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Simulations of melting of polyatomic solids and nanoparticles

SAMAN ALAVI†* and DONALD L. THOMPSON‡{

†Steacie Institute for Molecular Sciences, National Research Council of Canada, 100 Sussex Drive, Ottawa, Canada, Ont. K1A 0R6
‡Department of Chemistry, University of Missouri, Columbia, MO 65211, USA

(Received April 2006; in final form May 2006)

Molecular dynamics (MD) methods for calculating the melting point of complex molecular and ionic solids and nanoparticles
are described. Various approaches for simulating melting and computing the thermodynamic melting point are discussed
along with some force fields that have been used in simulations of the melting of molecular and ionic solids. The different
structural, energetic and dynamical quantities used to characterize the melting transition are described. The article ends with a
discussion of selected examples of melting point calculations of bulk solids and nanoparticles. Pointers on how each method
can be implemented in DL_POLY are given.
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1. Introduction

We review methods for molecular dynamics (MD)

simulation of solid-to-liquid transitions. The emphasis is

on methods for predicting thermodynamic melting points

of polyatomic molecular and ionic solids and nanoparti-

cles. Until recently most MD studies of melting were for

atomic solids (Lennard-Jones and metals). The melting of

solids composed of polyatomic molecules or ions presents

a much more challenging problem. We have been interested

in the development of methods for simulating melting in

such materials. The simulation of melting of a solid is not as

straightforward as could be assumed and involves more

than running MD simulations at a number of temperatures

and viewing the final outcome to determine whether the

system is in an ordered solid state or a disordered liquid

state. Direct heating of a periodic solid phase inevitably

leads to superheating and an overestimation of the melting

point. Here we review various methods for predicting

melting points which avoid (or make use of) the

superheating of solids and some selected studies that

illustrate them. Two classes of studies for melting point

determination will be outlined in Section 2. The

thermodynamic method of calculating the free energies

(chemical potentials) of the solid and liquid phase and

methods based on the actual kinetic mechanism of melting

namely homogeneous nucleation melting, surface-induced

melting, or void-induced melting are discussed. Each

method has advantages and associated difficulties and these

will be reviewed. Methods of determining the melting point

are discussed in Section 3. Realistic simulations obviously

require accurate force fields, thus a discussion of MD

simulations requires a discussion of force fields. These are

reviewed in Section 4. A discussion of MD studies of

selected polyatomic molecular and ionic solids follows in

Section 4. The focus here is on methods and force fields that

are readily used in DL_POLY, and throughout we will point

out specifically how to implement them in simulations

using DL_POLY [1].

The melting curve of a one-component system is

thermodynamically defined as the set of points in the

pressure–temperature phase diagram in which the molar

Gibbs free energy (chemical potential) m of the solid and

liquid phases are equal. For bulk phases the thermodyn-

amic melting curve is defined by temperatures and

pressures that satisfy the condition

msðT;PÞ ¼ mlðT;PÞ: ð1Þ

This constraint on the temperature and pressure means

that there is only a single degree of freedom at solid–liquid

equilibrium and only one of these intensive quantities of the

two-phase equilibrium may be independently varied.
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For a nanoparticle a solid–liquid interface phase s is

present in addition to the solid and liquid phases and the

interfacial energy must be accounted for in the free energy

calculations. The surface tension g, an intensive variable,

contributes to the molar free energy of the nanoparticle.

At solid–liquid phase equilibrium conditions for a

nanoparticle,

msðT ;PsÞ ¼ mlðT ;PlÞ ¼ msðT; gÞ: ð2Þ

Due to the surface, the hydrostatic pressures inside the

solid and liquid phases are generally not equal, and there

are four intensive variables that characterize the state of

the system. Equation (2) imposes two constraints on the

four variables and therefore at equilibrium two intensive

variables may be independently varied, which means that

at equilibrium pressures the solid and liquid phases in

nanoparticles of different sizes (and therefore different

surface tensions) can be in equilibrium at different

temperatures.

2. Brief reviews of methods

We now briefly review some methods for computing

melting points. We begin with the more rigorous

thermodynamic integration approach and then discuss

methods based on direct simulations of melting. The latter

are based on simulations that correspond to the three

kinetic mechanisms of melting: homogeneous nucleation,

surface-induced, and defect-induced melting.

2.1 Thermodynamic integration

Two related thermodynamically rigorous pathways have

been developed for calculating the melting points of

solids, both of which require the calculation of the free

energy of the solid and liquid phases, and involve

thermodynamic integration [2] based on the Kirkwood

coupling parameter method [3]. These methods have the

advantage that they involve the simulation of a single

phase at each stage of the calculation and thus avoid the

complicating presence of interfaces in the simulation.

When simulating two-phase systems care must be taken

that the number of molecules in the interfacial region is

not a large fraction of the total number of molecules in the

simulation.

To calculate the free energy difference between states I

and II, the potential energy of the system U is written as

the sum of the potential energies of the two states, coupled

by the parameter l:

UðlÞ ¼ ð1 2 lÞUI þ lUII: ð3Þ

State I can represent of the system of interest and state II

can be a reference state with a related potential energy

function. The potential energy corresponds to that of state

I for l ¼ 0 and state II for l ¼ 1. MD simulations can also

be performed with potential energies for states with values

of l between 0 and 1. The derivative of the Helmholtz

free energy A with respect to l is equal to the ensemble

average of the derivative of the potential energy with

respect to l: [2]

›AðlÞ

›l

� �
N;V ;T

¼
›UðlÞ

›l

� �
; ð4Þ

where the brackets represent an ensemble average.

Integrating equation (4) gives the free energy difference

between states I and II,

Aðl ¼ 1Þ2 Aðl ¼ 0Þ ¼

ð1

0

dl
›UðlÞ

›l

� �
: ð5Þ

The ensemble average of the potential energy as a

function of l is first determined from MD simulations for

the potential with values of l from 0 to 1 at, say, 0.1

increments. Numerical differentiation of the ensemble

average of the potential energy is then used to obtain the

derivative of the free energy according to equation (4), and

the result is integrated numerically with respect to l

according to equation (5) to determine the free energy

difference between states I and II. The quantities involved

in the evaluation of equation (5) are schematically

illustrated in figure 1.

