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Calculation of the melting point of NaCl by molecular simulation
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We report a numerical calculation of the melting point of NaCl. The solid—liquid transition was
located by determining the point where the chemical potentials of the solid and liquid phases
intersect. To compute these chemical potentials, we made use of free energy calculations. For the
solid phase the free energy was determined by thermodynamic integration from the Einstein crystal.
For the liquid phase two distinct approaches were employed: one based on particle insertion and
growth using the Kirkwood coupling parameter, and the other involving thermodynamic integration
of the NacCl liquid to a Lennard-Jones fluid. The latter approach was found to be significantly more
accurate. The coexistence point at 1074 K was characterized by a pressu8®oH#0 MPa and a
chemical potential of-97.9+0.X&,T. This result is remarkably good as the error bounds on the
pressure enclose the expected coexistence pressure of about 0.1(akiBenj. Using the
Clausius—Clapyron relation, we estimate tlld/d T~ 3 MPa/K. This yields a melting point of
1064+ 14 K atambient pressurenvhich encompasses the quoted range for the experimental melting
point (1072.45—-1074.4 K The good agreement with the experimental melting-point data provides
additional evidence that the Tosi—Fumi model for NaCl is quite accurate. Our study illustrates that
the melting point of an ionic system can be calculated accurately by employing a judicious
combination of free energy techniques. The techniques used in this work can be directly extended
to more complex, charged systems. 2003 American Institute of Physics.

[DOI: 10.1063/1.1522375

I. INTRODUCTION plored. An approach that has gained considerable popularity

in the study of solid—fluid equilibria, is the Gibbs—Duhem

Solid—fluid transitions tend to be strongly first order, be-integration methot that traces out the coexistence line. A

ing characterized by an appreciable hysteresis. This cagrawback with this method is that to initiate the procedure,
present a serious technical challenge to computer simulatiogne requires knowledge of at least one point on the coexist-
of such phenomena. In principle, it is possible to search fognce curve, which must be determined by some alternative
coexistence in a simulation of a large, two-phase systeMyeans, The Gibbs—Duhem method can therefore be used

However, in such a simulation, finite-size effects, associategmy in combination with another technique to locate coex-
with the presence of an interface, are expected to be appresience points.

ciable. Hence the method is limited to large systems. This, in
turn, implies that such an approach is likely to be prohibi-

tively expensive for systems consisting of complex mol-pp,q0q are equal. Hence, one possible route to determining

ecule_s. For this reason, It Is Important to makg use of COMthe coexistence point is to calculate the chemical potential or
putational techniques that locate the coexistence POINhe free energy of each phase separately as a function of

through “bulk S|mulat|on§ of the two cpemstmg phases. An ressure and thereby ascertain the intersection point at which
example of such a technique is the Gibbs ensemble mbtho@l

. . - ; . e pressures and chemical potentials are equal. Once one
in which the two coexisting phases are simulated in separatguch coexistence point has been determined. then. in orin-
but coupled simulation cells. While the Gibbs ensemble . P ' NP

method can be applied to soli@. T. Wu, private commu- ciple, the entire coexistence line may be determined using

nication), this application of the method is still largely unex- the lebs—Duhgm |ntegrat.|0n procedure. .Thls apprqach n-
volving the explicit calculation of the chemical potentials of

the individual phase&oupled in some instances with subse-

aauthor to whom correspondence should be addressed. Electronic maihuem Gibbs—Duhem integratibhas been employed to in-
jamshed.anwar@kcl.ac.uk

At the solid—liquid coexistence point, the pressure and
the chemical potential of the coexisting solid and liquid

bEjectronic mail: frenkel@amolf.nl vestigate the phase behr_:lwor_ of many systems |_nclud|ng
®Electronic mail: massimo.noro@unilever.com simple models such as ellipsoitis,ennard-Jones particlés,
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spherocylinder§, two-dimensional2D) discs as models for ¥, NNna Ny

membrane proteinsand more realistic model systems such UEzﬁE (ri—rg;)%+ —2 (ri—roj)?, 1)

as N,,%9 C0O,,° N,0,' and H,0.1%*3 Recent applications =1 =1

of increased complexity include a realistic model of whereNy, andNg are the number of ions of each typgy,

n-octané* and iron® and yg, are the associated force constants characterizing the
The present study attempts to calculate the melting poingtrength of the coupling, and,; is the equilibrium lattice

of NaCl. While the melting of NaCl is interesting in its own position of particlei.

