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Molecular Dynamics simulations have been performed to evaluate the capacity of the van Beest, Kramer and van
Santen (BKS) [1] potential with truncated Coulomb interactions as proposed by A. Carré et al. [2] to reproduce
amorphous silica surface properties. We compare the results obtained with the truncated BKS potential with
those obtained from its full-range interaction version. Energies of (SiO2)n clusters are computed for both poten-
tials. The energies and structural properties of small aggregates of silica (from ≈3.5 nm to 7.6 nm of diameter)
are investigated at high temperature. Both potentials lead to the same results for those properties when consid-
ering the transition from the core to the shell of aggregates. The significant computation time savedwith this cut-
off on Coulomb interactions allows for large-scale simulations of silica aerogels.
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1. Introduction

Silica aerogels are highly nanoporousmaterials structured into a tor-
tuous three-dimensional silica network. This high porosity can reach up
to 99% with hypercritical drying [3]. Typically, 80% of the nano-size of
pores is b30 nmwhich is at the origin of their very low thermal conduc-
tivity [4]. These super-insulation properties come at the price of poor
mechanical properties. Nevertheless, thesematerials are used in various
applications such as heat barriers, insulation panels for buildings,micro-
electronics, optics and acoustic devices [5,6]. Many experimental [7–10]
and modeling [11–14] studies cover various aspects of the mechanical
behavior of this important class of materials. However there is still a
lack of sound knowledge on the mechanical properties due to the
multiscale nature of the porosity network and of the particles.

Molecular Dynamics (MD) is an atomistic simulation method well
suited to study mechanical properties at nano-scale. However, the full
investigation of a system is limited by the size (volume of material)
and by the duration (CPU time) of simulations. It is even more valid
for materials with ionic interactions such as silica. These materials
need Coulombic interactions to be computed for long-range distances
at a great cost in terms of computation time. Focusing on highly porous
silica aerogels, most studies dealt with volumes ofmaterial smaller than
yon, CNRS, MATEIS, 7, Avenue
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203 nm3 [12,15,16,17]. Such small volumes are hardly representative of
the whole structure. Campbell et al. [11] attempted a large-scale simu-
lation (363 nm3) with a density of 1670 kg·m−3 (25% porosity) but it
still leads to a low surface area compared to real aerogels. A recent
study [18] dealing with thermal properties of silica aerogel exemplifies
the constraints onMD simulations to reach realisticmicrostructures. Al-
though the authors were able to reproduce successfully the power-law
variation of thermal conductivity with density, they could not simulate
samples with sufficiently large pores to compare directly with experi-
mental observations. This is because several millions of atoms and
systems with a length scale of hundred nanometers would have been
required whereas b60.000 atoms were used in their study. Clearly,
further progress in the simulation of silica areogels properties requires
reliable potentials that allow for much larger MD simulations.

Concerning mechanical properties, a solution adopted by Ferreiro
and Gelb [13,19] to get around the scaling problem consists in using
Coarse-Grained Molecular Dynamics. Their model allows for the inves-
tigation of larger systems created with primary particles that interact
through weak nonbonded forces and strong interparticle bonds. How-
ever the contact laws between primary particles during a simulated
mechanical test need to be more realistic and accurate. Atomistic simu-
lations that describe all interactions between atoms could advanta-
geously be used as input for such Coarse-Grained simulations. In this
context, the aim of our study is to demonstrate that using an effective
interatomic potential in MD simulations, it is possible to simulate
reasonably large volumes of material with high surface area.
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Various MD studies have focused on silica surfaces since the early
eighties. Garofalini is one of the pioneer in this research area through
his investigations on structure and diffusion of amorphous silica surface
[20–23]. Garofalini has also investigated water adsorption with
Mahadevan [24] and protonation of bridging oxygen sites with
Lockwood [25]. In these two studies, a dissociative water potential
with Wolf summation method has been used in order to truncate
long-range Coulomb interactions. Ma et al. study [26] have discussed
the convergence behavior of Wolf summation method. More recently,
Rarivomanantsoa et al. [27] and Roder et al. [28] have investigated sur-
face properties of thin silica film through MD simulations using the van
Beest, Kramer and van Santen (BKS) potential [1]. The structures obtain-
ed with the BKS potential are close to those from ab initio calculations
[29] that reveal the natural emergence of two-membered rings at the
surface. Surface energies calculated by Roder et al. are also in good
agreementwith experimental values [30].Mischler et al. [31] have com-
pared in detail the structure of amorphous silica surfaces obtained with
the BKS potential with ab initio molecular dynamics simulations using
the Car-Parinello method (CPMD). They found a higher concentration
of two-membered rings with the BKS potential as compared with the
CPMD. For small scales (b5 Å), ab initio calculations are predictably
more accurate for the simulation of the structure of silica surfaces. How-
ever, their results indicated that the structures obtained with both
methods do not differ beyond 5 Å. When considering the need for
an interatomic potential for silica [32] able to reproduce both bulk
and surface properties of the amorphous phase at nano-scale, the
BKS potential is a natural choice.

