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Structure and properties of silica nanoclusters at high temperatures
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The properties of silica clusters at temperatures from 1500 to 2800 K are investigated using classical
molecular dynamics simulations for particles containing up to 1152 atoms. We found that atoms in the cluster
were arranged in a shell-like structure at low temperatures, and that the radial density profile peaked near the
outer edge of the particle. Smaller clusters have much higher pressures, with the magnitudes corresponding
quite well to those obtained from the Laplace–Young equation, when evaluated in a self-consistent manner
using our derived surface tension. Our computed surface tension did not show any significant size-dependent
behavior in contrast to the decreasing surface tension observed for Lennard–Jones liquid clusters. Finally our
computed diffusion coefficients in the liquid state are seen to be larger than bulk computed diffusivities. A
discussion regarding the relevance of these computations on the growth of silica nanoparticles is presented.
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I. INTRODUCTION

One of the most import methods of synthesizing nanop
ticles is through vapor phase nucleation and growth. Sev
methods are used, including combustion, plasmas, the
reactors, and evaporation-condensation.1–3 The evolution of
an aerosol undergoing a gas-to-particle growth process is
scribed by a master equation, the ‘‘aerosol general dyna
equation’’ ~GDE!.4 The GDE is a population balance equ
tion for the behavior in time and space of the particle s
distribution function, which can include all the driving force
for particle growth~nucleation, surface growth, coagulatio
coalescence, transport, etc.!. Less conventionally, but of in
terest for nanoparticle synthesis research, the GDE ca
extended to track the degree of coalescence of par
aggregates.5 One of the biggest challenges in the impleme
tation of the GDE is knowledge of the rates of these in
vidual processes. For nanoparticle synthesis, one of the m
fundamental and important kinetic properties of interest
nanoparticle growth is the sintering or coalescence rate
tween particles during vapor-phase growth. A knowledge
these rates and their dependence on process parameter
mately impacts the ability to control primary particle an
agglomerate growth, which are of critical importance
nanoscale particles whose properties depend strongly
size, morphology, and crystal structure.6

Previous experimental and theoretical studies of sinte
in flame reactors demonstrated good agreement for the
of titania particle growth,7–9 based on a characteristic coale
cence time obtained from a solid-state diffusion model,
which the characteristic time is written as

t f53kBTvp/64pDsv0 , ~1!

whereT is the gas temperature,vp is the particle volume,D
is the diffusion coefficient usually reported as an Arrhenio
function of the temperature,10 s is the surface tension, an
v0 is the molecular volume for diffusion. In the case of si
con dioxide ~silica!, however, the primary particle size
typically underpredicted based on a viscous flow coalesce
time written as
0163-1829/2002/65~23!/235410~9!/$20.00 65 2354
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t f52hRp /s, ~2!

whereh is the viscosity,11 and Rp is the radius of the par-
ticle. Ehrmanet al.7 discussed the possible causes of the
hanced rate of silica particle sintering observed in an exp
ment, including the presence of impurities such as alk
metals which could result in a lower viscosity of silica. O
the other hand, in theoretical considerations kinetic coe
cients such as the diffusion coefficient and the viscosity,
well as the surface tension, were taken from the propertie
bulk material. However, we know that what makes the na
particles so interesting is that their fundamental proper
are intimately related to the physical size of th
component.6,12 For an example, a 10-nm-diameter iron pa
ticle has almost 20% of its atoms on the surface.13 This high
fraction of surface atoms alters properties such as the me
point and presumably the surface tension14 and accounts for
the high reactivity of nanoparticles both toward each ot
and also toward other materials and gases.

One of the interesting aspects of nanoparticles proper
we investigate in this paper is the variation of the intern
pressure with particle size, as discussed in Ref. 15. Lapla
equation

DP52s/Rp ~3!