right, our main reason for studying this substance is thatitis  For technical reasongletailed in Refs. 17 and 18it is

the simplest representative of a large class of ionic material$mportant to fix the center-of-mass position of the system in

The same techniques that allow us to compute the meltinthe thermodynamic integration from the Einstein crystal.

curve of NaCl should allow us to study melting of complex This necessitates a finite system-size correction associated

organic salts and, eventually, of protein crystals. Apart fromwith the center-of-mass constraint. There are thus three com-

this methodological incentive, the alkali halides, of which ponents to the free energy of the solid phase: the absolute

NaCl is the archetypical member, have been extensivelfree energy of an Einstein crystal with a center-of-mass con-

studied both experimentally and theoretically, and consestraint Fgcy), the free energy change for the thermody-

quently have played an important role in the development ohamic integration from the Einstein crystal to Ng@ith the

solid-state theory. The thermodynamic and structural propeteenter-of-mass constrajnA F gcyy—naciicmy . and the finite

ties of NaCl are of particular interest since it is employedsystem-size correction associated with the applied center-of-

extensively to assure internally consistent thermodynamienass constrainAFyacicm)—naci- Hence

values of many other substances. For instance, the Iattic'_e _F CAF CAF @)

parameter of NaCl serves as a secondary standard for theslid™ " E(CM) E(CM)—NaCkCM) NaCl(CM)—NaCl»

high-pressure scale. To our knowledge, the present calculavhere CM specifies that the center of mass is constrained.

tion of the melting point of NaCl represents the first such ~ For NaCl with the two ions having a distinct lattice-

calculation for a pure ionic system. coupling force constant, the various free-energy components
The main reason why the calculation of the meltingper NaCl ion pair take the following explicit forms:

point of NaCl (and ionic systems in geneyak technically BF 3N o

challenging is the presence of long-range Coulomb forces in=_ 5™ _3n A +3InAg— —Nam( )

such systems. The presence of Coulomb interactions poses '"NaCl 2Nnaci | B¥Na

technical difficulties for almost every aspect of the calcula- 3Ng n( 2 ) 3 ( BYna )

tion of the free energy of the solid and the liquid. In the - I - n
2NNaCI 2NNaCI

current study the chemical potential of the NaCl solid was Brel

2N Nat i

determined by thermodynamic integration from the Einstein 3 By

crystal. For the NaCl liquid two distinct approaches have - 2Nnacr | 277Ny

been employed and compared. A scheme involving thermo- @ crtc

dynamic integration of a LJ fluid to NaCl fluid was found to 3 | Bh? 3

be the most accurate. T 2Ny N\ 27 (Nt Ngmap) | G

BAF gcm)—Naciem) B (1

IIl. THEORY Ny = Nuag, J o MUnacr—Ue), 4)
At the melting pointT,,(P) of a substance, the pressure BAF Nack M) —-Nac 1 Nyaci

and the chemical potential of the coexisting solid and liquid N N [ ( v )

phases are equal. To calculate the melting point, it is there- NaCl Nacl

fore necessary to determine the intersection point of the Bh?

chemical potentials of the solid and the liquid phase. A con- + 2NNaCIIn 27 (NnaMnat Ngmay)

venient approach is to determine the chemical potentials for

the two phases as a function of densfor pressurgat a ®)

defined temperature, and to express the data in the form af which his Planck’s constan3=1/k4T, Ny, andmy, and
empirical equations of state from which the intersectionNg andmg, are the numbers of particles and masses of the
point may be calculated. sodium and chloride ions, respectivelNy.c the number of
NaCl ion pairs,uj=m;/%;m; the fractional mass of each
species, and\; are the de Broglie wavelengths given by
Aij=h/y27m;kgT for each ion species

