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Molecular dynamics computer simulation based on the Born-
Mayer-Huggins potential function has been carried out to study
the effects of cluster size and temperature on the nucleation rate
of sodium chloride clusters in the temperature range of 580 K to
630 K. Clusters with 256 and 500 NaCl molecules have been
studied and the results have been compared with those obtained
from 108 molecule clusters. The melting point MP of the
clusters were observed to increase with the size of the clusters
and can be well described by a linear equation MP =1107 37
- 1229 23 N-'3 N is the number of molecules in the cluster .
The nucleation rate was found to decrease with increasing the
cluster size or temperature. Various nucleation theories have
been used to interpret the nucleation rates obtained from this
molecular dynamics simulation. It is possible to use a constant
diffuse interface thickness to interpret the nucleation rate from
the diffuse interface theory in the temperature range of this
study. However the interfacial free energy estimated from
classical nucleation theory and diffuse interface theory increases
too fast with increasing the temperature while that from Gran-
Gunton theory does not change with changing temperatures.
The sizes of critical nuclei estimated from all the theories are
smaller than those estimated from our simulations.
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Introduction

Our research work on the nucleation kinetics of phase
transitions in condensed matter mainly employed electron
diffraction ED experiments and/or computational experi-
ments on the basis of the clusters. Clusters studied in ED
experiments are generated from supersonic jet expansions
with sizes ranging from several nm to around 100 nm.!”
Clusters used in computational experiments are usually
smaller than 20 nm.3'® The combination of the two ap-
proaches benefits us for the better understanding of the
current status of the nucleation theories. However the dif-
ference in the cluster size from the two approaches leaves
us to study the size effect on the nucleation topic.

The research work on the nucleation and crystalliza-

tion of alkali halide materials has been a very attractive
topic both for science and technology due to alkali halides
are widely used as optical materials. Buckle et al .!! start-
ed the nucleation of crystallization of alkali halides in high
temperature cloud chamber in early 60" s. Our series pa-

pers on RbCl System% 9b 10a 10b

and KI system provided us a
broad view in the nucleation of crystallization in ionic sys-
tem and the size effect on the nucleation rate in those sys-
tems. Molecular dynamics MD studies on NaCl g re-

1213 allows us to investigate

ported in our previous papers
the nucleation of freezing of NaCl ¢ in the temperature
range of 400 to 580 K. It is difficult to observe the crystal-
lization above 580 K in a reasonable simulation time period
on NaCl og. To study the size effect and the temperature
dependence of the nucleation we performed MD studies on
larger clusters and at higher temperatures. In this paper
the MD results on NaCl »s¢ and NaCl 5qg clusters in the

temperature range of 580 K to 630 K are reported.
Computational procedure

Model and simulation

The MD simulations were performed on the clusters by
using a modified version of the program MDIONS' in
which the leapfrog algorithm was used to propagate the sys-
tem’ s evolution. Configurational energies of a rock salt
ionic cluster considerably depend on its shape. As it was
pointed out in our previous papers the cubic shaped rock
salt ionic cluster has the lowest configuration energy and
therefore the cubic shape cluster was chosen as the starting
point. The initial configuration was based on the face cen-
ter cubic cell with Na*at 000 Cl~a 1/2 1/2 1/
2 and cell dimension of 0.5641 nm which was deter-
mined at 299 K.'5 Equal numbers of Na* and Cl~ ions
were initially arranged in a cubic shape cluster with each
edge length of 4 and 5 times the unit cell resulting in Na-
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Cl 156 and NaCl 5oy respectively. The interaction poten-

tial used was Born-Mayer-Huggins' type!®1°

U=2(1i(]jrij—1+A,-jexp oy — 1 /p 1

where the first term is a simple Coulomb interaction and
the second is a repulsive interaction in the short range
which caused from the overlap of the filled electronic shells
of the ions. Here ¢; and g; are the charges on the ions i
and j r; represents the distance between ions i and j.

The values of constants A; o¢; and p are the same as

those used in our previous paper.'? 1?