tells us that the pressure difference between a particle and
surrounding environmentDP goes as the surface tensions,
divided by the particle radius. This implies that as the p
ticle becomes smaller, the pressure will approach infinity
the radius becomes vanishingly small. Of course, this
sumes that the surface tension is size independent, bu
fact, at some point, the surface tension will tend toward ze
Nevertheless, we should expect that the pressure of a par
can be many hundreds of atmospheres, and may impac
chemical, phase and crystalline structure of particles. Fo
example, the pressure inside a 10-nm-diameter TiO2 particle
@s50.5 J/m2 ~Ref. 16!# is on the order of 2000 atmo
spheres. Such elevated pressures may have a signifi
impact on properties such as diffusion coefficient17

and the viscosity, which in turn affect the rates of partic
©2002 The American Physical Society10-1
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sintering.10,11 Given these constraints, data obtained at la
grain sizes when extrapolated to smaller dimensions m
lead to considerable errors. Experimental studies are
tainly desirable for investigating these characteristics; ho
ever, experiments aimed at determining the fundame
transport and thermodynamic properties of fine aerosols
not easily obtained, because of the ensemble nature of m
studies.

In this paper we study the nanoscale silica clusters
different sizes (N572, 288, 576, and 1152! and at different
temperatures~1500–2800 K!, using a classical molecular
dynamics~MD! simulation to determine the structural pro
erties, internal pressure, diffusion coefficients, and surf
tension. We are particularly interested in the particle s
dependence of these properties, and its influence
coalescence/sintering modeling.

II. MODEL SYSTEM

The clusters consist ofN classical atoms which interac
through a pair model potential developed by Tsuneyuket
al.,18 which takes into account the steric repulsion due
atomic sizes, screened Coulomb interaction from cha
transfer, charge-dipole interactions due to the large electr
polarizability of the anions, and dipole-dipole interactions
mimic the short- and intermediate-order interaction. The
teraction potential has an analytical form of the Bor
Huggins-Mayer typeVi j 5qiqj /r i j 1ai j exp(2bijrij)2cij /rij

6 ,
where qi is the charge of thei-type atom,r i j is the inter-
atomic distance, andai j , bi j , and ci j are the parameter
taken from Ref. 18. For higher temperature the potential w
modified in Ref. 19 by adding a Lennard-Jones term, in or
to avoid the occasional overriding of the O-O repulsion b
rier at a shorter interatomic distance at a higher temperat
The modified interatomic interaction is referred to as
TTAMm potential with the formVi j* 5Vi j 14e i j @(s i j /r i j )

18

2(s i j /r i j )
6#, wheree i j ands i j are the usual Lennard–Jone

parameters specified in.19

The equations of motion for each atom was solved us
the standard velocity version of the Verlet algorithm.20,21 In
our calculations we constructed a silica cluster with an
propriate number of atoms, and placed it in the center o
spherical cavity of radiusR* , which comprised the calcula
tional cell. The center of the calculation cell (r 50) coin-
cides with the center of mass of the cluster. The radius of
cell was kept at 2 nm for all clusters. In order to conse
mass at higher temperatures, we force any cluster fragm
which escapes the cluster due to evaporation, and reache
boundary of the cell, to be elastically reflected. All cluste
were initially heated to a high temperature liquid state aT
54000 K. Several clusters were then prepared at a var
of temperatures between 1500 and 2800 K by slow num
cal cooling. Clusters were allowed to anneal for 35 000 ti
steps~with a time stepdt51 –4 fs), followed by a test a
constant energy to evaluate if the system had reached
equilibrium state. Production runs for cluster properties w
performed at a fixed temperature, and typically requi
about 1.53105 time steps to obtain a reasonable statisti
averaging of cluster characteristics. In order to verify t
23541
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equilibration procedure for each prepared cluster, we gra
ally decreased the temperature from 4000 to 1500 K,
lowed by a reversal of this procedure to the desired tar
temperature. A comparison of cluster properties such as
radial density distribution, obtained by cooling and then
verse heating, shows good agreement.

The total angular momentum of cluster motion is alwa
reset to zero by the transformation of velocities in order
evaluate transport properties such as diffusion coefficie
We did not analyze the cluster behavior at higher tempe
tures T.3000 K, where a significant dissociation of frag
ments takes place during the time interval of the calculat
(t'0.15 ns). This is because this interatomic potential c
not realistically describe the vaporization processes
silica.22 For instance, in our calculations we observe the
porization of SiO2 molecules, while it is well known23 that
silica vaporizes by decomposition to SiO and O2.