A recent study on silica bulk using BKS potential [33] showed that
the contribution of long-range Coulomb interactions to the total energy
is lower for the amorphous phase than for the crystalline phase at the
same density. These recent results are in good agreement with the suc-
cessful truncation of Coulomb interactions of BKS potential for amor-
phous phase [2]. This new potential truncated by Carré et al. [2] with
Wolf shiftmethod has been fitted on the original BKS potential to repro-
duce amorphous silica bulk properties. The benefits of this truncation
compared to the computation of the full Ewald summation have already
been discussed by Fennell et al. [34]. These authors have demonstrated
that the results obtained with such a truncation method are in good
agreement with those given by the full Ewald summation method for
bulk systems. However, it is still an open question whether such a trun-
cation is reliable for systems with free surfaces.

Here,we demonstrate that this newversionof BKSwithout Coulomb
long-range interactions [2] is able to reproduce the same silica surface
properties as the original BKS potential. The significant saving in com-
putation time could be used to study larger volumes of silica aerogels.
All simulations have been performed with Large-scale Atomic/Molecu-
lar Massively Parallel Simulator (LAMMPS) [35].

2. Methods

2.1. Interatomic potentials

BKS is an empirical potential which includes a short-range contribu-
tion described by a Buckingham form and a long-range Coulombic con-
tribution. It takes the general form for the interaction energy of atoms i
and j:

ΦBUCK rij
� � ¼ aij exp −bijrij

� �
−

cij
r6ij

; rij≤rcb ð1Þ

ΦBKS rij
� � ¼ qiqj

rij
þΦBUCK rij

� �
: ð2Þ

where qi is the effective charge, rij the interatomic distance and aij, bij,
and cij are short-range parameters [1]. The cut-off, rcb, for short-range
interactions is 5.5 Å. The BKS potential pertains to the Coulomb-
Buckingham and thus does not tend to positive infinity when r tends
to zero. At very high temperature, atoms may approach too close from
each other which may induce chaotic dynamics. A solution consists in
adding a 24–6 Lennard-Jones potential which is strongly repulsive at
short distance [16,36] to prevent overlapping atoms.
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where rcl is the cut-off radius of 3 Å and εij, σij parameters which can
be found in Ng's study [16]. Since there is no cut-off on Coulombic term,
all contributions are computed. This study involves free surfaces and no
periodic boundary conditions, thus, the Coulombic term is computed
using the Multilevel Summation Method (MSM) [37]. Also, when
using periodic boundary conditions, the evaluation of the Coulombic
term by the Ewald summation method [38] is the most CPU-time con-
suming stage for large systems. The long-range contribution of this
type of potential (BKS) can be advantageously truncated. Carré et al.
[2] used the Wolf shift method to introduce a finite distance cut-off on
Coulomb interactions. The Coulombic term in Eq. (2) is approximated
byΦW(rij):
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� � ¼ qiq j