One of the most important considerations in nucleation
studies of phase transition from molten state to solid state is
to generate the liquid without any critical nucleus of solid
phase. Such kind of liquid can be obtained by heating the
cluster well above its melting point for certain amount of
the time. Melting point of small clusters depends on their
sizes. Therefore studying the melting point is the first step
in our MD simulation on nucleation. A normal process in
our simulation is to heat the cluster up by keeping it in a
heat bath for certain amount of time steps followed by con-
stant energy simulation. A temperature fluctuation limit of
4 K was set when the cluster was kept in the heat bath.
Temperature scaling was performed once the temperature
difference between the system and the bath exceeds the
limit. The simulation for both clusters was started with
5000 time steps in a bath of 298.15 K and followed by an-
other 5000 time steps at constant energy then repeated
5000 time steps in a bath at 298.15 K and 10000 time
steps at constant energy. A series of heating stages then
began at 320 K and each succeeding stage is 20 degree
warmer than the previous one. Every stage was first simu-
lated at constant temperature for 5000 time steps and then
by 5000 time steps at constant energy . Heating was contin-
ued to 1100 K which is ca . 30 K above the melting point
of the bulk.

Freezing was simulated in the similar way used in the
melting process. Melted clusters were cooled through a se-
ries of stages started from 1020 K and 1090 K for Na-
Cl 256 and NaCl sqy respectively each succeeding stage
is 20 degree cooler than the previous one until the clusters
reached 320 K. Such a process corresponds to a heating/
cooling rate of 2.5 x 10" K/s.

A similar heating and cooling process was performed
on NaCl gg cluster to compare with our previous resulis
of NaCl jog cluster where a heating/cooling rate of 5.0
x 10" K/s was used and longer heating time around the
melting point was tested .

Because of the stochastic character of crystal nucle-
ation the detailed nucleation rate analysis of crystalliza-
tion from the liquid should be evaluated from a certain
number of nucleation events starting from completely melt-
ed systems with different thermal histories. Such kind of
systems were first generated from the heating process men-
tioned above. After the NaCl ;56 cluster was melted from

the melting process at 1000 K as mentioned above it was
directly heated in a bath of 1010 K for 5000 time steps and
followed by another 5000 time steps at the constant energy
simulation then the cluster was heated in the heat bath of
1010 K for another 32000 time steps. The heating was
continued at 1030 K to form 16 clusters each with 2000
more time steps than the previous one that gave 16 melted
systems with different thermal histories for crystal nucle-
ation studies. The heating process for NaCl 50 cluster
was followed from that of 1060 K described above and then
kept in a bath of 1070 K for 5000 time steps and followed
by another 5000 time steps at the constant energy simula-
tion then the cluster was heated in the heat bath of 1070
K for 32000 more time steps. Sixteen melted systems of

NaCl 5¢g cluster with different thermal histories were gen-
erated in the similar way but at a much higher temperature

1090 K . There is no critical nuclei left for all the molten
systems generated in this way. It is based on the diagnosis
that will be described later. In all the simulations time
step size was set at 8 fs.

Nucleation rates were investigated by immediately
quenching the melted clusters into a heat bath at the tem-
perature of interest. The first temperature was chosen at
580 K which is the highest temperature in which Na-
Cl o3 cluster could be crystallized at a reasonable length of
simulation time in our previous work.!? > On other hand

NaCl ;56 and NaCl 59 clusters readily freeze into poly-
crystalline solid below this temperature. The highest tem-
perature was chosen at 630 K above this limit it is diffi-
cult to observe crystallization within a reasonable length of
simulation time even for NaCl sqo cluster. Another tem-
perature 615 K was chosen between the two limits. Two
melted NaCl 103 clusters were not crystallized at 580 K
within the time limit of 240 ps in our previous reports. For
the purpose of comparing the size effect on the nucleation
rate  we continued the cooling process of these uncrystal-
lized systems of NaCl 105 at 580 K until the crystallization
was observed.

Diagnosis of melting and freezing

In our previous simulation on NaCl g cluster various
diagnostic tests were applied during the heating and cooling
process to monitor the behavior of ions. Melting and freez-
ing were ascertained by observing the temperature depen-
dence of caloric curve the Lindemann index 6 and the
pair correlation function g r . All these three criteria gave
the similar melting point of NaCl jog cluster therefore only
caloric curves were used to determine the melting point for
different size of clusters. MACSPIN program® offers a very
convenient way to view the image of the arrangement of ions
and to monitor the progress of a phase change. This is espe-
cially useful to identify the nuclei to monitor the crystal
growth process and to judge whether the final solid cluster
is a single crystal or a polycrystalline phase.