In this method for determining the melting points the

absolute values of the Helmholtz free energy of the solid

and liquid phases at a specified density r* and temperature

T* close to the melting point are separately calculated

using equation (5). Absolute Helmholtz free energies of

the real solid and liquid phases are calculated with

Figure 1. A schematic representation of the variation of the ensemble
average potential energy U(l) and the derivative dU(l)/dl with the
switching parameter l. The integral of the derivative plot gives the free
energy of the phase according to equation (5). The U(l) values
determined from the MD simulation have associated error bars which are
schematically shown in this figure. The error bars determine the
uncertainty in the slope dU(l)/dl and resulting free energy.
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reference to standard ideal systems of known absolute free

energies A(l ¼ 1, r*, T*). The ideal reference systems for

the solid and liquid phases are, respectively, the Einstein

solid and the ideal gas. The density dependences of the

pressures of the solid and liquid phases (i.e. the equations

of state) are determined for the isotherm under

consideration. Anwar et al. [4] have chosen the quadratic

polynomial P(r) ¼ a þ br þ cr 2 as the equation of state

for the condensed solid and liquid phases where a, b and c

are temperature dependent adjustable parameters.

More specialized equations of state such as those of

Rose et al. [5] or Parsafar and Mason [6] for solids can

also be used [4,7].

For the quadratic polynomial equation of state, the

thermodynamic relation

AðrÞ ¼ A*ðr*Þ þ

ðr
r *

PðrÞ

r2
dr

¼ A*ðr*Þ

þ cðr2 r*Þ þ b ln
r

r*
2 a

1

r
2

1

r*

� �� �
ð6Þ

allows the calculation of the Helmholtz free energies of

the solid and liquid phases at density r from knowledge of

the values at r*. Using the relation between the Gibbs free

energy and the Helmholtz free energy, G ¼ A þ P/r, and

the quadratic polynomial form of the equation of state, the

chemical potential for each phase can be determined:

mðrÞ ¼
A*ðr*Þ

N

þ cð2r2 r*Þ þ b ln
r

r*
þ 1

� �
þ

a

r*

� �
: ð7Þ

The melting pressure at the temperature of the chosen

isotherm is determined by extrapolating chemical

potentials for the solid and liquid in the m 2 P plane to

an intersection pressure at which the chemical potentials

of the two-phases are equal, as illustrated in figure 2. It is

more convenient to find the intersection in the pressure

plane since the chemical potential curves are more linear

in the pressure representation.

This method requires separate MD calculations for the

absolute values of the Helmholtz free energy for solid and

liquid phases [2,4]. Absolute Helmholtz free energies for

the real phases are calculated with reference to standard

ideal systems with known analytical forms for their

absolute free energies. These calculations are not always

straightforward for real molecular and ionic solids since

there are often secondary solid–solid phase transitions

and singularities in the thermodynamic pathways linking

the ideal solid system to the real solid phase of interest.

Calculations of the free energies of real solids and ideal

Einstein solids can be performed with potential energy

functions available in the DL_POLY program. The

intermolecular potential of the real solid can be any one

of the types defined in the DL_POLY code and the

potential for the Einstein solid involves tethering the

center of mass of the molecule of interest to its equilibrium

lattice site with a harmonic potential provided in

DL_POLY. Calculations for values of l between 0 and 1

for equation (3) can be straightforwardly implemented.

2.2 Thermodynamic integration via pseudo-
supercritical pathways

A second free energy-based melting point determination

procedure has recently been suggested that directly links

the solid and liquid phases through a three-stage pseudo-

supercritical pathway which avoids the discontinuous

phase transition [8–9]. The free energy changes for all

three of these stages can be determined by thermodynamic

integration, giving the free energy change for the melting

process. The melting point is a state function and does not

depend on the pathway taken to link the solid and liquid

states. In the first step of the procedure the intermolecular

interactions in the liquid phase are gradually weakened by

a factor of h from the original value Uinter to a nonzero

value hUinter with the parameter l according to

U ¼ ð1 2 lÞUinter þ lhUinter; ð8Þ

and the molecules in the liquid are allowed to rearrange at

the constant liquid volume. In the second step, which

involves a pseudo-supercritical transformation, the

volume of the simulation cell is scaled down to the solid

state value and Gaussian potential wells UGaussian are

turned on at locations in the simulation cell corresponding

to the lattice sites of the solid phase. The molecules relax

into these Gaussian wells. The residual repulsions in the

hUinter term prevent more than one molecule from

relaxing into the same Gaussian well. In the third step the

intermolecular interactions are returned to their initial

strength of Uinter with the volume fixed at the solid-state

value and the Gaussian potential wells are turned off. The

Helmholtz free energy changes can be directly determined

for each stage of this pathway allowing the determination

Figure 2. A schematic representation of the calculated variation of the
chemical potential with pressure for the solid and liquid phases. The
intersection of the two curves give the equilibrium pressure for the solid
and liquid phases at the temperature of the simulation.
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of Gibbs free energy differences between the solid and

liquid phases at a given pressure and temperature. This

method has been used to determine the melting point of

the Lennard-Jones, NaCl and molecular solids [9–10].

The three stages of this calculation can be implemented

in the DL_POLY program. The Gaussian attractive

potential for the centers of mass of molecules is not

directly available in the DL_POLY list of tethering

potentials. For atomic species or rigid molecules, this

potential can be added to the tethfrc.f subroutine in a

straightforward manner.

Both free energy methods for determining the melting

point are rigorous in principle, but implementing them for

complex molecular and ionic solids is not straightforward.

The free energy extrapolation method is often beset with

singularities in the calculation of the absolute free energy

of the solid state and the direct solid–liquid free energy

calculation method involves the pseudo-supercritical

transformation step which requires Gaussian wells to fix

all the different component atoms of a flexible complex

molecule in the proper lattice locations.