1
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1
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þ 1
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where rcw is the cut-off on Coulomb interactions. The originalWolf shift
is based on the screening of the charge contained in the cut-off sphere
byplacing anopposite charge on its surface. Eq. (4) is amodified version
of Wolf shift method which has been proposed by Fennell et al. [34]. It
ensures the continuity of both the potential and the forces at the cut-
off radius, which was the main concern for the original Wolf shift. This
Wolf shift method differs from the full Wolf summation used by
Garofalini et al. [24,25] by applying a shift to the Coulomb interactions
without damping electrostatic interactions. Fennell et al. [34] have
shown very good agreement between this method and the full Ewald
summation. Thus, Carré et al. [2] have applied this truncation on the
BKS potential. Static and dynamic properties of bulk liquid silica such
as the radial distribution functions, the bond angle distributions, the
structure factor and the vibrational density of states have been fitted
on silica bulk using periodic boundary conditions from the original
BKS to its truncated version (denoted as Wolf BKS). This study uses a
revisited version of the Wolf BKS potential with smoothed interactions
and short-range repulsion (to prevent atoms overlapping at high tem-
perature). Moreover, repulsive interactions between Silicon atoms
have also been added compared to the original BKS. Those model im-
provements are meant to correct some known defects of the original
BKS and to smooth interactions near the cut-off radius. They do not
change significantly the properties of silica bulk. The full analytical
expression can be found in Shcheblanov et al. [39].

2.2. Analysis of SiO2 clusters using molecular statics

Molecular Statics is used to compute energies of small clusters
(monomers, dimers, trimers and tetramers). Surface effects play an in-
creasing role as the size of the system decreases. Thus, it is of interest
to reproduce small silica clusters and investigate their total and binding
energies to other MD results and to Density Functional Theory (DFT). In
that case, atoms are initially located at coordinates given by Harkless et
al. [40] and a potential energyminimization is performed using a conju-
gate gradient technique. The total and binding energies after minimiza-
tion at 0 K are compared to energies from Harkless using the Tsuneyuki
et al. (TTAM) empirical potential [41] which also computes Coulomb
interactions.

A simple monomer (Fig. 1) with symmetric linear form D ∞h is first
studied. It is composed by a silicon atom in between two oxygen



Fig. 1. SilicamonomerwithD ∞h symmetry (top) anddimerwithD 2h symmetry (bottom).
Silicon and Oxygen atoms are red and blue, respectively.

Fig. 3. Silica tetramers with D 2h (top) and C 2v (bottom) symmetry.
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atoms. The second cluster is a dimer (Fig. 1), which is composed by two
silicon atoms connected by a bridge of oxygen atoms. Two trimers with
D 3h and D 2d symmetry are also investigated (Fig. 2). The first trimer
exhibits a planar structure while the second trimer is a composition
of two linked silica dimers in orthogonal planes.

Finally, two silica tetramers (Fig. 3) are studied. Theymay be consid-
ered as a composition of a trimer and a dimer. The first tetramer is a lin-
ear clusterwith D 2h symmetry, and is a combination of D 2d trimer and a
D 2h dimer. The second tetramer has a C 2v symmetry and is a combina-
tion of a D 3h trimer and a D 2h dimer. Both clusters are contained in two
orthogonal planes. Larger andmore complex silica clusters can be stud-
ied [40], however the aimhere is not to investigate exotic clusters but to
make sure that energies given by the two potentials are sound.

2.3. Investigation of silica aggregates properties using molecular dynamics

Molecular dynamics is used to study amorphous silica aggregates
with a significant amount of free surface at high temperature. The sim-
ulationmethod is inspired from Roder's study [28] and results from BKS
andWolf BKS potentials are compared. Atoms of silicon and oxygen are
initially randomly introduced inside a sphere, obeying silica stoichiom-
etry and density (≈2200 kg·m−3). An energy minimization is per-
formed in order to avoid overlapping of atoms and temperature is
imposed to the system to complete the preparation stage. The integra-
tion of the equations of motion is achieved using a Verlet algorithm
with a 1.6 fs timestep. Langevin thermostat [42] in the ensemble NVT
is applied to control the dynamics of the system. In this study, the vol-
ume of the simulation box is much larger than the volume of the
Fig. 2. Silica trimers with D 3h (top) and D 2d (bottom) symmetry.
aggregate. This volume (and the density) can vary while the volume
of the simulation box is conserved, due to the large amount of free sur-
face. We increase the temperature of the structure from 0 K to a maxi-
mum temperature (Tmax) in 40,000 timesteps. Keeping the
temperature constant at Tmax, the average potential energy is calculated
over 60,000 timesteps (denoted as the relaxation phase). Note that the
linear and angularmomenta are set to zero every 100 timesteps to avoid
rigid body motion of the whole aggregate. Simulations have been per-
formed at Tmax = 4300 K, 4000 K, 3400 K, 3000 K and 2750 K. Three
structures with increasing sizes have been studied, N = 1296, 4608
and 13,824 where N is the total number of atoms.