The analysis for the nucleation of phase transitions in
bulk material to give structural characteristics of very small
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region where the potential nuclei for phase transition may

2021 was mainly based on Voronoi polyhedral tech-

present
nique in the past years. In our previous paper we proposed
a simple method that uses the coordination number of 12
and a cutoff distance which corresponds to the first mini-
mum of the pair-correlation function of equivalent lattice
in NaCl case are Na*-Na* pairs or Cl™-Cl~

pairs .12 13 Such a simple method considers polyhedra

points

formed from a central ion and 12 ions of the same type with
distances to the central ion shorter than the cutoff distance
as the character of the solid phase. It corresponds to taking
all distorted Voronoi polyhedra into account and works very
well by using the moment of sharp increase in the number
of such polyhedra as the starting time of crystal growth in
our NaCl jog study.!? 1> Recently it was found that this
simple method combined with Voronoi polyhedra analysis
was useful in determining the nucleation time for different
sizes of SeF¢ clusters even though the solid phase crystal-
lized out is' bee” or monoclinic in this case.?? We use this
simple method in our present work without further modifi-
cation and refer such polyhedra as' fcc unit” .

Estimation of nucleation rate

On the basis of the assumption that the fraction of un-
frozen clusters obeys the first order rate law

N, t, /No=exp - JV. t,—to 2

where Ny is the total number of clusters J the nucleation
rate V. the effective volume in nucleation ¢, the time at
which the nth nucleation event in the set of Ng clusters
has taken place t(the time lag to achieve a steady state of

precritical nuclei and N, ¢, is defined as®
N, t, =NQ—H+A 3

the quantity A is taken as 1. Eq. 2 can be written as

In N, t, /Ng =—=JV. t,—tg 4

Therefore from the slope of the curve In N, ¢, /No ~t,
it is able to obtain J the nucleation rate of freezing. The
information about time ¢, will be estimated from the sharp
increasing in the numbers of* fcc unit” described in the
previous section. Because of the uncertainty upon the time
of the nucleation events a weighted least square fitting on
t, was carried out to get the nucleation rate. Details of this
procedure was given in Ref. 22.

As it will be discussed later to take the total volume of
the cluster as the effective volume V, might be the best way
for sodium chloride system based on our current results.

Estimation of interfacial free energy

For a homogenous nucleation the rate can be ex-

pressed by?? 24

J T =Aexp —AG*/kgT 5
where kg is the Boltzman constant 7T the temperature
and AG " the free energy barrier to the formation of a criti-
cal nucleus from the liquid.

For the classical nucleation theory CNT AG™ for a
spherical nucleus is given by

AG” =16rs’/ 3 AG, +w' ? 6

where o is the interfacial free energy between solid and
liquid AG, represents the free energy of freezing per unit
volume and w’ the work per unit volume of changing the
surface area of liquid phase during the formation of the nu-
cleus which is expressed as

w' =P p1—ps /o1 7

where Py is the Laplace pressure 251/ inside the cluster
and pj and p, are densities of liquid and solid respective-
ly.

In the Diffuse -Interface theory here after DIT 228
AG ™ is given by

AG" = —4x83AG, ¥ /3 8

where 0 is the thickness of the diffuse interface thickness
and ¥ is defined as?

W= 21+Q H 2= 3+2Q0 H '+1 /q 9

with U:Acfus/AHfus H=77 1+C with C:w’/AGV
and Q= 1-H 2

Both CNT’ s and Grant-Gunton’ s GG ?° prefactors
were tested. The conventional formula for CNT' s prefactor
used is

Ag=16 3/4x V3 65,/ kyT V2D /v, 23 Ar? 10

where D is the coefficient of diffusion in the liquid v, is
the volume of a molecule in solid and Ar is the molecular
jumper distance from the liquid to solid taken to be v,'?3.

A modified CNT prefactor in DIT theory was used and
it will be known as DIT prefactor from now on. Its expres-

sion i

Apir = 010T'Z 11

with o1 =1/v,, O =4 4xR3/ 3w, Y3 I'=6DA"? and
Z= vy 27R}? -AGy RS -6/H / kgT V? here
R/ is the radius of the nuclei which is calculated from R/
=0 1+Q H!

phase AGis the molar free energy difference between the

A is the jump distance in the liquid
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supercooled liquid and the solid. e =43 :_.s

v 4 » ! s S

The GG prefactor can be expressed as® [P :J: : ) : ; - :
_r-ll-l;l-'l‘ ".!'t,."r-'
- 7/2 321272 _ 4 . asparyrrencs
A(,(; 1.54A Ol / kB TV"L AG\, C 12 e N LA BT ardrriifaany
MRt AN B
where A1 L and { represent the thermal conductivity ‘: : : : : : : * :::: ;; : :: : M
heat of fusion per unit volume of solid and a correlation T R ERE LK
- . PO

length characterizing the thickness of the interface between e I I | " <3 ': :": ; : : !

the solid and liquid respectively. The temperature depen-
dence of ¢ was estimated from the resported sesults.?'-?
Interfacial free energy between the solid and the liq-
uid o4 can be derived from the nucleation rate obtained
from our simulation via the combinations of various prefac-
tors with the exponential part from either CNT or DIT.