2.3 Direct simulations of perfect crystals: homogenous
nucleation melting

In direct simulations of perfect crystals with periodic

boundary conditions only homogenous nucleation melting

can occur. This mechanism is analogous to homoge-

neously nucleated condensation of gases. The free energy

barrier to the formation of a solid–liquid interface in

perfect crystalline solids leads to hysteresis and super-

heating of the solid prior to melting. According to the

theory of homogeneous nucleation melting [11] the free

energy barrier b to nucleation in the solid state is given by,

b ¼
16ps3

sl

3DH2
mkTm

; ð9Þ

where ssl is the solid–liquid surface tension, DHm is the

enthalpy of fusion, and Tm is the equilibrium melting

temperature. This free energy barrier causes superheating

of perfect solids in simulations of melting and a

supercooling of liquids in simulations of freezing. The

hysteresis effects for constant-pressure MD simulations

of a solid and a liquid are schematically illustrated in

figure 3. The density of a periodic simulation cell is

plotted as a function of the temperature for heating (open

symbols) and cooling (filled symbols) simulations. In a

heating simulation of a solid there is a sudden drop in

density upon melting at Tþ and a cooling simulation of

a liquid there is a jump in the density at T2 due to fusion.

Studies of metallic and some molecular solids show that

the thermodynamic melting point can be estimated from

the magnitudes of superheating, Tþ, and supercooling,

T2, temperatures: [11,12]

Tm ¼ Tþ þ T2 2
ffiffiffiffiffiffiffiffiffiffiffiffi
TþT2

p
: ð10Þ

The superheating temperature can usually be deter-

mined with good accuracy from simulations, but for

complex molecular systems the supercooling temperature

is difficult to observe because in simulations the liquid

often undergoes a transition to an amorphous rather than a

crystalline solid. The liquid–solid and liquid–glass

transitions are characterized by a decrease in the diffusion

coefficient of the molecules to values in the order of

10211 m2/s, values typical of solids. It has empirically

been found that the glass temperature Tg can be substituted

for the supercooling temperature T2 in equation (10) [12].

A further complication can arise since the perfect crystals

of some solids can be superheated to very high

temperatures without melting; see the discussion of 1-n-

propyl-4-amino-1,2,4-triazolium bromide [patr] [Br] [13]

in Section 5. The method is obviously not applicable in

such cases.

Two methods have been used for gradually increasing

the temperature of a simulation supercell to observe

melting. For continuous heating/cooling the dlpoly.f

subroutine of DL_POLY can be modified to change the

temperature of the system by DT at specified time intervals

during run time. The system is partially equilibrated

between temperature changes. Alternatively, a script can

be written which automatically restarts a new calculation

with incremental heating/cooling at a temperature T þ DT

after completing an equilibration simulation at tempera-

ture T. This latter method allows for better equilibration of

the simulation at each temperature and slower heating

compared to the case where the temperature continuously

changed within a single MD run. Zheng et al. [12] have

used the incremental method to calculate the melting point

of nitromethane (NM) using equation (10). The tempera-

tures of the system were changed at rates of 109–1011 K/s,

which are very high compared to experimental heating

rates, but resulted in a value of the melting point in good

agreement with experiment.

Figure 3. This illustrates the MD results of the hysteresis loop due to the
superheating of the solid and supercooling of the liquid. The melting
point can be determined from the superheating and supercooling
temperatures, T2 and Tþ, respectively, using equation (10).
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2.4 Simulations of solid and liquid phases in contact

In simulations of coexisting solid and liquid in contact

[14] the free energy of formation of the solid–liquid

interface has already been provided to the system. A

sample initial configuration for a two-phase simulation for

a monatomic model system is shown in figure 4. There is a

contact surface in the middle of the simulation cell and

due to periodic boundary conditions, there will be a

second contact surface between the solid and liquid at the

edges of the simulation cell.

Roughly equal amounts of solid and liquid phases are

equilibrated separately in NPT simulations at a tempera-

ture above the melting point. The simulation cell for the

two-phase simulation merges the final REVCON files of

these two runs in such as way that the z-coordinates of one

of the files are shifted on top of the other, with equal cross

sections in the xy-plane (the solid–liquid boundary plane).

The two phases are partially equilibrated with an NVT

simulation to allow the molecules at the contact surface to

relax to more stable positions. The two-phase system is

then subject to a NVE simulation [14–15]. As the

simulation progresses some of the solid at the interface

will melt. This removes kinetic energy, lowering the

temperature. Melting continues until the equilibrium is

established and the temperature of the two-phase system

converges to the true solid–liquid equilibrium value at the

simulation pressure. This method has been used to

determine the melting points for atomic and molecular

solids [15–17]. It requires long simulation times and large

simulation supercells to obtain converged values of the

melting temperature. A fairly large number of molecules

(between 880 and 16,000 molecules) [15–17] must be

used to minimize the surface effects on the thermodyn-

amics of the melting.

2.5 Defect-induced melting

The free energy barrier to the formation of a solid–liquid

interface can be eliminated by introducing molecular

Schottky defects [18] or voids into a simulation cell

[15–17]. The melting point can be determined by

performing NPT simulations as functions of temperature

(varied either continuously or incrementally) and the

number of voids [15–17,19]. As the system equilibrates the

structure of the solid in the vicinity of the voids collapses

and local pockets of liquid-like structure form. The voids

effectively lead to the formation of solid–liquid interfaces,

which lowers, and for sufficient number of voids,

eliminates, the free energy barrier for the conversion of

the solid to the liquid. Increasing the number of voids in a

crystal results in a decrease of the calculated melting

temperature until a sufficient number of voids have been

introduced to eliminate the free energy barrier, at which

point the computed melting temperature levels off in what

is called the plateau region, as illustrated in figure 5. The

plateau region extends over a limited range of the number

of voids, usually about 5–10% of the total number of

molecules (or ion pairs) in the simulation supercell. Studies

show that the distribution of voids in the simulation cell

does not affect the melting point predictions [15]. The

void-induced melting method allows the use of three-

dimensional periodic boundary conditions and is more

convenient for high-pressure simulations than other

methods that introduce free surfaces or grain boundaries

[17]. After the introduction of voids, a sufficient amount of

the solid must remain in the simulation supercell to

maintain the integrity of the crystal structure. If too many

voids are introduced, the solid becomes mechanically

unstable and collapses without a discontinuous solid-to-

liquid phase transition [16,20–21]. The voids can be

Figure 4. An illustration of an initial configuration for two-phase solid–liquid NVE simulation. Shown is a FCC atomic solid in contact with its liquid.
Also, shown is a reference frame used in the discussions in the text.
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introduced by removing molecules or adjacent ion-pairs in

the case of ionic solids from the CONFIG or equilibrated

REVCON file.