Potential energies are calculated and compared to those obtained
from the bulk using periodic boundary conditions. This bulk structure
has been generated by placing randomly Silicon and oxygen atoms
with the correct stoichiometry and density (2200 kg·mm−3) in a simu-
lation box with periodic boundary conditions. A minimisation of poten-
tial energy using conjugate gradient technique has then been performed
to separate overlapping atoms. Finally, temperature is given to the sys-
tem and an averaged potential energy is computed over the relaxation
phase following the same procedure as with aggregates. The bulk con-
tains 8016 atoms and is equilibrated in the NPT ensemble with a
Berendsen barostat [43] and temperature is controlled with Langevin
thermostat [42]. Since the total number of atoms for the bulk and for
the aggregates are different, total potential energies are normalized by
the total number of atoms. The difference of potential energy, Δepot, be-
tween bulk, epotbulk, and aggregates energies, epot(N) which depends on N
due to different sizes of aggregates, is the surface energy, Es:

Δepot ≡ epot Nð Þ−ebulkpot ¼ Es
N
: ð5Þ

The surface energyper unit area εmaybe calculated from the surface
of the aggregate, S, and the density, ρ, in number of atoms:

Es
N

¼ ε S
N

¼ ε 4πr20
N

; ð6Þ

Es
N

¼ ε 4π
3

4πρ

� �2=3

N−1=3: ð7Þ

where S is approximated by the surface of a sphere of radius r0 which is
averaged in the three directions (Ox), (Oy), (Oz) of the aggregate's radi-
us during the relaxation phase. The surface calculation is approximated
since at high temperatures, aggregates are rough and would have a



Table 1
Total binding energies of (SiO2)n clusters, which correspond to the total potential energy
in Molecular Statics.ΦDMOL stands for Nayak's DFT results [44] andΦTTAM for Harkless
results [40] with TTAM potential.

[eV] ΦDMOL ΦTTAM ΦBKS ΦWolf BKS

Monomer (D ∞h) 13.43 −44.7 −47.9 −36.2
Dimer (D 2h) 30.56 −94.8 −102.5 −79.0
Trimer (D 3h) – −145.6 −157.3 −122.0
Trimer (D 2d) 48.12 −145.2 −157.4 −122.0
Tetramer (D 2h) 65.65 −195.5 −212.2 −164.9
Tetramer (C 2v) – −196.0 −212.2 −164.9
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tendency to evaporate for long simulation times. Also, the shape of ag-
gregates is not perfectly spherical (Fig. 4).

In order to compare our resultswith those of Roder et al. [28], aggre-
gates are subdivided in three zones: shell (blue color), transition and
core zone (purple color). The shell thickness is 5 Å. The transition
zone between shell and core regions has a thickness of 3 Å. Atoms locat-
ed inside the core zone exhibit properties that can be compared to those
of the silica bulk. Structural properties are then investigated with radial
and angular distribution functions and with ring analysis. We focus
hereafter on the shell and on the core of the aggregate.
3. Cluster analysis

The results for the total potential energy of clusters are listed in
Table 1 for theWolf BKS and the original BKS potentials. The energies
of the monomer are used to compute the binding energies for each
cluster (Fig. 5). Binding energy is defined as the energy necessary
for n SiO2molecules to form a (SiO2)n cluster, as proposed by Harkless
et al. [40].
3.1. Monomer

Afterminimization, the bond length computed for Si\\O is 1.43 Å for
both BKS potentials. Harkless et al. [40] calculated a 1.46 Å bond length
with the TTAM potential. Nayak et al. [44] obtained a value of 1.53 Å
with DFT calculations. Some care should be exercised concerning
these values since there is no experimental published data for isolated
SiO2 monomer.
3.2. Dimer