III. RESULTS

A. Particle density

At lower temperatureT51500 K in a solid ‘‘glass’’ state,
all clusters exhibit an oscillating density distribution. Wi
increasing temperature there seems to be a tendenc
dampen out the radial density gradient, though some pe
still remain. The radial dependence of the mass densitie
different-sized clusters is shown in Fig. 1 at a temperat
T52080 K. Note that the interpeak space is about the m
Si-Si interatom distance which is 0.3175 nm.

To explore the effect of density, in Fig. 2 we show th
radial mass density distribution for a 576-atom cluster
three temperatures. It is clear that the radius of the S2
nanoparticles and, consequently, the averaged density,
effectively insensitive to temperature over quite a large te
perature range~1500–2800 K!. This is in accordance with
the fact that bulk silica has an extremely low thermal exp
sion coefficient.24 Over this temperature interval a clust

FIG. 1. The radial density distribution for clusters with 28
atoms~dashed line!, 576 atoms~solid line! and 1156 atoms~dotted
line! at T52080 K. The sketch of surface structure is shown in t
inset.
0-2
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STRUCTURE AND PROPERTIES OF SILICA . . . PHYSICAL REVIEW B65 235410
with N5288 atoms has a radiusR50.92 nm and an averag
density ofr53.2 g/cm3. The 576-atom cluster has a radiu
R51.16 nm and a densityr52.9 g/cm3 and the cluster of
N51152 atoms hasR51.5 nm andr52.8 g/cm3. The ra-
dius of a cluster is defined as the distance where the den
drops to 0.5 of its interior value. Note that smaller clust
have a higher density, but the values are in close agreem
with that calculated for bulk silica in the coesite phase, w
a density of 2.9 g/cm3.18,25

The density profiles presented in Figs. 1 and 2 show
near the surface the clusters have a maximum in the den
just before the rapid decrease at the cluster edge. A sim
behavior was observed by Roderel al.26 using a BKS inter-
action potential.27 They obtained a density of 2.3 g/cm3. This
implies that clusters of different sizes have similar sh
structures. Moreover, the cluster surface has the same s
ture and width regardless of size. The rapid density decre
extends over a distance which is more than a Si-O b
length equal to 0.162 nm. A careful temporal observat
makes it clearer that the cluster can be separated into ‘‘co
and surface components. On the surface both silicon
oxygen have dangling bonds, with the oxygen atom tend
toward the surface~see the inset in Fig. 1!. These fragments
residing on the surface tend to be highly mobile, so t
when averages of the density are taken we see a sm
monotonic decrease in the density profile at the edge of
cluster corresponding to about 0.2–0.3 nm. In general, th
we observe an enhanced density for smaller clusters, s
thermal expansion, and an oscillating density profile.

B. Structure

In order to obtain further insight into this oscillating radi
density behavior, we consider the structure of the clus
more closely. Shown in Fig. 3 is a cross-section slice for t
different clusters (N5288 and 576 atoms! at T51500 K.
The slice is taken through the center of a cluster of thickn
0.328 nm~which is slightly larger than two of nominal Si-O
bond lengths!. What is being shown are Si and O atom p
sitions following averaging over 75 ps@Figs. 3~a! and 3~b!#
and the trajectories for O atoms recorded every 5 ps@Figs.

FIG. 2. Radial density distribution for the cluster with 576 a
oms at different temperatures.
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3~c! and 3d!#. The slice map of smaller cluster looks like
network of atoms organized in rings@Fig. 3~a!#. The larger
cluster has apparently a spherically symmetric shell struc
@Fig. 3~b!#, and the external shell incorporates both O and
atoms. The defects in the smaller cluster are denoted by a
trajectories that wander. For an instance, in Figs. 3~a! and
3~c! the arrow labeled by 1 shows a vacancy for a silic
atom. The arrow labeled by 2 is another example of a de
and the enhanced mobility of atoms containing dangl
bonds.

