the optimised structures are also listed in Table 1.

The average Si—O bond length obtained by the B3LYP
functional of 1.658 A is longer than the average values
obtained by means of MM constant volume (1.607 A)
and constant pressure (1.606 A) calculations.

It is generally assumed [40] that the local structure
of a glass is similar to that of the phases separated by
glass crystallisation, therefore, the structural features of
the crystal phases obtained after thermal treatment [9]
might constitute a validation of the computational
results.

For the Hench Bioglass, the Na; CaSi; Og crystal phase
is the ternary sodium—calcium silicate identified as main
phase in the XRD pattern after 2.5h of thermal treat-
ment. In this crystal phase, the average Si—O bond length
is 1.601 A. This is given by the two contributions of
Si-BO (1.619 A) and Si-NBO (1.575 A), where BO is
a bridging oxygen and NBO is a non-bridging oxygen.
Classical parameters provide an average Si-BO bond
length that ranges from 1.620 to 1.634 A, and an average
Si-NBO bond length that ranges from 1.569 to 1.573 A,
depending on the adopted ensamble. These values are
longer at B3LYP level being 1.666 and 1.604 A for Si-
BO and Si-NBO, respectively. This fact is a well known
weakness of B3LYP and other pure GGA functionals in
predicting Si—O bond lengths which result too long [41].
An under-coordinated Si defect is also found in the
quantum-mechanical calculation leading to an average
coordination number of 3.7 oxygen atoms around Sil-
icon. Similarly, the B3LYP Si-Si and O-O distances
are longer than those observed in the MM minimized

structures, for which the average values are respectively
3.1and 2.60A .

Concerning the phosphates groups, there are two
different cases inside the unit cell, as already mentioned:
(1) and (2), the first of which is isolated while the sec-
ond group is linked to a SiO4 tetrahedron. The classi-
cal approaches provide an average P-NBO bond length
around 1.52 A, while the B3LYP functional provides an
average P-O about 1.554 A that is mainly made up by
the P-NBO contribution at 1.542 A. Recent experimen-
tal studies carried out by some of us [8,9] showed that
when the molar percentage of P,Os in the parent bio-
glass is augmented to 5% mol and more, the -NaCaPOy4
crystal phase crystallizes after thermal treatment. This
is an othophosphate, in which the P-O bond lengths
range from 1.477 to 1.604 A with an average distance at
1536 A.

The O-Si-O and O-P-O bond angles are all very
well reproduced and compare well with the experimen-
tal angles found in the Na;CaSi;Og and S-NaCaPOgy
which are 109.3 and 109.4° respectively. Pictures dis-
played in Schemes 1, 2 and 3 reveal that phosphate
groups are differently spatially oriented in the unit cell
of the B3LYP structure when compared to the constant
pressure MM one. This fact is probably a consequence
of the different P-BO distances and it can be due to the
differences in the silica framework previously outlined
and to the definitely smaller B3LYP P-O-Si angle (aver-
age value ~138°) in comparison to the value of ~ 170°
for the MM cases.

The Si—O-Si and P-O-Si angles show B3LYP aver-
age values which are always too small than the corre-
sponding MM ones. In general, changes of these angles
correspond to relatively modest variations in energy, so
that the final values are sensitive to both adopted func-
tional and basis set. Because these geometrical param-
eters control the bioglass density, their underestimation
at B3LYP level is the main reason (together with the
Si-O overestimation) of a lower computed density with
respect to the experimental one. Visual inspection of the
last rows of Schemes 1, 2 and 3 shows a slightly more
compact silicon framework at B3LYP when compared
to the MM case.

The local environment of calcium ions inside the
bioglass is very similar in the MM and B3LYP meth-
ods. The average Ca—O bond lengths of 247248 A at
MM level and 2.44 A at B3LYP compare well with the
average Ca—O bond length of 2.459 A in the ternary
silicate crystal and of 2.477 A for the B-NaCaPOy crys-
tal. Small differences are observed in the environment
around modifier cations, as Ca ion is surrounded, as
an average, by 6.0 oxygen atoms when MM is adopted
and by 6.3 at the B3LYP level. Indeed, inspection of
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Schemes 1, 2 and 3 reveals very few differences in the
distributions of Ca ions between the two computational
methods.

Finally, the average Na—O distances ranges between
2.46 to 2.49 A, with coordination numbers between 5.3
and 5.7 at MM level to be compared with a distance of
2.365 A and a coordination number of 5 oxygen atoms
for the B3LYP case. These distances range between 2.35
and 2.72 A in the Na,CaSiy Og crystal, with coordination
number between 6 and 8, whereas in the orthophosphate
crystal the average Na—O distance is 2.644 A and 8 oxy-
gen atoms around Na are found.