According to Fig. 5, both BKS potentials lead to the same value of
binding energy for the dimer cluster. Harkless [40] found a total energy
of −94.8 eV and a binding energy of −5.3 eV for the TTAM potential.
Nayak [44] obtained an energy of −3.7 eV with DFT calculations. Even
if both BKS potentials overestimate this value (as the TTAM potential
does too), these results may be deemed acceptable considering that
these empirical potentials have been fitted in order to reproduce bulk
silica properties. For simple dimer molecules with dominating surface
effects, the Wolf BKS potential lead to the same binding energy as the
original BKS, demonstrating that the two potentials are essentially
equivalent in terms of stability.
Fig. 4. View of an aggregate of amorphous silica. The shell zone is blue while the core is
purple. Atoms from transition zone are not represented in this figure. N = 13.824, T =
3000 K.
3.3. Trimers

Binding energies for silica trimers (Fig. 5) can be compared with
those obtained by Raghavachari cited in Harkless's study using ab initio
calculations [40]. Raghavachari's values are −8.2 eV and −9.2 eV for
D3h and D 2d clusters, respectively. As for the dimer, our results with
BKSpotentials are slightly larger than those obtainedwith the TTAMpo-
tential and ab initio calculations [40]. The same conclusion as for the
resulting binding energies for dimer clusters can be drawn. Both trimers
exhibit the same stability with BKS and Wolf BKS potentials.

3.4. Tetramers

The results for the binding energies of the tetramers are consistent
with those for dimers and trimers. Both BKS potentials lead to the
same energy to separate the cluster in n SiO2 molecules which is still
larger than the TTAM potential.

3.5. Discussion about cluster stability

The stability of all clusters is overestimated by BKS potentials, when
comparing with the results of Harkless and Nayak. In order to compare
with more accuracy these results with the DFT calculations of Nayak
[44], we need to consider the total binding energy. We define it as the
energy needed to separate the clusters into dissociated atoms. This
total binding energy can be defined as:

Eb ¼ E SiO2ð Þn−nE Sið Þ−2nE Oð Þ ð8Þ

where E(..) are the total energies of clusters or atoms. Total energy of
clusters in Molecular Statics corresponds to the total binding energy in
Nayak's DFT results. As shown by Nayak [44], empirical interatomic po-
tentials like TTAM [41] do not reproducewith accuracy energies of silica
clusters while the structure and bond length are close to DFT results. In
terms of total binding energies (Table 1), all empirical potentials exhibit
Fig. 5. Binding energies of clusters for various potentials.
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overestimated values. However Wolf BKS is the closest to Nayak's DFT
calculations [44]. The potential energy of Wolf BKS has been slightly
shifted to lower values due to the truncation. This shift added to thepos-
itive (repulsive) interactions between Si\\Si atoms in theWolf BKS con-
tribute to the lowering of absolute values of the total binding energies
compared to original BKS.

In conclusion, this section demonstrates that theWolf BKS is able to
reproduce the same structure and energies of small SiO2 clusters as the
BKS potential. The energies necessary to form a (SiO2)n cluster (Fig. 5)
from n SiO2 molecules are roughly comparable between all empirical
potentials (mentioned in this study) and specially very close between
both BKS potentials. Concerning total binding energies, they differ be-
tween all potentials. Since energies ofWolf BKS are closer to DFT results,
the energetic description of this truncated potential for (SiO2)n clusters
may be considered more accurate than original BKS when considering
the total binding energy.
4. Amorphous silica aggregates

Aggregates offer the possibility to test the ability of theWolf BKS po-
tential to describe the properties of amorphous silica surface. A natural
application is then to generate nanoporous silica structure with high
surface area and with a much larger volume. Ideally, since aerogels
have a structure composed by a nanoporous solid skeleton, the potential
should allow for the correct description of the structural properties both
of the surface and of the bulk. Our reference for comparison of free sur-
face properties is the original BKS [28]. Although this potential overesti-
mates the number of rings n=2 compared to ab initio calculations [31],
the dynamics of free surfaces are well described in terms of energy and
structural properties [31,28].
4.1. Energy characterization

The potential energies for the structures calculated with the Wolf
BKS potential (normalized by N, the total number of atoms) for the
three aggregates described in Section 2 are shown in Fig. 6, where
solid lines are drawn as guides for the eyes. The difference between
the bulk potential energy and the potential energy of aggregates,
Δepot, increases with decreasing size of aggregates. This is because the
contribution of the energy associatedwith the presence of a free surface
increases with increasing surface to volume ratio. The inset in Fig. 6
plots Es

N versus N−1/3 as calculated from Eq. (7). The lines in the inset
are linear regressions of the data. Those results indicate that the slope
Fig. 6. Potential energy epot[eV] versus 104/T[K] forWolf BKS potential. The inset shows the
dependence of surface energyΔepot ≡ Es

N with N−1/3 according to Eq. (7) at 4300 K, 3400 K
and 2750 K.
decreases with increasing temperature. This is in accordance with
experimental data [30] and with the results of Roder et al. [28].