The distribution of oxygen and silicon atoms as a functi
of radial position is presented in Fig. 4 for the cluster p
pared with 576 atoms~192 Si atoms and 384 O atoms!. It
clearly indicates that oxygen is preferentially found on t
surface layer of the cluster under all conditions. Note that
change of temperature has a pronounced effect on the in
nal arrangement of the particles. In particular, atT
51600 K the peak in the Si concentration corresponds t
minimum in the O atom density. With increasing temperatu
to T51680 K, we find that a thermally induced structur
transition takes place. The second Si peak@labeled by 1 in
Figs. 4~a! and 4~b!# shifts, and the second peak in O atom
distribution @labeled by 2 in Fig. 4~a!# disappears and indi
cates an altogether different shell structure. In order to
derstand the change in the cluster structure we analyze
angular distribution, varying the temperature. In Fig. 5 t
O-Si-O and Si-O-Si angular distributions are shown for
cluster with 576 atoms. At a temperature ofT51600 K, the
Si-O-Si angle distribution has two maxima which are
97.7° and 142°. The former denotes the presence of
member rings, and the latter refers to six member rings.
the temperature increases toT51680 K, the Si-O-Si angular

FIG. 3. Averaged oxygen atom positions~open circles! and sili-
con positions~solid circles! for clusters with 288 atoms~a! and 576
atoms~b!. The trajectories of oxygen atoms for the clusters w
288 atoms~c! and 576 atoms. Shown is a slice of the clusters
T51500 K.
0-3
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distribution has only one maximum at 142°. The observat
of the angular distribution change clarifies the structural
arrangement in the shell structure presented in Figs. 4~a! and
4~b!. Note that the O-Si-O angular distribution only slight
broadens with increasing temperature as expected, and
tains a monomodal character. Our results agree well with
angular distributions in the amorphous and molten bulk S2
studied by Vashishtaet al.28 who used a three-body potentia
For example, atT52500 K the O-Si-O and Si-O-Si angula
distributions have maxima at 110.1° and 141° for the clus
with 576 atoms, and at 109.5° and at 142.5°, respectiv
for bulk material.28 The angular distributions are, howeve
much broader for the clusters compared to the bulk beca
of the spherical surface and shell structure. A similar bro
ening was observed by Roderet al.26

We calculated the partial pair correlation functions for t
O-O, Si-O, and Si-Si bonds to understand the enhanced
sity of smaller particles and mechanism of cluster expans
at higher temperature. It turns out that the first and sec

FIG. 4. Averaged radial distribution of oxygen atoms~solid
lines! and silicon atoms~dotted lines! in a cluster with 576 atoms
at temperaturesT51600 K ~a!, 1680 K ~b!, 1920 K ~c!, and
2480 K ~d!.

FIG. 5. Angle distribution for the Si-O-Si and O-Si-O bonds
different temperatures for the 576-atom cluster.
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peaks of the O-O and Si-O pair correlation functions ha
the same positions for all clusters. In contrast to this fact
different clusters have various Si-Si pair correlation fun
tions. One can see in Fig. 6 that the smaller clusterN
5288 atoms! has a closer Si-Si packing than the largest o
(N5576 atoms! at T51500 K.

With increasing temperature the peaks of the O-O a
Si-O pair correlation function become broader, and their
sitions remain independent of temperature, whereas the S
pair correlation function is sensitive to the temperature.
first peak atr 50.317 nm~0.305 nm in Ref. 28! does not
respond to temperature, but a second peak shifts to the la
coordinate~see Fig. 6!. Thus, we can conclude that the vari
tion of the density with the cluster size as well as the exp
sion of a cluster with temperature are explained by
change in the Si-Si atom packing due to the strong repuls
nature of the Si-Si interaction.

C. Melting transition behavior

For a silica cluster as well as for bulk material, the critic
temperature of melting can be found by computing the
tential energy as a function of temperature. The poten
energy per atomE for two clusters withN5288 and 576
atoms as a function of temperature is shown in Fig. 7. T
potential energy exhibits a change of derivative, denoting
melting within a range of 1670–1800 K for the 288-ato
cluster and within 1760–2030 K for the 576-atom clust
and lower than the melting temperature for the amorph
bulk material~1986 K!.

The effect of particle size on the melting point for sma
clusters has been generically studied. Most recently for
ample Clevelandet al.29 studied the melting behavior o
small gold clusters. They observed a similar discontinuity
the potential energy, and showed that the melting point w
suppressed as the clusters were made smaller. Howeve
their clusters they observed a very sharp discontinuity

FIG. 6. Si-Si pair correlation function for clusters with 288 a
oms atT51500 K ~solid line!, with 576 atoms atT51500 K ~tri-
angles! and with 576 atoms atT52800 K ~circles!.
0-4
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STRUCTURE AND PROPERTIES OF SILICA . . . PHYSICAL REVIEW B65 235410
therefore an abrupt melting point. However, our clust
show a much broader transition region, which we believe
be due to the amorphous character of the silica clusters
tive to the crystalline gold. We have seen a similar sol
liquid coexistence region in our simulation of the propert
of silicon nanoclusters.14,30 For the cluster sizes studied, th
smaller particle had a potential energy per atom that w
roughly 7 kJ/mol higher than the larger cluster and was
dependent of temperature, implying indirectly that the s
face energy is size independent. We will consider this po
further when we discuss our calculation of the surface t
sion.