The chemical potential of the NaCl solid phase was de-
termined by thermodynamic integration using the Einstei
crystal approach® The Einstein crystal comprises noninter-
acting particles that are coupled harmonically to their equi-  For the liquid phase, the appropriate reference state is
librium lattice sites. In the present study the Na and Cl ionghe ideal gas phase comprising noninteracting particles. The
were assigned separate coupling constants. The revised pioaplication is that the chemical potential of a liquid can be
tential for the Einstein crystal was calculated using a number of distinct approaches. The most

A. Chemical potential of the solid phase

nB. Chemical potential of the liquid phase
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common and direct approach is to carry out thermodynamievhereF' is the ideal-gas free energy component per NaCl
integration above the critical temperatyte avoid any first- ion pair for the binary mixture of Na and Cl ions
order transition as a function of density by expanding the
system to zero density, i.e., to an ideal gas. For NaCl, this  BFia
approach is likely to be problematic. The long-range nature  Nyac
of the charge—charge interaction between the particles will
persist even at very low densities. An alternative approach i&herep=Nyac//V.
to calculate the chemical potential directly by using the par- The excess free energy of the Lennard-Jones fluid,
ticle insertion method® This method, however, is only ef- BFL3, per NaCl ion pair was calculated using the overlap-
fective at low densities. A possible combined approach could®ing probability distribution method that encompasses both
be to carry out the thermodynamic integration to low densityParticle insertions and removals using the relationship
and then employ particle insertion. A further variation is to Fex N bV
|n§ert an ideal gas molecule into the liquid and to grow it 27 _ (INg(AU)—Inf(AU)+ BAU) — B ,
using the coupling parameter appro&eh. Nnact  Nnaci Nnacl

In the present study we have explored the use of two (11

distinct approaches for calculating the chemical potential of T
the NaCIpIFi)quid. In the first appr(?ach an NaCl i?)n pair is wheref(AU) andg(AU) are the probability distributions of

. - . . the interaction energg U of the inserted test particle and the
grown in the liquid using the coupling parameter approach

which directly yields the chemical potential of the system.removed particles, respectively.

. . i - : The free energy for the thermodynamic integration of a
The transformation of the ideal gas ion pair into an NaCl ion X T . .
. . o Lennard-Jones fluid to the NacCl liquid in its explicit form is
pair could be carried out by gradually switching on together

=3INApnat3INAg—2Inp—2, (10

both the van der Waald/DW) parameters and the charges, BAF L nac N=1
or in two stages by switching the van der Waals parameters N =f AN (Upaci— Uy - (12
first followed by the charges. Both procedures were at- NaCl r=0
tempted in the present study. For the single-stage process the
free energy of the NacCl liquid is C. Location of the melting point
W e PV The free energies per NaCl ion pair for the solid and
Fliquia= s+ 01— Nnac!’ ©) liquid phase were calculated at their respective equilibrium

densities at the temperature 1074 K, which is close to the
experimental melting point for NaCl at ambient pressure. To
Betermine the free energy at a density other than that initially
selected, we need to know the density dependence of the
pressure for the two phases at 1074 K. For both the solid and
, the liquid phase, th®(p) isotherm was described by a qua-
dratic polynomial P(p)=a+bp+cp?. If p* denotes the
. ) density at which the free energy of the given phase has been
where(V) is the expectation value of the volunweof the determined, then the chemical potential) at some other

(N, P, T) system. The excess chemical potential COM-gensity along the same isotherm is given by
ponent for an isothermal—isobaric ensemble is given by the

where 1@ and u® are the ideal and the excess chemical
potential components. For an isothermal—isobaric ensemb
the ideal part takes the fofh

NNaCI+ 1

BudN,P, T)=3InAy,+3INAg+2In|
<V>N,P,T

integration Bu(p)
Bue«N,P,T>=ﬁ_ldx<‘?U(”> . ® =P glacptbnpt 1ot —binpr s >
A=0 I\ NNPT Nnaci p* ’
In the two-stage procedure the above thermodynamic in- (13

tegration is split into two components: growth of the ideal hereE* is the f f either the liquid h lid
gas particles into VDW particles, and transformation of theVhereF™ Is the free energy o e'F er the fiquid or the soll
phase of NaCl at 1074 K at ambient pressure.