Approximating the surface of the aggregate by a sphere of radius r0,
it is possible to compute the surface energy per unit aera ε. Using the
original BKS potential for aggregates with N = 1296, 4608, 13,824, r0
equals 16.8 Å, 26.1 Å and 38.2 Å, respectively. Values for the Wolf BKS
potential are roughly the same with 17.5 Å, 26.2 Å and 37.9 Å. These
are values of r0 averaged over the relaxation phase and as discussed in
Section 2, the shape of the aggregate is not perfectly spherical. These
values of r0 can be considered very close, keeping in mind the approxi-
mation of the surface.We have noticed that r0 does not vary significant-
lywith temperature. This is in accordancewith the results of Roder et al.
[28] who showed that this radius is weakly dependent on temperature
since the thermal expansion coefficient of silica is small. For the bulk at
300 K, both BKS potentials exhibit the same density of 2200 kg·m−3

which is in good agreement with the experimental value of
2200 kg·m−3 at ambient temperature [30]. The density of these aggre-
gates is 2000 kg·m−3, at the elevated temperatures investigated here,
with both potentials. This means that the cut-off on long-range
Coulomb interactions does not affect significantly the global density of
aggregates for which free surface plays a substantial role.

The surface energy per unit area may be computed for each temper-
ature from Eq. (7), using the density (in number of atoms N) and the
slope of Es

N versus N−1/3 (see inset of Fig. 6).
The experimental value for surface tension is 0.33 ± 0.04 N·m−1 at

2000 K [30]. Fig. 7 indicates that the surface energies calculated using ei-
ther Wolf BKS or original BKS potential overestimate the experimental
value, accounting for the difference in temperature. Indeed, we should
keep inmind that ε can only provide an upper boundwhen considering
entropic contribution to the free energy [28]. The slopes obtained in
Fig. 7 are (−30.7 ± 5) .10−3 N·m−1 per 100 K and (−10.7 ± 4)
.10−3 N·m−1 per 100 K for the BKS and for theWolf BKS, respectively.
The experimental value for the surface tension is −10.10−3 N·m−1

per 100 K [30]. Roder et al. [28] obtained a value of (−17 ± 9)
.10−3 N·m−1 per 100 K. Our results, obtained with original BKS po-
tential, differ from those of Roder et al. First, it should be noted that
there is a large uncertainty for the slope calculation. The results for
the Wolf BKS underestimate the values of the original BKS potential.
Although this comparison between both potentials is less satisfactory,
the slope for Wolf BKS potential is closer to experimental value. Con-
sidering the computation time saved by using this truncated potential
and the good agreement with the slope for experimentally derived
surface energy, we believe that the Wolf BKS should be used instead
of the original BKS potential when describing surface energy of amor-
phous silica.
Fig. 7. Surface energyper unit areawith both BKS potentials. Error bars are computed from
the asymptotic standard error of linear regressions in the inset of Fig. 6.
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4.2. Structural characterization

Structural properties are studied using the radial distribution func-
tion, the angular distribution function and rings distribution. In order
to have statistically meaningful results, we compare these properties
for the largest aggregate (N = 13.824) between the core and the shell.
In accordance with the color code used in Fig. 4 for the illustration of
the aggregate, a blue color is used for the shell zone and a purple one
for the core zone for all subsequent graphs. Lines drawn on all graphs
are guides for the eyes. Note that atoms of the transition zone between
core and shell are not represented in Fig. 4. Structural properties have all
been computed at 3000 K in order to compare with the results of Roder
et al. [28].