Results
Melting

The selected images generated from the MACSPIN

program for heating and cooling processes of NaCl 56 and
NaCl s5qo clusters are shown in Fig. 1.

Fig. 2 presents the potential energies of various clus-
ters as a function of temperature. It is obvious that there is
no unique temperature corresponding to the transition due
to the extremely high heating rate and the large tempera-
ture increment between two successive heating runs. We
select the midpoint of a jump in the potential energy that
occurs when the cluster is being heated. The uncertainty is
estimated from the two temperatures around the midpoint of
the jump. According to this definition the melting tempera-
tures and associated uncertainties are 851 13 914 4
and 957 19 K for NaCl g3 NaCl »5¢ and NaCl sg
respectively under the heating rate mentioned in the previ-
ous section.

In Fig. 3 we plot the melting point of the cluster as a
function of N~'3 and extended to N equal to infinitive
corresponding to the bulk where N is the number of NaCl
molecules in a cluster. It is well within the uncertainty
limits  a linear curve fitting of simulated results along with
the bulk melting point gives

T=1107 37 -1229 23 N-'3 R =0.996 13

A common characteristic for the molten NaCl clusters

is that they are non-spherical especially for the smaller

clusters. The reasons have been given in a recent publica-
tion .3

Temperatures to generate molten liquid clusters

As it was mentioned above to choose the temperature
where the molten liquid systems were generated for nucle-
ation study the melted system without any critical nuclei
was selected. To ensure this criterion was satisfied it is
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Fig. 1 Images of clusters at various stages of heating left-hand

column and cooling right-hand column . Left-hand fig-
ures are for NaCl ys6at 320 K la 840K 1b 1040 K

le 1060 K 1d and 320 K cooling le  Right-hand
figures are for NaCl sp0at 320 K ra 940K rb 1060
K rec 1100 K rd and 320 K cooling re .
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Fig. 2 Potential energy per mole of cluster as a function of temper-
ature during the heating stages. Obtained when the clusters
were heated with 10000 time steps at each temperature with
5000 steps in the bath and 5000 steps at constant energy
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Fig. 3 Size dependence of the melting temperature of NaCl clus-
ters. N is the number of molecules in a cluster.

safer to heat the cluster to the highest temperature we can
reach but without vaporizing any molecules. For the Na-
Cl 56 cluster the highest temperature could be reached is
1030 K without vaporizing any molecules. A temperature
of 1000 K was chosen for NaCl o3 cluster with a similar
analysis procedure as mentioned.'? The molten system of
NaCl 5q0 cluster was generated at 1090 K which is ca . 15
K above the melting point of the bulk. Diagnoses indicate
there is no critical nucleus left in these melted systems.

Freezing

The caloric curves for cooling process of different
clusters are given in Fig. 4. The same definition for the
melting point to estimate the freezing temperature was de-
scribled. The estimated values and the deviations are
575 13 646 21 and 611 22 K for NaCl ;o3 Na-
Cl 556 and NaCl 5o respectively under the cooling rate
of 2.5x 10" K/s. Because the stochastic nature of the nu-
cleation initiating a phase change makes the freezing tem-
perature unpredictable and unreproduciable these temper-
atures were used only as a reference to set the temperature
range for nucleation studies. It was found that if the molten
clusters were quenched into a bath with temperatures
around the freezing temperature the liquid crystallizes into

single crystals within a reasonable simulation time. If the
bath temperature is much lower than the freezing tempera-
ture polycrystalline crystals are the main products howev-
er it is difficult to crystallize the liquid within a reason-
able simulation time if the bath temperture is much higher
than the freezing temperature .
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Fig. 4 Potential energy per mole of cluster as a function of temper-
ature during the cooling stages. Filled circle for NaCl g
filled triangle for NaCl ;56 circle for NaCl so.