3.2 Electronic properties

The ab initio B3LYP calculation provides, besides
geometrical structures, electronic features of the 45S5
bioglass, as Mulliken atomic net charges, the band struc-
ture and density of states. As for the Mulliken net
charges, it results that the average values are 0.872,2.054,
—2.887 and —2.333 electrons for Na, Ca, PO4(1) and
PO4(2), respectively. Although it is known that Mul-
liken charges are relatively dependent on the adopted
basis set, the present values clearly indicate that the
Hench bioglass is an ionic material; indeed, Na and Ca
net charges are very close to the formal ionic charges
of +1 and +2, respectively. Interestingly, whereas Na
acquires about 0.128 electrons from the surrounding,
thus, decreasing its formal +1 net charge, Ca looses
about 0.054 electrons. As for the PO4 groups, Mulliken
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-0.50 /=
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net charges confirm the different nature of PO4(1) and
PO4(2) groups, since PO4(1) bears a charge closer to
the formal ionic charge of —3 than PO4(2), in agree-
ment with the isolated nature of the PO4(1) group in
comparison with PO4(2), which is linked to a Si atom of
the silica framework.

Band structure is calculated in the Brillouin zone
along the path '-B-F-G-T" with coordinates of the four
kpointsas: ' = (000); B=(1/200); F = (01/20)
and G = (0 0 1/2). Figure 2a displays the resulting
band structure diagram along this path, showing a rather
featureless and flat structure compatible with the ionic
nature of the bioglass, whereas the band gap of about
6.5eV shows its insulating nature. The total and pro-
jected density of states (DOS) are plotted in Fig. 2b and
show a direct correspondence with the band structure,
allowing the identification of the specific contribution
of the orbitals of each chemical species in the unit cell.
Thus, whereas Ca ions DOS fall in the lower end of
the energy range, Na ions states are closer to the Fermi
level. Silicon and oxygen DOS are the broadest, with
levels extending close to the Fermi level. Also phospho-
rous DOS, beside a peak deep in energy, contributes to
the DOS close to the Fermi level.

4 Conclusions

In this work, the first step in a multiscale approach for
the computational simulation of a material as
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Fig. 2 B3LYP band structure (a) and corresponding density of states (b) (total and projected on each atomic species) of the Hench
4585 bioglass structure; Fermi energy (FE) level indicated by the dotted line. Please note that different multiplicative factors are used to

enlarge the atomic DOS
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complex as the Hench bioglass® of 4585 of 48.1% SiO,,
25.9% CaO, 22.2% NayO and 3.7% P05 composition
has been undertaken. To achieve such a goal, molecu-
lar dynamics simulations based on classical force fields
have been carried out on a unit cell containing 78 atoms
with Naj,Ca7P,Si13044 composition and P1 symmetry.
Molecular mechanics minimization was then run on a
representative quenched structure, to relax fully the sys-
tem which is subsequently passed to the CRYSTAL code
as a starting structure to perform a full ab initio periodic
geometry relaxation using the hybrid B3LYP functional
with gaussian basis sets of double-¢ quality. The hybrid
B3LYP has been chosen because it has recently proved
to be very successful in the treatment of complex silicate
crystals [32-35]. Notwithstanding, more definitive con-
clusions could be drawn only by averaging information
on multiple small unit cells in the attempt of reproduc-
ing the statistical distribution of structures observed in
large boxes, some important points can be highlighted.

B3LYP optimized structures show a slightly higher
density than the one computed with the molecular
mechanics approach, the latter being also in good agree-
ment with the experimental one. This is due to a known
weakness of many GGA and hybrid functionals which
overestimate the Si—O bonds and underestimate the
Si—O-Si and Si—O-P angles, respectively. Ca and Na
distributions are in very good agreement with the two
approaches, as it is the local environment around the
two POy groups. The B3LYP calculations also provide
electronic features of the Hench bioglass, obviously
unavailable from the molecular mechanics calculation.
Mulliken net charges are close to the formal ionic
charges showing the ionic nature of the bioglass, whereas
the large band gap of 6.5eV shows, as expected, its
strong insulating character.

The present attempt is the starting point of a more
general multiscale approach, in which molecular
mechanics calculations will provide initial structures for
ab initio simulation. The latter, in turn, will provide
electronic features of complex materials and can also
be used to refine, in a fully ab initio fashion, the force
field parameters derived empirically. Present DFT func-
tionals (hybrid ones in particular) have been proved
as excellent tools for the simulation of static and dy-
namic properties of silica-based materials. On the one
hand, systematic overestimation of the calculated Si-O
bond lengths with the present functionals, may hamper
the derivation of a fully ab initio force field compet-
itive in accuracy with those derived empirically from
experimental data; on the other hand, many materials
are simply too complex to be modeled with the empiri-
cally force field derived on simpler systems, so that first
principles calculations will provide a unique way to

define new force fields apt to deal with the complexity
of biomaterials like the Hench bioglass. This is partic-
ularly true when the surfaces of such materials are the
target of interest, for which, basically no experimental
data are available for the derivation of suitable force fil-
eds. Work is actually in progress in our laboratories on
model systems like hydroxyapatite, in order to derive
a force field from B3LYP static and dynamic computed
data (infrared spectrum) for the accurate simulation of
this material which is so important for the bioglass func-
tionality [42].
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Electronic supplementry material

1. Hench bioglass 4585 MM (constant P) unit cell,
fractional XYZ coordinates

2. Hench bioglass 4585 MM (constant V') unit cell,
fractional XYZ coordinates

3. Hench bioglass 45S5 B3LYP unit cell, fractional
XYZ coordinates

4. GULP input of the MM (constant V) Hench
bioglass 45S5, in case of the constant P calculation,
substitute the keyword conv with the keyword conp

5. CRYSTAL input of the Hench bioglass 45S5
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