Near the melting temperature we observe that the oxy
radial distribution profile becomes flatter@see Fig. 4~c!#,
whereas the silicon atoms still show an oscillating dens
gradient. With a further temperature increase, however, b
the Si and O atom distributions become flat. The fact that
density distributions for both elements do not track ea
other is presumably associated with differences in their a
ity to move. We calculate the diffusion coefficient of O an
Si atoms in a cluster, taking into account the finite size of
system. For an infinite crystal the diffusion coefficientD in
the time limit t→` can be defined as

D5 (
n51

N

^Rn
2&/6Nt, ~4!

whereRn
2 is the mean-square displacement of thenth atom,

and^ & is an average over time. For a finite system such a
cluster it is necessary to separate the transport into t
regime. In Fig. 8 the mean square displacement of ato
with time is shown for the smallest cluster (N572 atoms!
and a large one (N5576 atoms!. The first stage of diffusion
~I! is characterized by motion of atoms near their equilibriu
sites or ‘‘cages’’ created by neighbor atoms. In the seco
regime~II ! the atoms jump from one site to another, and
mean-square displacement increases linearly with time
the third stage~III ! we observe a saturation in the mea
square displacement of atoms because the characteristic
fusion length is of the order of the cluster size. In Fig. 8 o
can see all regimes of diffusion for the smaller cluster w

FIG. 7. Potential energy as a function of the temperature for
clusters withN5288 atoms~solid circles! andN5576 atoms~open
circles!.
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72 atoms and only the first two for the 576-atom cluster. T
diffusion coefficient for the cluster can be calculated fro
the second regime through an application of Eq.~4!. Note,
that for correct calculation of the diffusion coefficient w
must exclude the rotation of a cluster as a whole. The co
puted diffusion coefficients are presented in Fig. 9 for silic
and oxygen atoms in two clusters. The diffusion coefficie
are presented in an Arrhenius plot, and give an activat
energy EA515 000 K for the cluster with 72 atoms an
EA516100 K for the cluster with 576 atoms. This is co
siderably lower that that reported from MD results for bu
silica @EA535000 K~Ref. 31!#. The diffusion coefficient in
a small cluster is higher than that for a larger cluster, as
would expect based on surface to volume ratio consid
ations. Moreover, it has been shown theoretically32 and
experimentally33 that an increase of the internal pressure~as
takes place for smaller clusters and will be discussed bel!
enhances the diffusion process in silica.

In Fig. 10 we compare the diffusion coefficients for silic
obtained from several sources. Our results compare q
well with the MD results from Ref. 28 on bulk silica, a
though Ref. 28 showed a rather high diffusion coefficient
low temperatures. The cluster results of Roderet al.26

e
FIG. 8. Mean-square displacements of oxygen atoms in the

atom cluster~solid line! and in the 576-atom cluster~dotted line! at
T52480 K. Vertical arrays separate different regimes of diffusi
~I, II, and III for the 72-atom cluster and I and II for the 576-ato
cluster!.

FIG. 9. Diffusion coefficients of oxygen~a! and silicon atoms
~b! for clusters with 72 atoms~circles! and 567 atoms~triangles! as
a function of inverse temperature.
0-5
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showed a non-Arrhenius behavior, which they attributed
the very high temperature they probed. A comparison of
results to those of Ref. 26 indicates that we obtain sign
cantly higher diffusion coefficients and values that are ab
bulk, as expected for structures with large surface volu
ratio. The diffusion coefficient of silicon atoms is about 30
lower than for oxygen atoms, and agrees with the results
bulk diffusion coefficients.28