2.6 Melting of nanoparticles

Melting of nanoparticles is a first-order transition,

although orientational disordering of complex molecules

in a nanoparticle, which gives rise to second-order phase

transitions has also been observed [22]. The melting of

nanoparticles of different sizes can be directly calculated

by placing annealed nanoparticles in vacuum and

performing NVT simulations over a range of tempera-

tures. Because of the solid–vacuum interface there is no

free energy barrier to melting in nanoparticle simulations.

Thus, the simulation yields the thermodynamic melting

point as a result of surface-induced melting.

Initial conditions for nanoparticles of any composition

can be constructed by constructing a CONFIG file for a

block of the solid without periodic boundary conditions.

By using a replica of the solid-state unit cell, we guarantee

that the initial structure used in the simulation of the

nanoparticle has a zero net dipole moment. The solid

block is positioned in a simulation cell surrounded by

vacuum. It is then annealed in a NVT simulation. This

usually leads to a relatively stable nanoparticle structure

close to the global minimum potential energy after a few

cycles of heating and cooling. The annealing process can

be particularly important for nanoparticles of large

molecules or ions, since the strong interactions can trap

the structure in a configuration far from the most stable

structure. In nanoparticle simulations the electrostatic

forces are calculated directly; i.e. Ewald summations of

electrostatic point charges are not used.

The extra degree of freedom for the solid–liquid

equilibrium in a nanoparticle results in the size dependence

of the melting point and different thermodynamic models

have been proposed to quantitatively describe the radius r

(or mass) dependence of the melting point [23–27].

Macroscopic thermodynamics-based surface premelting

models [23–25] can be used to describe the size

dependence of the melting point for nanoparticles with

radii of about 50 Å or larger. In this size regime melting

first occurs in a surface overlayer of the nanoparticles of

thickness t0 and progresses inward as the temperature is

increased. The solid core and the liquid outer shell can be

in equilibrium over a range of temperatures. According to

the analysis of Hanszen [23] the melting point Tm,n of a

nanoparticle of radius r is related to the melting point of the

bulk phase Tm,b by

Tm;b 2 Tm;n

¼
2Tm;b

DHm;b

ssl

rs r 2 t0ð Þ
þ

slv

r
þ

DP

2

� �
1

rs

2
1

rl

� �� �
;

ð11Þ

where DHm, b is the enthalpy of fusion, ssl and slv are,

respectively, the solid–liquid and liquid–vapor surface

tensions, rs and rl are, respectively, the solid and liquid

density, andDP is the difference in the vapor pressure at the

surface of a liquid droplet of radius r and that of the flat

bulk surface (radius r ¼ 1). The quantities in equation

(11) can be calculated or determined experimentally. The

most difficult quantities to determine are the surface

tensions. Theoretical methods based on thermodynamic

integration [28] and homogeneous nucleation theory [29]

can be used to calculate the surface tension of model solids

and metals. The size dependence of the melting point

predicted by equation (11) has been experimentally

verified for metallic nanoparticles [24].

For nanoparticles with radii smaller than <50 Å the

dynamic coexistence melting mechanism may be

observed. In this size regime over certain temperature

ranges the system is bistable and fluctuates between solid

and liquid states; [30] the free energy surface has two

minima corresponding to the solid and liquid states of the

nanoparticle. The ratio of the two states in an ensemble of

nanoparticles is given by an equilibrium constant K ¼

[solid]/[liquid] ¼ exp(2DG/kT), where DG is the free

energy difference between the solid and liquid forms of the

nanoparticle. This equilibrium constant can be estimated

from the fraction of time during a simulation that a

particular nanoparticle spends in the solid and liquid states.

3. Characterizing the melting point

Melting is a first-order phase transition that is characterized

by discontinuous first derivatives of the Gibbs free energy

(i.e. entropy and volume), while maintaining constant

temperature and pressure. At the melting pressure, Pm, and

temperature, Tm, of solid–liquid equilibrium,

›Gs

›T

� �
Pm

¼ 2Ss – 2Sl ¼
›Gl

›T

� �
Pm

; ð12Þ

Figure 5. The calculated melting point as a function of the percent of
voids into the simulation supercell. The temperature corresponding to the
plateau (illustrated by the dashed line) is taken to be the thermodynamic
melting point.
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and

›Gs

›P

� �
Tm

¼ V s – V l ¼
›Gl

›P

� �
Tm

ð13Þ

where the subscripts s and l indicate solid and liquid

properties, respectively. At the melting transition there is a

sudden shift in the arrangement of the molecules from the

solid to the liquid state with a corresponding sudden change

in energy, entropy, heat capacity, density and other

extensive properties. These properties can be used to

determine the melting temperature. Structural properties,

e.g. radial distribution functions (RDF) and root-mean-

square displacement can be used to ascertain that the

transition is complete. Properties such as the Lindemann

parameter (i.e. average interatomic distances), the diffusion

coefficient, order parameters, and dipole–dipole corre-

lations can also be used to determine the melting point.

The volume and density are straightforward to compute.

The simulation cell volume at each temperature can be

read from the DL_POLY OUTPUT or STATIS file and

plotted using the DL_POLY GUI. The average volume

should be stable over the equilibration period of the

simulation and the volume fluctuations should be less than

the 10%, which is the typically observed difference in a

solid to a liquid. The magnitude of the volume fluctuations

in a NPT simulation is influenced by the barostat and

thermostat relaxation times. In the following we give the

equations for some of the other properties commonly used

to determine melting points.