Radial distribution functions (rdf) gαβ(r), which represents the prob-
ability of finding a pair of different atoms of typeα ,β separated by a dis-
tance r, are illustrated in Fig. 8. This function is normalized by 4πr2 in the
silica bulk. For an heterogeneous system, this normalization [45] is
adapted to ensure that gαβ(r) tends to unity when r goes to infinity.
Moreover when α is picked in the shell, β can be chosen in a different
zone (transition or core). This precaution is necessary since there are
much fewer neighbors for long distances in the shell than in the core.
Fig. 8. Radial distribution functions gαβ(r) for both BKS potentials inside the aggregate
(core) and on the surface (shell).
Both BKS potentials lead to more heterogeneous structures around the
shell. This can be interpreted from the slightly broader first-neighbor
peaks on the gSiSi(r) and gOO(r) functions. For gSiO(r), the distribution
does not vary significantly from the bulk to the shell for both potentials.
It means that those bounds are strong and do not depend on the surface
environment. The gSiSi(r) at 2.5 Å exhibits a shoulder which only
appears in the shell and which is consistent with Roder's and
Rarivomanantsoa's results [28,27]. This shoulder is interpreted by
these authors as the emergence of new rings n = 2 on the surface. It
is interesting to note that those surface defects are reproduced by the
Wolf BKS potential with accuracy compared to the BKS potential.

Angular distribution functions are plotted in Fig. 9. Angles compared
in this study are intra-tetrahedral angles (OSiO) and inter-tetrahedral
angles (SiOSi). For the first ones, the distribution can be assimilated to
a gaussian function with a smaller standard deviation in the core than
in the shell. This means that intra-tetrahedral angles are slightly more
dispersive around 109 in the shell than in the core. The surface is then
more heterogeneous due to surface effects. For inter-tetrahedral angles,
we observe with both potentials a shift of approximately 10 towards
smaller angles in the shell zone. Indeed these angles characterize the
links between SiO4 molecules. These links are easier to deform than
those inside the SiO4 tetrahedra. A new type of inter-tetrahedral angles
at 100 is observed in the shell. Those new angles are related to the pres-
ence of rings n = 2 and to the shoulder previously mentioned in the
gSiSi(r) rdf. Again, these results demonstrate that both BKS potentials
exhibit the same behavior and lead to a more heterogeneous surface
with the same characteristics.

The last structural property studied here is the rings size distribu-
tion. A ring is defined as the shortest closed path of consecutive Si\\O
elements. The first Si atom considered in the path is also the last one
Fig. 9. Angular distribution functions, compared between core and shell of the aggregate
with BKS and trunc. BKS potentials.



Fig. 10. Rings size distribution for the core and for the shell of the aggregate at 3000 K for
both BKS potentials.

Fig. 11.Highly nanoporous structure (90% of porosity) with N7.5 million atoms generated
using the Wolf BKS potential.
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in order to obtain a closed ring. Only the primitive rings that cannot be
decomposed into two smaller rings are considered to ensure the
shortest closed path. Statistics on these rings have been computed
with the R.I.N.G.S. code [46]. The size n of the ring is defined as the num-
ber of Si atoms in the closed path. Ring size distributions are plotted in
Fig. 10 at 3000 K. They are similar to those obtained by Roder et al.
[28]. In the core of the aggregate, inwhich structural properties are sim-
ilar to those of a silica bulk, n=6 leads to the highest probability for the
BKS andWolf BKSpotentials. For smaller values of n, both BKS potentials
give exactly the same values of P(n). For larger n values, a slight disper-
sion can be observed. However the global trend remains similar. For the
shell zone, the highest probability is given by n = 5 and n = 4 for the
BKS and for the Wolf BKS, respectively. Fig. 10 indicates that the size
of rings located around the shell is shifted towards smaller values for
both potentials. This trend is more pronounced for Wolf BKS potential
which exhibits higher values of P(n) for n = 3 and n = 4. Since small
rings are stiffer than large ones, we expect that the Wolf BKS potential
leads to slightly stiffer macroscopic properties for the shell. Very small
rings (n = 2 and 3), which were nearly absent of the bulk, are present
in the shell for both potentials. This in accordance with the result of
Roder et al. [28]. These short rings with small angles can be observed
in the angular distribution functions (Fig. 9) and are linked to the appa-
rition of the new inter-tetrahedral angles in the shell zone at 100. More
generally, the evolution from the bulk to the shell of the ring size distri-
butions is similar for both BKS potentials. We may expect that the shift
towards smaller rings observed in theWolf BKS potential will translate
into slightly stiffer elastic properties for the shell, as compared to the ini-
tial BKS potential.
5. Wolf BKS potential for large volumes of silica aerogels