D. Internal pressure

The internal pressure of a cluster includes a kinetic p
which is determined by the temperature, and an electros
contribution associated with the interactions of the atoms
obtain the pressure within a particle we compute the Irvi
Kirkwood pressure tensor34 by extension to a sphericall
symmetric system using the method described by Thomp
et al.35 The normal component of the pressure is given as
sum of kinetic and configurational termsPN(r )5PK(r )
1PU(r ), where the kinetic term isPK(r )5kBTr(r ) and the
configurational term is given by

PU~r !5S21(
k51

f k , ~5!

whereS54pr 2 is the area of a spherical surface of radiur
and the sum overk is over the normal componentsf k of all
the pair forces acting across the surface.35 The normal com-
ponent of the pressure is calculated by technique describe
Ref. 36. We divide our spherical calculation cell into 4
subspheres, which are equidistantly separated by 0.005
We then compute the configurational term of pressure us
Eq. ~5! for every subsphere surface by computing the norm
force component connecting every pair of atoms that res

FIG. 10. Diffusion coefficient for silicon atoms from the calc
lations and experiments.
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across a subsphere boundary. The accuracy of this defin
of pressure depends on the number of atoms within the s
sphere and therefore quickly diminishes with decreasing
dius. The configurational term of pressurePU(r ) is calcu-
lated every 500 fs and is averaged over 300 sets.

We found that the internal pressure of clusters lies wit
a range of~10–30! Kbar, which at 1500 K corresponds to th
b-quartz state on the phase diagram of silica. However,
density of our cluster~2.9–3.2 g/cm3) is considerably higher
than the density ofb-quartz~2.5 g/cm3). The radial pressure
distribution for the 576-atom cluster shows the sharp pe
in the solid state atT51760 K @Fig. 11~a!# and more
smooth profile in the liquid state atT52000 K @Fig. 11~b!#.
While the melting transition the surface pressure drops fr
30 to 20 kbar~see the inset in Fig. 11!.

These sharp peaks actually arises from the oscillating
dial density profile~see Figs. 1 and 2! associated with the
specific shell structure of clusters. Similar calculations
Lennard-Jones clusters35 do not show such an oscillatory be
havior in either the radial density profile or the internal pre
sure, because they considered the liquid drops.

In Fig. 12 the smoothed distribution of pressure over
dius is shown for three clusters withN5288, 576, and 1152
atoms. It is seen that smaller clusters have a higher inte
pressure. As was discussed in Sec. I, the internal pres
based on Laplace’s equation at constant surface tension
dicts a significant increase as a particle shrinks in size, wh
qualitatively agrees with our MD results.

E. Surface tension

We calculate the surface tensions within the mechanical
approach, following the algorithm described by Thomps
et al. in Ref. 35. The equation for surface tension for a dr
is obtained from Refs. 37, and given by

s352
P2

8 E
0

`

r 3
dPN~r !

dr
dr, ~6!

FIG. 11. Radial pressure distribution for theN5576 atom clus-
ter at T51760 K ~a!, and T52000 K ~b!. Surface pressure as
function of temperature is shown in the inset.
0-6
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whereP is the averaged pressure inside the cluster. The
face tension is obtained by computing the radial distribut
of the normal component of the pressure tensorPN(r ) fol-
lowing by evaluation of the integral. One can see from E
~6! that the pressure near the surface makes the largest
tribution in the surface tension because of the largest p
sure gradient. The surface tension as a function of temp
ture for two clusters is shown in Fig. 13. The mo
interesting observation is that the surface tension does
depend on the particle size over a large interval of temp
ture. This is direct contrast to the work of Thompsonet al.35

on Lennard-Jones clusters. They observed a significant
crease in surface tension for very small clusters. One p
sible explanation is that the directional nature of the cova
bonding precludes the surface atoms from adopting confi
rations that are significantly different; therefore, one sho
not expect to see surface tensions that are significantly
ferent until one perhaps goes to extremely small clusters
this case our interaction potential, which is tuned for a bu

FIG. 12. The smoothed radial pressure distribution for clus
with N5288 atoms~dotted line!, N5576 atoms~solid line! and
N51152 atoms~dashed lined line! at T52000 K.

FIG. 13. Surface tension as a function of the temperature for
clusters withN572 atoms~triangulars! and N5576 atoms~open
circles!. The three points above denote the surface tension f
Laplace’s formula for the clusters with 288 atoms~squares!, 576
atom ~diamonds!, and 1156 atoms~open squares!.
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like character, will probably fail. This result has significa
implications for our interest in sintering behavior, which w
will discuss in Sec. IV.