The melting transition can be observed in volume

versus time versus time plots at temperatures above the

melting point. The change in the simulation cell volume

over the duration of a simulation of a perfect crystal of the

room-temperature ionic liquid ethyl-methylimidazolium

hexafluorophostate, [emim] [PF6], is shown in figure 6.

The melting occurs in the isothermal trajectories at

T ¼ 550 K and higher.

3.1 Structural characterizations

Structural characterizations should be used with other

criteria since discontinuous changes in structure are a

necessary, but not a sufficient indicator of melting—they

may also indicate a solid–solid or solid–glass phase

change. Large qualitative changes in the structure of the

RDF and changes in the value of the order parameters

occur for second-order order–disorder transitions (such as

solid to glass transitions), thus the nature of the transition

causing the structural changes must be verified with other

criteria.

The translational order parameter, r(k), is defined as

[31,32]

rðkÞ ¼
1

N

XN
i¼1

cosðkriÞ; ð14Þ

where k is the reciprocal lattice vector of the initial lattice,

and ri is the position of the center of mass of molecule i.

Other variations for the translational order parameter have

been used to characterize melting in the special case of

orthorhombic simulation cells [12,15,33]. The transla-

tional order parameters are related to the Fourier transform

of the RDF for the center of mass of molecules in the

simulation cell.

Orientational order parameters can be defined as [32]

kcos uil ¼
1

N

XN
i¼1

um;iu
0
m;i: ð15Þ

where um,i is a unit vector representing the direction of the

molecular dipole moment or some other specific internal

Figure 6. The volume of a [emim] [PF6] simulation cell as a function of time (each time step ¼ 2 fs) for temperatures over the range 350–600 K. Due
to thermal expansion, the volume of the solid increases as the temperature is raised. When melting occurs there is a discontinuous jump in the volume as
shown here between 525 and 550 K isotherms. The lowest temperature for which the volume jump is observed is taken to be melting point. The first
20,000 time steps of the simulation are for equilibration.
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direction in the molecule (such as a unit vector pointing

from atom A to B) and u0
m,i is the same vector in a perfect

crystal lattice. An orientational order parameter can also

be based on the relative orientations of neighboring

molecules i and j: [19(b),34]

kcos uijl ¼
2

NðN 2 1Þ

XN21

i¼1

XN
j¼iþ1

um;ium;i: ð16Þ

Orientational order parameters are most useful for

identifying solid-state phase transitions and melting in

nanoparticles of dipolar molecules.

The RDF, g(r), defined as

gðrÞ ¼
1

rN

X
i

X
j

d½r 2 rij�

* +
ð17Þ

gives the spatial distribution of molecules i with respect to

molecules j. The RDF for a crystal has sharp peaks that

extend to large separations between atoms i and j, but

these peaks and the spatial correlations they represent are

destroyed upon melting. The large changes in the RDF

upon melting can be used to determine the melting

temperature.

3.2 Energy characterizations

The intermolecular energy (sum of intramolecular, van der

Waals, and electrostatic energies) changes discontinuously

at the melting point. If the energies of the phases are

calculated with sufficient accuracy during the simulations,

the heat capacity can be determined from them. The heat

capacity becomes sharply peaked at the melting point and

may give an easier means of identifying the melting point

than the energy. However, the heat capacity is very

sensitive to fluctuations in the energy.

Energy versus time plots can also be used to identify

bistability in an equilibrium between the liquid and solid

phases in nanoparticles, [35] as illustrated in figure 7. The

isotherm at 440 K jumps between higher and lower values

of the potential energy and is bistable. The 325 and 600 K

isotherms on the other hand are stable and represent the

solid and liquid phases, respectively. The bistable range of

temperatures for this specific nanoparticle is shown in

figure 7(b). The upper and lower limits of the bistable

region at different temperatures are determined from the

kind of data shown in figure 7(a).

3.3 Dynamic characterizations

Melting can also be identified by calculating the root-

mean-square displacements (RMS) of the center-of-mass

of molecules in the system,

DjrðtÞj
2
¼

1

N

XN
i¼1

jriðtÞ2 rið0Þj
2

* +
; ð18Þ

where ri(t) is the location of the center-of-mass of

molecule i at time t and the brackets k l indicate an

ensemble average. The molecules in the liquid phase have

translational freedom. Thus at long times the center-of-

mass RMS displacements of the molecules in a liquid will

vary linearly with time, distinguishing the liquid state.

The RMS displacements can be obtained from the

DL_POLY GUI.

The diffusion coefficient, D, and the Lindemann index,

d, are related to the RMS displacement and can be used to

characterize a melting transition. The diffusion coefficient

can also be obtained from the time-correlation function of

the center of mass velocities vi for the molecules or ions:

Di ¼
1

3

ð1
0

kviðtÞvið0Þldt: ð19Þ

The typical diffusion coefficient in a solid is on the

order of 10211 m2/s, which increases by an order of

magnitude upon melting.

The Lindemann index is defined as

d ¼
2

NðN 2 1Þ

X
i,j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2
ij

D E
t
2 rij
� 	2

t

r
rij
� 	

t

: ð20Þ

It can be used to characterize the melting transition in

bulk solids and nanoparticles [36]. Unlike the root-mean-

square displacement, which depends on the absolute

displacement of atoms, ri(t), and thus is affected by the

center-of-mass translational or rotational motion (particu-

larly for nanoparticles), the Lindemann index is calculated

directly from the magnitude of the separation of two

molecules, rij, in the simulation without further adjust-

ment. The Lindemann index can be determined from the

data given in the HISTORY file.

Most of the properties that are used to determine the

melting point and to characterize the state of the system

can be directly obtained from the DL_POLY OUTPUT,

RDFDAT or STATIS files; others require writing code that

manipulates the coordinate, velocity, and force data from

the HISTORY file. It can be possible to write subroutines

for the DL_POLY code that would compute these

quantities during the runs.