As shown in Fig. 1 both NaCl ;56 and NaCl s
clusters freeze into single crystals when they are cooled at
the rate of 2.5 x 10" K/s.

Crystallization of clusters was also observed when all
the completely melted clusters are quenched into the bath
temperature selected. When the NaCl 50 clusters are
quenched into the bath at 630 and 615 K all 32 clusters
are frozen into single crystalline phases. However only 7
of them form single crystals while the remain 9 form poly-
crystalline phases when they are quenched into the bath at
580 K. All 16 molten NaCl ,s¢ clusters grow into single
crystals in the heat bath of 615 K 15 of them grow into
single crystals at 580 K only one forms a polycrystal. As

1213 among the 16 molten Na-

it was mentioned before
Cl o3 clusters 14 of them formed single crystals at 580 K
NaCl 108
clusters could be crystallized into single crystals in this
study by keeping them in the heat bath of 580 K for a

longer time.

within the time limit of 240 ps. Two unfrozen

Nucleation of crystallization

Fig. 5 shows the typical examples of time evolution of
the number of fcc unit” for clusters during the quenching
in the heat bath of 580 615 and 630 K. The ¢, value was
identified as the time step at which the instantaneous num-
ber of fcc unit” began a concerted ascent. Fig. 6 plots
theln N, ¢, /No vs. t, obtained from 96 runs at three
different temperatures .

Based on the assumption that take the total volume or
the volume of surface molecules of a cluster as the effective
volume V. the calculated nucleation rates are listed in
Table 1. Uncertainties are standard deviations based solely
on the counting statistics of Eq. 14 in Ref. 22.
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Table 1 Calculated nucleation rate m~3% s~!

square for

Temperature
Cluster
580 K 615 K 630 K

From total volume
NaCl 108 2.20.7 X1036
NaCl 256 3.4 1.1 x10% 8.9 2.8 x10%
NaCl so0 2.7 1.8 x10° 4.6 1.4 x10¥ 3.4 1.1 x10%
From the volume of surface molecules
NaCl 103 3.1 1.0 x10%
NaCl 256 5.9 1.9 x10°*® 1.5 0.5 x10%
NaCl so0 5.5 1.7 x10*° 9.4 2.9 x10® 6.9 2.2 x10%

Discussion

Size dependence of nucleation rate

Based on the Eq.
nucleation rate from MD simulation
V.

where in the whole clusters

4 that was used for analyzing the
the effective volume

is the key factor. If the nucleation is initiated every-
the total volume of the cluster
should be used as V.. If it is always initiated in the interi-
or of the cluster the volume considered to participate in
the nucleation will be the difference between the volume of
the total volume of the cluster and the volume of the sur-
face molecules. Conversely
the surface of the cluster the V. will be the volume of sev-

if it is always initiated near

eral layers of surface molecules. Fig. 7 gives some MAC-
SPIN images of the NaCl 50y clusters that were obtained
around the end of nucleation time when they were cooled
in the bath of 630 K. It is obvious from these pictures that
all the critical nuclei are located near the surface of the
clusters. There might be some smaller embryos in the inte-
rior of the clusters coexisting with the critical nuclei how-
ever they disappeared while the critical nucleus grew into
crystals. Among the systems given in Fig. 7 new smaller
embryos may form and disappear again but any of them
did not become new critical nuclei if the final solid phase
is a single crystal. The right column of Fig. 7 may demon-
strate a snapshot of this dynamic process. Therefore it
seems the best to use the volume of several layers of
molecules starting from the surface of the cluster as the ef-
fective volume to estimate the nucleation rate from Eq.

4 . For small clusters studied in this report this effective
volume is very close to the total volume. The nucleation
rate were calculated as shown in Table 1 based on the to-
tal volume and on an extreme case that only the volume of
one layer surface molecules is considered. It is clear that
no matter whether the total volume or only the surface vol-
two out of
three available data sets give the trend that at the same

ume is taken into account in the calculation

temperature the nucleation rate slightly decreases with in-
creasing the cluster sizes.