VDW particles into a NaCl ion pair. These simulations in-

volving insertion and growth of a NaCl ion pair were carried , The_ melting _p0|nt pf NaCl was located grfiphlcally, t_)e-
out in the isothermal—isobaric ensemble to minimize ™9 the intersection point of plots of the chemical potentials

N-dependence effects of the liquid and the solid phase as a function of pressure at

The second distinct approach involved thermodynamic,Ihe fixed temperature of 1074 K.
integration in which a Lennard-Jones fluid is transformed
into NaCl liquid at 1074 K, followed by the determination of
the chemical potential of the Lennard-Jones fluid using thell. SIMULATION DETAILS
overlapping probability distribution methdd.In this case

the free energy of the NaCl liquiin a NVT ensemblgis The system Containeq 512 partic(%6 Na and 256 gl
given by For the solid phase, this is equivalent tx 4 <4 unit cells.
a4 ex The ion—ion interaction potential was of the Born—Mayer—
Fiiquia=F"+F3+AF 5 Naci, (9 Huggins—Fumi—Tos{BMHFT) form
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TABLE I. Potential parameters for NaCl. 4 . . . . v . . T
kJ mol™* At AkImolt  A®kJImol? A = LJ fluid
34 NacCl liquid .
Na—Na  25.4435  3.1546 101.1719 48.1771 2.340
Na—Cl 20.3548  3.1546 674.4793 837.0770 2.755
cl-cl 152661  3.1546  6985.6786 140315785 3.170 __ 5| ]
S
D
1 “-_/J"‘-v\
Cij Di aiq e
Uij:Aij EXF[B(O'ij_r)]_r_G_r_S‘f'T. (14) 1
. 0 T
The parameters were from Tosi and F&if transformed 0 8
for use in the above form of the potential and are given in r /Angstrom

Table I.

The non-Coulombic part of BHMFT potential was trun- FIG. 1. Radial distribution function for a LJ fluid with parameters

: : : =2.32 A ands =4.465 kJ mol * (state pointp* =0.383 andT* =2.0), and

cated at 9.0 A but tail correctlor!s Were. included to correc he Na-Cl pair interaction in NaCl liquid, both at 1074 K and 0.1 MPa
for the t'juncat'on- The COUI(_)mb 'nteraCt'on Ferm was eValu'pressure. The LJ fluid and the NaCl liquid represent the two states connect-
ated using Ewald summation at a precision of" iCXy ing the thermodynamic integration pathway employed to calculate the free
=3.5, 8k vectors. All the calculations were carried out us- energy of the NaCl liquid phase. The plot shows that the first peak for both
; ; T . pair interactions are almost coincident, and hence confirms the correct
ing mOI(;SCUIar dynam|c§ ut|I|2|ng. the in house_ SOftwa,re choice of LJ parameters that were selected to minimize the structural dis-
ATOMH?*’ The NacCl solid calculanons.wgre carr_led _out iN parity between the two states.
the NVT ensemble. The thermodynamic integration involv-

ing particle insertion and growth was carried out in NMRT

ensemble, while the thermodynamic integration of the Lye gesire to stay in the supercritical region of the LJ fluid,
fluid to NacCl |IQL!Id employed\VT. In t_he particle mse_rtlon “and an attempt to ensure that the first peak ingtfrd of the
and growth studies the system comprised 255 NaCl ion pairg; fiig occurs at the same position as the Na—Cl ion pair

in the liquid phase plus the one inserted ion pair. The,g relation peak in the NaCl liquitsee Fig. 1
timestep was 2 fs. Typically, simulation runs were of 200 ps,

of which the first 80 ps were equilibration and the last 120 ps
were used for the averages. The averages and associated \n-RESULTS AND DISCUSSION

certainties were calculated using the block averaging ) ] ]
techniqué® to minimize correlation errors. Although proposed in the early 1960s, the Tosi—Fumi