4. Force fields

There are several standard force field packages that have

been formulated and validated for several classes of

compounds for equilibrium gas-, liquid-, solution- or

solid-phase properties. These general force fields provide

a reasonable starting point for the development of force

fields to describe melting; however, none of them are

specifically parameterized to reproduce experimental

melting points. The studies to date, which must be viewed

as limited and preliminary, indicate that these general

force fields can be used to accurately predict the melting

points of ionic solids and molecular solids of compounds
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of the classes used in their parameterization, but that the

force fields must be modified to accurately describe solids

of molecules containing functional groups not considered

in their formulation, e.g. nitro and nitramine groups. More

studies are needed to determine which features of a force

field are most important for accurate descriptions of phase

transitions. The efforts to develop better force fields for

simulating melting would be facilitated by having a better

understanding of the atomic-level details of melting

mechanisms for polyatomic materials.

The force fields are generally written as sums of intra-

and inter-molecular potentials, e.g.

V total ¼
X
bonds

Vb þ
X

angles

Va þ
X

dihedrals

Vd

( )
þ VC þ VvdW :

ð21Þ

The bond stretching potentials Vb are usually rep-

resented by harmonic or Morse functions, the angle

bending potentials Va by harmonic functions, and the

dihedral potentials Vd by a three-term cosine series or

cos(nt) form. The Coulombic potential VC is usually

expressed as a sum of terms for point charges centered on

the atoms. The van der Waals interactions VvdW are

described by the Lennard-Jones (12–6) or the Bucking-

ham potential (exp-6). When hydrogen bonding is present

the Lennard-Jones (12–10) potential is sometimes used.

General force fields such as AMBER, [37] AMBER/

OPLS, [38] and DREIDING [39] can be used to accurately

predict melting points for solids of compounds used in

their parameterization. Based on the limited studies to

date, it appears that for solids of fairly rigid molecules or

ions, a general force field that has been parameterized

to reproduce solid-state properties will predict the

melting point within 10%. We have been interested in

large nitro and nitramine compounds, e.g. 1,1-diamino-

2,2-dinitroethylene (FOX-7), hexahydro-1,3,5-trinitro-

1,3,5-s-triazine (RDX), and octahydro-1,3,5,7-tetranitro-

1,3,5,7-tetraazacyclooctane (HMX). The structures of

Figure 7. (a) The variation of the potential energy at three temperatures as a function of time for an aluminum nanoparticle with 75 atoms. The first
25,000 time steps of these trajectories are for equilibration and are not considered when determining the state of the nanoparticle. The jumps between
high-density solid phase and low-density liquid phase in the 440 K trajectory shows the presence of bistability for this nanoparticle. (b) The potential
energy as a function the temperature for the nanoparticle. In the range of 360–460 K, the isotherms are bistable and the upper (liquid) and lower (solid)
limits of the potential energy are shown in this range. These limits are determined from energy—time plots shown in part (a).
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these molecules are shown in scheme 1. The molecules

have active internal vibrational and torsional modes that

allow conformational changes upon melting. These

internal motions must be properly described by the force

field for accurate simulations of melting. Furthermore,

modifications are needed to describe the functional groups

involving atom types not included in the parameterization

of the standard force fields.

Socrescu, Rice, and Thompson (SRT) [40] have

developed rigid-molecule force fields that accurately

describe solid-state properties of most classes of energetic

materials. In cases of flexible molecular structures,

intramolecular bond stretching, angle bending, and

torsional force field parameters were determined by

electronic structure calculations. Molecular packing and

ab initio MD calculations on the solid phases were used to

determine intermolecular van der Waals parameters [41].

Electrostatic point charges used in the intermolecular

potential have been determined by a variety of methods,

including Mulliken analysis, [42] natural orbital analysis,

[42] RESP, [43] and CHELPG [44]. The electronic

polarizability of atoms may need to be taken into account

to correctly reproduce some of the properties of some

materials [45].

The SRT force fields [40] were originally developed

assuming rigid molecules. Some studies have been done in

which the SRT force fields were combined with

intramolecular forces taken from AMBER, which show

that modifications are required to correctly predict the

density and melting point in some cases. Reparameteriza-

tion is required to reproduce the solid density because the

SRT was formulated assuming rigid molecules and thus

when flexibility is introduced the resulting density is too

small. This is illustrated by a study of dimethylnitramine

(DMNA) using the AMBER force field combined with the

SRT forces field [40(a)]. The SRT-AMBER force field

predicts the solid-state properties in reasonable agreement

with experimental results, but to predict the melting point

to within 5% of the experimental value the HCNN and

CNNO torsional barriers in the AMBER potential were

replaced with values determined from ab initio electronic

structure calculations. This is reasonable given that the

AMBER force field is not parameterized for nitramines.

Much of the validation of standard force fields has been

done for particular states, i.e. solid, liquid or solution, but

not for processes linking the states. More effort needs to be

devoted to developing force fields that accurately treat the

full range of materials (including hydrogen-bonded solids)

for solid–liquid and solid–solid phase changes.

5. Brief reviews of selected studies

In this section we briefly review MD simulations of the

melting of polyatomic molecular and ionic solids and

nanoparticles. Most MD-based studies have been for

atomic solids (Lennard-Jones and metals), thus the

methods were mainly developed for atomic solids. Some

modifications of the methods are required for applications

to solids consisting of polyatomic molecules and ions, and

some innovations are needed for computing melting points

of nanoparticles. We offer here a very terse review of some

applications of these methods. We do not attempt to be

comprehensive, but rather focus on studies we have

reported, studies that were carried out using DL_POLY. A

basic motivation of the work we review was to determine

the best methods for accurately simulating the melting of

complex solids and nanoparticles for predicting thermo-

dynamic melting points. An underlying impetus is to learn

more about the atomic-level mechanisms by which

melting occurs in various kinds of solids.

5.1 Molecular solids

The MD study of crystalline acetic acid by Gavezzotti [46]

stands out as an early example of a simulation of melting

of a polyatomic solid. Simulations of the NPT ensemble

for the OPLS force field were carried out for the perfect

crystal and for crystals with voids (6 out of 240 molecules

were removed from the perfect crystal). The predicted

melting point, with 2.5% voids, is in good agreement with

the experimental value. The simulations predicted an

amorphous state between the crystal and the melt, with

little or no ordering of hydrogen bonding and only partial

molecular mobility.