From the viewpoint of nucleation theory expressed in
Egs. 5 to 12 the dependence of nucleation rate on
cluster size was mainly caused by the size dependence of
property parameters going into these equations. In the ex-
ponential part of CNT and DIT the free energy of freezing

per unit volume AG, T in Egs. 6 and 8 can be
estimated from the standard thermodynamics
r
AG, T = 1/V L“ ASgq T dT 14

where V is the molar volume ASg, T the molar entropy
change of fusion at temperature T and it can be calculated
by the difference between the heat capacities of liquid and
solid. The estimated difference of heat capacities from the
heating and cooling curve presented in Figs. 2 and 4 for
different size clusters is essentially the same.
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Fig. 7 Evolution of critical nuclei from NaCl 549 at 630 K. Heavy
dark spots represent the chlorine ions that satisfy the’ fec

higher percentage of surface molecules. As it is shown in
Eq. 11  besides v, and D there is H in DIT prefactor
which depends on the Laplace pressure. Bigger size de-
pendent effect should be seen from the DIT.

An example of the calculated nucleation rates with
and without w' corrections for three different size clusters
are listed in Table 2 where the size effect on v,, and D
are neglected. Uncertainties in nucleation theory prevents
an accurate calculation of the nucleation rate however
the trends predicted by the theory may make some sense.
It seems that both MD simulation and current nucleation
theories after Laplace pressure correction follow the same
trend that the nucleation rate decreases with increasing the
number of molecules in a cluster.

Table 2 Calculated size effect on nucleation rate® m~* s~! due

to the Laplace pressure

CNT DIT
Cluster
with w’  without w’ with w’  without w’
NaCl 103 1.5x107 7.2x10®%  5.3x10% 7.9x10%
NaCl 256 1.3x10%7 7.2x10% 3.4x10% 7.9x10%
NaCl 500 1.2x107 7.2x10° 2.5x10° 7.9x10%

“ The calculation was based on the following data temperature T =
580 K interface thickness in DIT § =1.493 x 10~ m interfacial
free energy = 71 mJ/m?.

Laplace pressure correction for CNT resulted in a fac-
tor of ca. 2 increase in the nucleation rate. This correc-
tion for DIT is even larger a factor of ca. 7 is introduced

for NaCl o5 cluster at 580 K.
Interfacial free energy and the diffuse interface thickness

Based on the estimated nucleation rates from MD sim-
ulation and thermal properties of sodium chloride listed in
Table 3
and liquid and the thickness of the diffuse interface are de-
to 12

the free energies between the interface of solid
rived from Eqs. 5 as shown in Table 4.

Table 3 Physical properties of NaCl used in the calculation

unit” for the definition of° fcc unit” see the text . la
Run #1 at141.6 ps 1b Run #1at141.6 ps 2a
Run #2at129.2ps 2b  Run #2at 130.8 ps 3a

Run #3 at 130.0 ps  3b
Run #4 at 38.4ps 4b

Run #3 at 137.2 ps  4a
Run #4 at 42.40 ps.

Therefore the main size effect in the exponential part of
CNT may come from the Laplace pressure contribution
w' given in Eq. 7 . The calculation of other terms in
AG ™ for DIT also contains the correction of Laplace pres-
sure that may result in an additional size effect from the
exponential part.

Among the parameters going into the CNT prefactor
given in Eq. 10 v, the volume of a molecule in liq-
uid will be affected by the Laplace pressure. The diffu-
sion coefficient D is also size dependent because smaller
clusters usually have larger diffusion coefficient due to the

Property Value or expression Ref.
T. K 1073 CRC handbook
T, K 1738 CRC handbook
AHgs  J/mol 30180 CRC handbook
C,1 -C, s
17.5 12 13
J/mot K
Vs solid  m?/mol 2.67x10°7 CRC handbook
Ve liquid  m3/mol  3.14x 1073 CRC handbook
A Wm b K-! 0.1+0.00087 K 41 42
3.1662 x 1077 x
2/ 43
b m/s exp —4089/T
2.2x107%x
¢ nm /T, 13 31—33
.1 -7.12
o J/mi 0.1906 - 7.125 x a1

10°°T
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Table 4 Interfacial free energy and diffuse interface thickness®

CNT DIT
T/Cluster
oq Acnr oa Acc 0

580 K

NaCl ¢ 0.0830 0.1195 0.1590

NaCl 556 0.0795 0.1165 0.1494

NaCl 509 0.0800 0.1160 0.1488
615 K

NaCl 556 0.0870 0.1175 0.1512

NaCl 5q9 0.0885 0.1175 0.1532
630 K

NaCl 509 0.0895 0.1170 0.1504

@ The unit for o is in J/m> and & is in nm.