One can see in Fig. 13 that a small cluster withN572
atoms and a larger cluster withN5576 atoms have the sam
value of surface tension atT51920–2500 K. At higher tem-
perature the smaller cluster loses its spherical shape, an
probability of dissociation of the SiO2 fragment quickly in-
creases. Therefore, the surface tension of the 72-atom clu
quickly decreases atT.2500 K. In our calculations we
have obtained a surface tension which is equal to 0.67 J2,
that is higher than the plane surface tensions50.3 J/m2.
We attribute this difference to the interatomic potential ch
sen for our calculations. The surface tension calculated
the basis of Laplace’s formula@Eq. ~3!# is essentially larger.
For instance, for theN5288 atom cluster Laplace’s formul
overestimates the surface tension by factor of 2.3. The
face tension computed from Laplace’s formula for three cl
ters at theT52000 K is shown in Fig. 13.

IV. IMPLICATIONS FOR THE COALESCENCE
OF SILICA NANOPARTICLES

These studies revealed that surface tension is relati
independent of particle size. Thus we can conclude that
main uncertainty when modeling nanoparticle coalescen
using Eqs.~1! and~2!, comes from not knowing the diffusion
coefficient and/or the viscosity coefficient as a function
particle size. Experiments~see Ref. 7, for example! allow us
to estimate the diffusion coefficient to a reasonable deg
using the method of characteristic times.38 This method ap-
plies especially well to a monotonically cooling system, as
the case in Ref. 7. In such a system, at high temperatures
coalescence timet f is much shorter than the collision tim
tc , i.e., the mean time between collisions. Thus the partic
remain spherical. At some point, when the temperature is
enough,t f becomes lower thantc , which means that collid-
ing particles do not have enough time to coalesce befo
new collision. This is the onset of agglomerate formatio
and approximately the point where the primary particle s
is determined. The collision time can be estimated from4

tc5
1

vp

dvp

dt
5

a

2 S 6kBT

rp
D 1/2S 3

4p D 1/6

fvp
25/6 ~7!

in which a is a constant ('6.67), rp the particle density,f
the particle volume loading, andvp the mean particle vol-
ume. For the conditions of Ref. 7, with 10-nm primary pa
ticles, the collision time at the onset of agglomerate form
tion is 0.3 ms. At this point, the coalescence time, given
Eq. ~1!, should have the same value. This enables us to
culate the diffusion coefficient: 4310210 cm2/s. The tem-
perature in this system is about 1700 K. One can directly
from Fig. 10 that this value is somewhere between the
perimental values for solid bulk silica39,40and our MD simu-
lation. At this point it is clear that there is significant discre
ancy between the computed growth rate based on our
calculation and the experiment of Ehrmannet al.7 On the
other hand, the derived diffusivity, based on the experim
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tally determined sintering rate, seems too low, and one ha
question whether the temperature ascribed to the growth
cess is perhaps considerably lower. At this point we are
able to clarify the discrepancy.

V. CONCLUSION

The structural and dynamical properties of silica nan
clusters were studied in MD simulations with Tsuneyu
et al.’s pair potential of interatom interaction. We showe
that the clusters have a shell-like internal structure in a s
state, which significantly impacts the radial density profi
Temperature-induced structural transitions in the cluster s
structure atT51680 K were observed. This rearrangeme
was associated with change of the Si-O-Si angular distri
tion from a bimodal shape to a monomodal shape. The m
ing point phase transition was observed to be suppres
over the bulk value, and a size-dependent melting transi
was observed. Cluster expansion and changes in density
function of temperature were primarily due to changes
Si-Si interactions. We found that smaller clusters have
ie
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larger density and a higher internal pressure, which mat
the Laplace-Young equation qualitatively and in magnitu
Most interesting was that the surface tension did not sh
any significant size-dependent effects over a range of clu
sizes of 72–1152 atoms.

With regard to particle formation and growth modelin
the diffusion coefficient plays a critical role in determinin
the primary particle size. At this time we are unable to ra
nalize the computed transport properties based on gro
rates and the computed transport properties based on
simulation.
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