Suitable choices for the force constanis for the parameters+2*for NaCl still continue to be used in classical

Einstein crystal thermodynamic integration were determinedimulations. While the aim here is not to test the suitability
from an NPT simulation using the Parrinello—Rahman of these parameters, it is important to get some idea of the

boundary conditio’€ at 1074 K and were yy parameter-related variability in thermodynamic and struc-
=80.7890 kIJmol*A "2 and yq=85.0095 kJ mo—llA—g tural properties and its possible effect on the melting point of

for the two species. They were calculated from the meam@Cl. The ability to reproduce basic data can also give con-

square displacements of the atoms using the relationship fidence in the simulation code. On the whqle the Tosi—_Fumi
N parameters have been found to be good in reproducing the
3 < L > (ri—r )2> basic properties of the solid phase of NaCl. The agreement
i~ loi

E: N =1 (19 petween the calculated and the experimental lattice energies
) _ . at 298 K and ambient pressure is very good, the calculated
In general, the presence of tethering forces restrammgmergy being—770.02 kJ malYion pair compared with the
the displacements of all particles, is incompatible with theexperimental value of-769 kJmol Yion pair?® The fusion
conservation of the total momentum of a system in an MDgnergy too is reasonably well reproduced, the calculated

simulation. However, we chose the harmonic force constantg,| e being 27.95 kJ motfion pair compared with the ex-
such that they were proportional to the respective masses %ferimental values of 28.80 kJmdfion pai®® and 28.16
the ions. This choice ensures that the net force on the centgq 101 Yion pair®® As for the lattice parameters, the percent-

of mass of system is zero, provided that it is initially zero. 546 deviation is low being only 0.7%. The calculated lattice
Hence the center of mass remains fixed. parameter is 5.682 A while the experimental value is 5.642
For the thermodynamic integration from a Lennard-g 31 ap additional test of the potential parameters was a
Jones fluid to the NaCl liquid, it is essential to choose “qu'dcomparison of the calculated and experimental mean squared
state points where the two models are structurally as Sim”aﬂisplacements of the ions. The mean squared displacements

as possible, and to select a reversible pathway along whicy, pe estimated from the Debye—Waller temperature factor

there is no possibility of a first order phase transition. Theg using the relationship
selected LJ state point wags =0.383 andT* =2.0 (where )

p*=po® and T*=kT/e) with the parameters being Arg_i (16)
=2.32 A ande=4.465 kJmol . This choice results from 87
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TABLE II. Calculated free energy componentskpgT/ion pair for the various schemes employed to determine the free energy of the crystal and the liquid
phase of NaCl at 1074 K and 0.1 MPa. The terg)s®™(N,P,T) and Bu®@(N,P,T) in column 4 are the excess free energy components for the
transformation(by thermodynamic integratigrof two inserted ideal-gas patrticles into VDW particles and the transformation of two VDW particles into an
NaCl ion pair, respectively.

Liquid Liquid
Liquid single-step ion-pair insertion two-step ion-pair insertion
Einstein crystal LJ system-NaCl and growth and growth
F F . i
BFecw _ —13.40 BF _ —24.22 BuYN,P,T)= —22.22 BrIEN,P,T)= —22.22
Niacl Niacl
AF _ Fes
PAFecw naciow _ _gg 70r002 PTU_ -0.86 Bu®(N,P,T)= —77.42:1.00 ABu™O(N,P,T)= 8.69+0.21
Nnacl Niacl
AF AF ;.
BAFnaciomaci _ 0.37 BAFu Naci_ 25 65+0.03 Bu@(N,P,T)= —85.67=1.00
NNaCI NNaCI
P P(V
_w: <0.01 _B_H: <0.01
I\INaCI NNaCI
Total —97.75-0.02 —97.73:0.03 —99.71+1.00 —99.20+1.00