On the basis of the interfacial free energy listed in
Table 4 and from our previous paper the temperature de-
pendence of the interfacial free energy from the combina-
tion of CNT prefactor-CNT exponential part was fitted into
a widely used equation

(8] T = O] T1 T/Tl " 15
n value of 1.6 in the temperature range from 500 K to 630
K was obtained. The extrapolation to the temperature be-
low 500 K and above 630 K is plotted in Fig. 8. It is an
extremely large n value because it expected a number pre-
sumably smaller than unity. Nucleation data for the freez-
ing of mercury give n value of ca. 0.3 to 0.4. The larger
n value for sodium chloride may suggest the unrealistic
feature of CNT for the nucleation of sodium chloride under
highly super cooled conditions. Besides as it was pointed
out in our previous paper that CNT can not get the solution
of interfacial free energy from our 400 K nucleation data
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o] (J : m—Z)
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1 1 1 L] 1
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Fig. 8 Interfacial free energy as a function of temperatures derived
from different combinations of prefactors and the exponen-
tial part. Heavy dash line from CNT-CNT heavy solid line
from DIT-DIT dash line from GG-CNT solid line was es-
timated from Eq. 17 with £, =0.41.

An almost constant value of o was derived from the
GG-CNT combination. This seems against the prediction
made by Turnbull® and Spaepen®® that o tends to increase
with increasing the temperature .

The diffuse interface thickness & parameters derived
from DIT with nucleation rates are approximately close to a
constant value of 0.1520 nm with a fluctuation of 5% in
the temperature range from 580 K to 630 K. According to
Granasy™ the 0 value can be used to estimate the structure
factor k. The relationship between the ¢ and the structure
factor k,is

ko= ov, "3 16

where v, is the volume of a molecule. It leads to a k, val-
ue of 0.41 if the v, value of 5.2 x 10~ m? is used for
liquid molecule. For a series of metalloids the k, value was
found to be ca. 0.32 while for metals the value of 0.45
was used. The k, of 0.41 may be a reasonable value for
sodium chloride.

The well known Turnbull empirical equation related
with the heat of fusion and interfacial free energy through

the structure factor is>’

Ogl = k[AH{us/ VZNA 173 17
where N, is Avogadro’ s constant V the molar volume
whether of solid or liquid was not specified . The interfa-
cial free energy was caleulated as a function of temperature
by adopting 0.41 for the structure factor the heat of fusion
as a function of temperature estimated from the value at
melting poit and the heat capacity difference between liq-
uid and solid from MD simulation and the liquid volume
listed in Table 4. The calculated results are plotted in Fig.
8.

If the free energy barrier to the formation of a critical
nucleus from the liquid AG™ given by CNT Eq. 6
and by DIT Eq. 8  has the same value at the same
temperature the interfacial free energy from the diffuse in-
terface thickness could be estimated through

o4 DIT = —0.2583AG63% V3 18

The calculated results are also plotted in Fig. 8. In the
temperature below 650 K range o estimated from DIT be-
haves the same way as CNT does while in the temperature
above 955 K range o from DIT decreases with increasing
the temperature .

No experimental interfacial free energy data were
available for sodium chloride therefore it is very difficult to
judge which theory gives the most reliable information.

Temperature dependence of nucleation rate

The nucleation rate as a function of temperature de-
rived from three different theories is plotted in Fig. 9 and
compared with the result from our MD simulation. All
three theories can reproduce the nucleation rate in the tem-
perature range of 500 K to 630 K however both CNT and
DIT can not be used to interpret the nucleation rate ob-
tained from MD simulation at 400 K. Further studies to the
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temperature below 400 K may be helpful to examine the
validity results of these theories because the difference in
predicted nucleation rate from different theories becomes
more clear. On the high temperature end the predicted nu-
cleation rate becomes zero at 1000 1035 and 1064 K for
CNT DIT and GG theories respectively. Any experimental
or simulation results from the high temperature side will be
helpful in judging these nucleation theories. We are very
eager to explore the possibility of studying this system by
the ED experiment.

1040 .
10% ¢
s
10 +
oo £
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107§
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Fig. 9 Nucleation rate as a function of temperature. Squares from
MD simulation solid line from GG-CNT dash line from
CNT-CNT dot line from DIT-DIT.