Solca et al. [17] and later Agrawal et al. [15(a)]

investigated void-induced melting of argon. Agrawal et al.

performed simulations using continuous heating. The

results of their studies are consistent with previous work

on the melting of Ar, [17] Ne, [17] and acetic acid [46].

The continuous heating was implemented as a modifi-

cation in the dlpoly.f program in DL_POLY 2.15.Scheme 1.
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After every 1000th time steps (0.5 ps) the temperature of

the system was scaled from T to T þ DT, with

DT ¼ 1024 K.

The introduction of voids in a simulation crystal is an ad

hoc way of creating interfacial area to eliminate the free

energy barrier to the formation of the solid–liquid

interface that allows superheating in perfect crystals.

Phillpot et al. [16] reported studies of various kinds of

defects, including grain boundaries, free surfaces, and

planar arrays of voids, in Cu and Solca et al. [17]

performed some studies of void-induced melting in rare

gas solids. These studies indicated that with the proper

number of voids the predicted melting temperature could

be taken to be the thermodynamic melting point. Agrawal

et al. [15(a)] carried out systematic studies of the number

and locations of voids in Ar crystals and found that the

predicted melting point, which compares well with

the experimental values, is independent of the location

of the voids but, as found earlier by Solca et al. and others,

is dependent on the number of voids with the agreement

with experiment corresponding to simulations for the

number of voids in the plateau region.

Agrawal et al. [15(b)] followed up their study of Ar

with one to extend simulation methods to polyatomics.

NM was simulated using incremental heating of crystals

with voids. The effective heating rate was 2.0 £ 1011 K/s.

An order parameter for orthorhombic unit cells, the

density, and energy per molecule were monitored as

functions of the simulation time to determine the melting

point. The RDF was calculated to confirm that melting had

occurred. They also compared the results of simulations

using the fully flexible force field of Sorescu et al. [47] and

a rigid-molecule force field. The computed melting points

using the two force fields differ by less than 3 K. As we

will discuss below, that the intramolecular motions have

little effect on the melting point is not generally the case

but is due to the fact that NM has no vibrational modes that

undergo large amplitude motions; i.e. it is not very floppy

at the melting point temperature. Also, a two-phase solid–

liquid NVE simulation was performed for comparisons

with the void-induced melting simulations. The melting

points obtained from the void-induced melting and two-

phase simulations are 266.5 ^ 7.7 and ,255.5 K,

respectively. The experimental melting point of NM is

244.73 K.

An alternative calculation of NM melting using

homogenous nucleation theory was reported by Zheng

and Thompson [12]. They used equation (10) with a script

to automatically set up consecutive DL_POLY runs at

incrementally increasing temperatures, followed by

equilibration steps. The heating rate of 8.9 £ 109 K/s

was employed in these calculations. The slower rate of

heating in this calculation and better equilibration at each

temperature leads to a calculated melting point of 251.1 K,

which is in better agreement with the experimental value.

These calculations also show that the bond lengths, angles

and dihedral angles of NM are not significantly different

before and after melting.

We note that even if the perfectly accurate force field

were available one might expect an MD simulation using

it (assuming the validity of classical mechanics) would

predict a value for the melting point higher than the

experimental value. Any imperfections or impurities in a

sample in the laboratory would tend to lower the melting

point. Thus, one should question a force field that predicts

values lower than the measured melting point.

Zheng and Thompson [49] recently studied the

predictions of three force fields on the calculated

melting point of DMNA. The three force fields include

the AMBER force field and two force fields custom

designed for DMNA [40]. All three of the force fields

give good predictions for solid-state properties of

DMNA, but the AMBER force field gave the closest

prediction to the experimental melting point of 331 K.

By modifying the parameters for the torsional potential

in the AMBER force field, a melting point of 346 K was

calculated for DMNA, compared to 360 K for the

unmodified AMBER force field. This study shows that

the AMBER force field parameters are generally a good

basis for calculating melting points of the nitramines.

Similar studies for other classes of materials would be

useful in determining the applicability of AMBER to

other classes of materials.

The incremental heating void-induced melting method

has also been used to determine the melting point of the

more complex 1,3,3-trinitroazetidine (TNAZ, see scheme 1)

[48] and RDX [49] solid phases. These materials are

noteworthy because they are relatively flexible and some of

their low-energy internal degrees of freedom are activated at

temperatures near the melting point. It was observed for the

RDX molecule that some of the dihedral angles undergo

significant changes near the melting point. These modes can

adsorb significant amounts of energy during the heating of

the solid and if they are not properly described by the force

field, the calculated melting point may differ considerably

from the experimental value.

5.2 Ionic solids

We have investigated force fields and simulation methods

to determine the reliability of the predictions of MD

simulations of ionic solids. Room-temperature ionic

liquids, which consist of various anions with organic

cations, (RTILs) present interesting possibilities in a wide

range of practical applications. The range of choices in the

design of the structure of the cation provides the flexibility

to design an RTIL with specific properties for specific

applications. A critical property of an RTIL is its melting

point, which can be manipulated by selection of the

structures of the cation. A valuable theoretical tool for

facilitating the design of novel RTILs would be a robust

method for predicting melting points and other physical

properties of a proposed new salt. Ammonium salts

display interesting phase behavior as functions of

temperature and pressure; we have studied the nitrate

and dinitramide. These are excellent prototypical salts for
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Figure 8. Snapshots of characteristic solid and liquid NM nanoparticles of various sizes. The initial configurations of the solid nanoparticles with 96,
240 and 480 molecules were taken from 4 £ 3 £ 2, 5 £ 4 £ 3 and 6 £ 5 £ 4 repetitions of the unit cell of bulk solid NM.

Figure 9. The carbon–carbon RDF for NM in the 480 molecule nanoparticle at six temperatures. Many of the long-range structural details in the RDF
are lost upon melting of the nanoparticle. Short-range correlations and some long-range features due to dipole–dipole correlations are retained in the
liquid nanoparticle. The melting range is between 220 and 240 K for this nanoparticle.
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testing the feasibility of predicting complex behavior in

ionic materials, particularly since there is reliable

experimental data for validation of models and simulation

methods in these two cases.