The B; values can be estimated from crystal structureobtained using these schemes show a systematic error of
refinement. For NaCl, the data at 1 bar reported by Fingeabout—2k,T/ion pair in comparison with the values calcu-
and King” yields the experimental valuesr,=0.020 &2 lated for both the solid phase and the liquid phase using
andArﬁ,a= 0.017 A2. The corresponding mean squared dis-schemeiii). In contrast, the value obtained using scheme
placements at 298 K and 1 bar from simulation Antﬁa (iii) is entirely consistent with that obtained for the solid
=0.054 A2 andAr2,=0.050 A2. This is clearly a large dis- phase, as are the associatetirkedly lowey error estimates.
crepancy; the simulation values are about twofold higher The thermodynamic integration plots for the particle in-
than the experimental estimates. The problem here may lisertion schemes are given in Figs. 3 and 4. Both figures
with the experimental estimates. TBg are merely adjust- reveal that the problem occurs at the initial insertion and
able parameters in the refinement of the crystal structure anelrly growth stagélow \) of the inserted ion pair. At lowk,
are likely to include other effects such as thermal diffusethe inserted particles are small and get close to the other
scattering. particles. This results in many close contacts between the

The results for the calculations of the free-energy com-particles that yield very large contributions tU. The
ponents for the solid and the liquid phase are tabulated iparticle-growth simulations also showed another interesting
Table Il. For completeness, the free energy values include thartifact. Sometimes, the valudd)/d\ in a single simulation
kinetic terms involving the thermal wavelengths (3\g,  would exhibit a bimodal distribution. To be more precise,
+3InAg) even though these are identical for both the liquidd U/d\ would appear to converge, then show a discontinuity,
and the solid phase. and then convergence to a new value. The cause here is the

The free energy of the solid phase at 1074 K and 0.Xlustering of the two inserted, small particles. This effect was
MPa pressure determined using the Einstein crystal as the
reference phase was calculated to-b87.75-0.0XgT/ion
pair. The thermodynamic integration of the Einstein crystal
to the NaCl solid phase is displayed in Fig. 2 whélth,c _ =
—Uginstein ) iS Shown plotted as a function of the coupling e
parameter\. The sampling points i were defined by a g a0 . ]

10-point Gauss—Legendre integration scheme that was use-=

for the integration. The high precision of the calculation is & .

apparent from the small error bars representing the standar 2 “7507 i
deviations on the ensemble averd@if.c— U ginstein » - A
The free energies of the liquid phase using the three D,L"'76°' """" T —_ T
different thermodynamic integration schenigsion-pair in- g

sertion and growth in NaCl liquid with both VDW param- Vv

eters and charges being switched on togetfigr,ion-pair 0.0 02 04 06 08 10
insertion and growth in NacCl liquid in two stages with VDW
parameters being switched on first and then followed by the
charges, andiii) thermodynamic integration of LJ fluid to FIG. 2. Thermodynamic integration of an Einstein crystal to a NaCl crystal
NaCl liquid, were —99.7+1.0, —99.2+ 1.0, and —97.73  at1074 K and 0.1 MPa pressure show{itiaci— Ukinstein» s a function of

4+ ; ; _ ; ; the coupling parametex. The sampling points il were defined by a
*+0.0XgT/ion pair (T=1074 K), respectively. The particle 10-point Gauss—Legendre integration scheme that was used for the integra-

'nsemon schemes, Whl|e '_mema”y Cons"Stem’ ar? Clearl)fion. The error bars represent the standard deviation in the ensemble average
both inaccurate and imprecise. The chemical potential valuegtermined by block averaging.

Y NaCl!
i

770 e
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FIG. 3. Thermodynamic integration of two inserted ideal-gas patrticles to a
NaCl ion pair(one-step proceduyen NacCl liquid at 1074 K and 0.1 MPa
pressure showingU y.ci— Uig), as a function of the coupling parameter

The trend line shows a sixth order polynomial fitted to the data, which was
used for the integration of the plot. The error bars represent the standarc-
deviation in the ensemble average determined by block averaging.