To consider the possibility of observing the freezing of
sodium chloride from ED experiment based on the MD sim-
ulation results the first consideration will be the time-
scale difference between the experiment and the computer
simulation. With the present computer power and the time
step-size used in molecular dynamics simulation normally
10 fs per step and 100 000 time steps result in a total time
of ca. 107%second for a cluster with diameter of 2 nm or

3

volume of ca. 107" m® it is likely to observe the phase

transition of a system withthe nucleation rate around 1036
m~* s~!. The nucleation rates of crystallization of Na-
Cl 08 NaCl 5s¢ and NaCl 509 clusters fall into this
range and therefore the nucleation of freezing can be seen
in this MD simulation. The limitation of the ED experiment
set-up only allows us to investigate phase changes that
could be finished within ca. 200 ps and the highest time
resolution is about 1 us cluster diameters are from several
nm up to tens nm and therefore a nucleation rate in the
range of 10%® to 10 m~% s~ ! can be examined by our ex-
periments .

From Fig. 9 it is clear that in order to observe the nu-
cleation in the ED experiment the freezing temperature of
the clusters should be controlled between 680 and 750 K
from CNT theory between 700 and 795 K from DIT theo-
ry and between 760 and 846 K from GG theory.

In our previous experiments the freezing temperature
of clusters was estimated by the evaporative cooling tem-
perature . Some rules of thumb can be used to approximate-
ly estimate the evaporative cooling temperature % 3 Teyp.

For a normal liquid

Top~0.04AE y, Teyp /R 19

evp
where AE,,, is the change in internal energy on vaporiza-
tion at T.,,. An alternative approach' is to use the temper-
ature at which the vapor pressure of bulk is 0.4 Pa. Based
on the empirical formula of vapor pressure®® A H vap T was
estimated by Clausius-Claperon equation. Estimates of the
evaporative cooling temperature for liquid NaCl clusters
from these two approaches are 890 and 880 K respectively.
Based on the above information it seems unlikely to ob-
serve the nucleation of freezing from the ED experiment.
However the failure of CNT and DIT in interpreting the
MD result at 400 K and the constant interfacial free energy
estimated from GG theory will remind us that any success
of nucleation study of sodium chloride with our ED experi-
ment will be a challenge to current nucleation theories .

Size of critical nuclet

As it is shown in Fig. 5 the number of* fcc unit”
sharply increases when the crystal starts to grow. The in-
formation about the critical nuclei may be found from the
snapshot of the system at the time not very far before the
sharply ascending point on such a curve. A rough estima-
tion of the sizes of the critical nuclei from the MD simula-
tion is around 25 40 and 55 NaCl molecules at tempera-
tures of 580 615 and 630 K respectively.

From the CNT and GG theory the size of the critical
nuclei can be calculated from

n* =32n63/ 3v,AG? 20

If the interfacial free enrgy o4 in Eq. 20 is re-
placed by Eq. 18

will be

the size of critical nuclei from DIT

n* =8x83¥/ 3v, 21

The calculated sizes of critical nuclei from both CNT
and DIT are very small ca. 5 and ca. 9 for 580 and 630
K from CNT ca. 4 and ca. 7 for 580 and 630 K from
DIT  while those from GG theory are slightly bigger ca.
15 and ca. 19 for 580 and 630 K respectively .

Concluding remarks

The size and temperature effects on the nucleation
rate of crystallization from molten sodium chloride have
been studied in the temperature range of 580 to 630 K by
MD simulations. The nucleation rate was found to decrease
with increasing the cluster size or temperature. Laplace
pressure plays the major rule for the size effect on the nu-
cleation rate.

Various nucleation theories were used to interpret the
nucleation rates obtained from this report and our previous
report on sodium chloride. It was found the interfacial free
energy estimated from CNT and DIT increases too fast with
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increasing the temperature while that from GG theory is
almost a constant. Although DIT is used with one constant
diffuse interface thickness in the temperature range of this
study both DIT and CNT failed to interpret the nucleation
rate at 400 K as it was reported in our previous paper.'?
The sizes of the critical nuclei estimated from all the theo-
ries are too small.

It seems that all the current nucleation theories could
not work very successfully for the freezing of sodium chlo-
ride in the temperature range of 400 to 630 K. Further MD
simulations on the nucleation of freezing from molten sodi-
um chloride clusters at the temperatures below 400 K and
above 630 K are helpful for more thorough evaluation of
the current nucleation theories. It will be very exciting to
perform ED experiment on this system in order to get the
nucleation rate around the evaporative cooling tempera-
tures and any success in the experiment will be a big

challenge to the current nucleation theories.
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