The experience gained on the utilization and on the properties of the
widely used BKS potential should be beneficial for the investigation of
themechanical properties of silica aerogels. A recurring problem inmo-
lecular dynamics with these materials is the limited volume that can be
simulated. Highly porousmaterials require sufficiently large volumes to
allow for a correct assessment of theirmechanical properties. Until now,
the size of simulation boxes did not exceed 36 nm for mechanical stud-
ies [11]. Using theWolf BKS potential, the enlargement of the simulation
box is the focus of on-going simulations. Massively parallel simulations
using box size of the order of 100 nm on an aerogel structure generated
by negative pressure rupturing [47] are currently carried out (Fig. 11).
This system contains N7.5 million of atoms with high surface area
(90% of porosity), modelled with the validated bulk and surface proper-
ties of Wolf BKS potential.
On the same CPU, a three orders of magnitude ratio in terms of CPU
time per atom per step has been observed between BKS and Wolf BKS
for the generation of aerogel structures with periodic boundary condi-
tions. Typically 2 days are necessary to create this structurewith 7.5mil-
lion of atoms (Fig. 11) on a parallel computer with Wolf BKS potential
using 12 nodes, 192 processors. In the same conditions, the computa-
tion time needed to generate the same structure with original BKS
would be more than a thousand days. These time and length scales
reached by using theWolf BKS potential open the possibility to investi-
gate properly the mechanical properties of silica aerogel with atomistic
simulations.

6. Concluding remarks

We have shown that the BKS potential with long-range Coulomb in-
teractions truncated by Carré et al. [2] using Wolf's method can repro-
duce quite satisfactorily the same silica surfaces properties as the
original BKS potential. The rationale for the choice of the widely used
BKS potential is that previous studies have shown its ability to create
amorphous silica surfaces with structural and energetic properties in
good agreement with experimental data. Its truncated version allows
for significant gain in computational time.More information on theben-
efits of Ewald truncation can be found in Fennell et al. [34] and Gdoutos
et al. [48] studies. This provides an avenue for the simulation of larger
volumes of material with high surface to volume ratio, and thus enables
Molecular Dynamics studies of silica aerogel with several millions of
atoms (Fig. 11), which to our best knowledge have not been attempted
yet. In the future, such large simulations should allowdirect comparison
with 3D images of the nanostructure of silica aerogels [49].

In the extreme case of very high surface effects (small (SiO 2)n clus-
ters), both BKS potentials lead to the same binding energies and results
are comparable to those of Harkless et al. [40] obtained with the TTAM
potential. However, it should be clear that these empirical potentials are
not able to reproduce accurately the energies given by themore reliable
DFT method for silica clusters. Indeed, we obtain noticeable differences
with DFT for the total binding energieswith both BKS potentials. Never-
theless, it is worth noting that theWolf BKS potential results in energies
that are closer to those of the DFT as compared to the original BKS. Also,
isolated molecules were not generated in solid materials like silica
aerogel.

Introducing temperature in our simulations allows for an assess-
ment of the capability of these potentials to reproduce satisfactorily
the energetic and structural properties of amorphous silica free surfaces.
Simulations inspired from Roder et al. [28] have been carried out and
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results, when considering energies, show less satisfactory comparison
between both potentials. The description of the surface energy decrease
with increasing temperature is in better agreement with experimental
data when using the Wolf BKS potential than with the BKS potential.
In terms of surface energy, there should be no restriction on using
Wolf BKS potential instead of its original version.

Structural properties such as radial and angular distributions and
ring analysis have been compared at 3000 K on the largest aggregate
(N = 4608). The truncated version and the original BKS results in
more heterogeneous and disordered structures in the shell, as it should.
Ring distributions are shifted towards smaller rings when migrating
from core to shell due to surface effects. In agreement with results
from Roder et al., small rings (n=2.3) appear in the shell with both po-
tentials. The general behavior of the system,when considering the tran-
sition from the core to the shell of the aggregate, is very similar with
both version of the BKS. Thus, our conclusion is that the cut-off on
long-range interactions introduced by Carré [2] can be used without
any significant loss of accuracy for systems with high surface effects.
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