> /kdJmol

not investigated any further because it is simply an indication S
of the breakdown of this particular thermodynamic integra-
tion scheme. Fortunately, the alternative approach describel
below did not suffer from this problem.

ici i i -1600 T v T T T T
_ .Th.e th_ermodyngmlc. mtegrauon of the LJ fluid to NacCl 00 02 0.4 o6 08 10
liquid is displayed in Fig. 5 showingUy,c—U_j), as a A
function of the coupling parametar. In contrast to the par-
ticle insertion schemes, the standard deviations on the emG. 4. Thermodynamic integration of two inserted ideal-gas particles to a
semble averages in this case are significantly lower. ThidlaCl ion pair in NaCl liquid at 1074 K and 0.1 MPa pressure carried out in
int fi . Il beh d vieldi t lts. the f two stages(a) transformation of the two ideal-gas particles into two VDW
Integration 1S W? _e av_e yielding accurate resufts, the re%articles, i.e., gradual switching on of the van der Waals parametergband
energy of the liquid being close to the free energy detertransformation of the two VDW particles into a NaCl ion pair, i.e., gradual
mined for the solid phase. The advantage here is that newitching on of the Coulomb charges. The plots sh@v(Uypw—Uig)\

particle creation is involved, nor are there any peculiar ion2nd (5) (Unaci—Uvow), as a function of the coupling parameteralong

. . . . with the fitted curves that were used for the integration of the plots. The data
pairing effects, as all particles in the system at any gixen in (a) was fitted with a second order exponential decay equation of the form

have the same character. y(x)=a0+al exp(-x/tl)+a2 exp(-x/t2) wherea0, al, a2, t1, andt2 are
Other than the free energies of the solid and liquid phaseoefficients, while that irb) was fitted with a sixth order polynomial. The

at 1074 K, the additional required free energy contribution isemor bars represent the standard deviation in the ensemble average deter-
that resulting from the need to equate the pressure in the tw8Mned PY block averaging.
phases at coexistence. The isotherms for both the solid and

liquid phase were fitted with quadratic polynomials, i.e., . o .
P(p)=a+bp+cp? over the limited range of densities estimated uncertainty in the calculation ther bounds on

examined. WithP in units of Pa ang defined aNy,c/m® the calculated coexistence pressure indeed enclose the ex-
. al 1

the fitted coefficients were a=2.60106<101° Pa, Pected pressure. . ,

b= —3.246 43<10" 18 Pan?, c=9.841 11 10~ %’ Panf for Given the calculated melting point, one could proceed to

the solid phase, and=7.2137810° Pa, b=—1.15281 trace the coexistence curve using Gibbs—Duhem integration.

x10 18 Pan?, c=4.460310 4 Panf for the liquid This was not attempted due to lack of melting point data as a

phase. function of pressure. It is, however, useful to examine how
the melting point varieglocally) as a function of pressure

The solid—fluid coexistence point, given by the intersec : ¢ ;
tion of the chemical potential of the solid and the liquid as a2P0ut the calculated melting point, and to estimate how the

function of pressure, is shown in Fig. 6. The chemical poten€Or bounds in pressure translate to errors in temperature.

tials are displayed in terms of bounds representing an uncef-ne variation in the melting point as a function of pressure is

tainty interval of +o. The intersection occurs at abou3o ~ 9iven by the Clausius—Clapyron equation

<dU/i

=40 MPa withu of —97.9+ 0.2 T. This result is remark- dpP AH
ably good. The selected temperature of the study is 1074 K a7 TTAV (17
that lies within the range of quoted experimental values for coexist

the melting point of NaCl at ambient pressure: 1073%%, Molecular dynamics simulations in tHéPT ensemble were
1074.4% 1072.45% and 1073.2 K° Consequently, at this carried out for both the solid and the liquid phase at 1074 K
temperature the coexistence pressure is expected to be thad —30 MPa (the calculated coexistence presgufi®@m
ambient pressure, namely about 0.1 MPa. Considering thehich AH andAV were determined. The enthalpy of fusion
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-300 T T T T The shortcoming in the rigid-ion model is therefore respon-
__ -350- ] sible for errors in the entropy component of the free energy.
e i 400—T= i The entropy component associated with the interaction po-
Zz tential, that is, other than the ide@iinetic) part, is relatively
g 4501+ 1 small. Thus, the error associated with the rigid-ion model is
5 -500 ° . in a quantity that makes only a small contribution to the
£ -550- J overall free energy. Furthermore, as the same interaction po-
< tential is employed for both the solid and the liquid phase
g 600+ s i calculations, there is a possibility of cancellation of errors.
3-5 -6501 s —— 7 The determined chemical potential of the NaCl solid phase is
35 -700+ T = —97.7%,T. Of this, the potential energy component is
vV 750 . . : : —87.1K4T while the ideal part is-13.4K4T, leaving the
0.0 0.2 0.4 0.6 0.8 1.0 entropy component arising from the interaction potential to

be 2.7%,T. A 5% error in the latter quantity would have
A . : . ’
little or no effect on the melting point calculation. Hence, the
FIG. 5. Thermodynamic integration of LJ fluidoE2.32A and ¢ ability of the Tosi—Fumi model to accurately reproduce the
=4.465 kJ moTl) to NacCl liquid at 1074 K and 0.1 MPa pressure showing me|t|ng p0|nt of NaCl should not come as a surpnse

(Unac— ULy, as a function of the coupling parameter The LJ fluid in . .
reduced units corresponds to the state ppih0.383 andT* =2.0. The The calculation of the meltmg curve was eXpeCted to

sampling points in\ were defined by a 10-point Gauss—Legendre integra-Present some technical challenge. For the liquid phase, one
tion scheme that was used for the integration. The error bars represent tlgannot employ the expansion to ideal gas method, due to the
standard deviation in the ensemble average determined by block averagingtrong’ long-range interactions involved. Fortunately there is
plenty of scope for developing alternative pathways for ther-
modynamic integration, which can be coupled with virtual
AH=28.184 kJmol '/ion pair while the associated differ- particle insertion methods. The difficulty lies in deciding
ence in volumeAV=3811 AS. Substitution of these values a priori which pathway is ||ke|y to y|e|d the best accuracy
into the Clausius—Clapyron equation givessP/dT  and precision. Here, for the liquid phase, the thermodynamic
=3 MPa/K which yields the melting point of 106414 K at  jntegration of the LJ fluid to NaCl liquid proved to be sig-
ambient pressureThe estimated relative error in the melting nificantly superior. This method probably also benefited by
temperature is just over 1% and is similar in magnitude tothe judicious decision to select the kjparameter for the LJ
the errors in the computed lattice energy and lattice paranphase so as to make the first peak in gife) of the LJ fluid
eters mentioned above. to coincide with the Na—Cl ion pair correlation peak in the
It is well known that the rigid-ion potential as employed NaCl liquid, thus minimizing the disparity between the two
in this study does not fully reproduce the phonon dispersiontates.
curves of ionic solids. The implication is that this potential is In summary, the me|ting point of NaCl has been calcu-
not expected to accurately predict free energies for these syfated from the intersection of the chemical potential of the
tems and(consequently their melting points. A fact that is  solid and the liquid phase. The study illustrates that the melt-
less well appreciated is that the free energies of the solighg point of an ionic system can be calculated accurately by
phases of the alkali halides are dominated by the potenti®dmploying a judicious combination of free energy tech-
energy component, and the latter we know can be accuratepiques, and represents an important first step towards inves-
predicted with a rigid-ion model using optimized parameterstigating more complex, charged systems. The study also re-
veals that the Tosi—Fumi model for NaCl is excellent,
enabling accurate reproduction of the experimental melting

-97.0 ; point.
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