The melting point and solid- and liquid-state properties

as functions of temperature and pressure of ammonium

dinitramide (ADN), NH4N(NO2)2, was calculated by

Velardez et al. [50] using MD simulations. The

intramolecular potential for ADN was obtained from

the AMBER 7 program and the intermolecular potential

from Sorescu and Thompson [41]. The simulations were

performed for 3 £ 2 £ 4, 5 £ 4 £ 6 and 6 £ 4 £ 8

supercells. The 3 £ 2 £ 4 supercell is adequate for

predicting the melting point; however, larger simulation

cells had to be used to obtain converged results for the

liquid-state properties. The melting point was determined

by calculating the density, enthalpy, and RDF as

functions of temperature. The temperature dependence

of the diffusion coefficient, calculated using equilibrium

time-correlation functions, shows a discontinuity at the

melting temperature, and is a good indicator of the

melting transition. The value of the normal melting

temperature of the perfect crystal was calculated to be in

the range 474–476 K; the measured values are in the

range 365–368 K. The difference is mainly due to

superheating of the perfect crystal. Simulations of

crystals with eight or more voids predict a melting

temperature in the range 366–368 K, which is in

excellent agreement with experiment. Velardez et al.

[50] also calculated the melting point for pressures up to

0.8 GPa, which is the highest experimental pressure for

ADN reported by Russell et al. [51] The computed

pressure dependence of the melting point is in excellent

agreement with experimental results. This good agree-

ment with experiment may be taken as preliminary

evidence that force fields for ionic materials are more

easily constructed because of the strong influence of the

Coulombic interactions, which are easier to accurately

determine than van der Waals interactions.

Velardez et al. [19(b)] have reported MD simulations

using DL_POLY to study melting of ammonium nitrate

(AN). Ammonium nitrate is known to exist at normal

pressures in five crystal phases, usually labeled V, IV,. . ., I

in order of increasing energy up to its melting point 442 K.

The low-temperature phase V is an ordered structure with

orthorhombic symmetry. There are two types of NO2
3 ions

slightly distorted while the NHþ
4 ions are symmetrically

equivalent. There are strong O. . .H hydrogen bonds in the

solid phase. Sorescu and Thompson [52] developed a

fully-flexible force field for AN-V. The intermolecular

forces are described by a sum of Coulombic terms,

Lennard-Jones 12–6 potentials, and 10–12 potentials (for

the O. . .H hydrogen bonding interactions), and the

intramolecular terms represented by the usual valence

force field functions. Velardez et al. used this force field in

MD simulations initiated with AN in phase II. Phase II has

tetragonal symmetry with disorder due to equivalent

alternative positions for both the ammonium and nitrate

ions. Experiments show that at 357 K AN-II undergoes a

transition to the highly disordered cubic phase I, which is

the phase from which melting occurs.

Constant temperature and pressure (NPT) simulations

were performed for a 4 £ 4 £ 5 supercell of AN with

voids over a wide range of temperatures and for

atmospheric pressure. The thermodynamic melting point

was predicted to be 445 ^ 10 K, in excellent agreement

with the experiment (442 K). A crystalline phase

transition corresponding to II ! I was observed prior to

melting. The ammonium ions in phase II are rotationally

free while the nitrate ions are not. The nitrate ions are

arranged in parallel rows with planes that are perpendi-

cularly oriented with respect to one another. The

simulations showed that the nitrate ions retain their initial

general orientations at 350 K, while undergoing librational

motions about their equilibrium orientations; but are

rotationally disordered at 400 K. Above 400 K both the

ammonium and nitrate ions are essentially rotationally

unhindered. The density and RDF show that this phase of

AN is a solid.

Melting simulations have recently been reported for

the RTILs ethyl-methylimidazolium hexafluorophostate

[emim] [PF6], [53] and 1-n-propyl-4-amino-1,2,4-triazo-

lium bromide [patr] [Br] [13]. The structures of the

cations of these salts are shown in scheme 1. The force

fields were based on the one developed Canongia Lopes

et al. [54] for imidazolium-based RTILs. The inter-

molecular force field parameters were taken from the

AMBER/OPLS force field and the intramolecular

parameters and electrostatic point charges were custom

fit by Canongia Lopes et al. for this class of materials.

We extended these force field parameters to the

triazolium ionic liquid [patr] [Br]. Starting from the X-

ray crystal structures, the predicted melting point for the

[emim] [PF6] is 375 ^ 10 K which is approximately 13%

larger than the experimental value of 333 K. For [patr]

[Br] the calculated melting point is 360 ^ 10 K, which is

about 8% higher than the experimental value of 333 K.

These agreements are achieved with no adjustments of

the parameters in the AMBER/OPLS force field. Given

the fact that the substituted triazolium cation has atom

types that do not correspond to those given in the

AMBER force field, this agreement is further evidence

that the forces in ionic solids are easier to determine than

in van der Waals solids. Or, in other words, the properties

are less sensitive to the details of the interactions;

exceptions may be ionic solids with large, floppy, organic

cations. As the size of the organic cation of a RTIL

increases the properties approach those of the organic

solid.

It was observed in the [emim] [PF6] [53] and [patr] [Br]

[13] simulations that for a perfect crystal the superheating

temperatures are higher than the normal 1.2 times the

melting point. This could be due to the long side chains in

the cation or strong intermolecular interactions in this

ionic solid. In this case, the melting point prediction based

on equation (10) is no longer valid.
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5.3 Nanoparticles

The melting of metallic nanoparticles has been extensively

studied. Various tight-binding, imbedded-atom method,

and simple pairwise additive potentials have been used in

these studies. Here, we only discuss the MD studies of

melting of the nanoparticles of the molecular materials

NM [34] and 2,4,6,8,10,12-hexanitrohexaazaisowurtizi-

tane (HNIW or CL-20, see scheme 1) [55].

Solid and liquid configurations of NM nanoparticles with

96, 240 and 480 molecules are shown in figure 8. These three

nanoparticles were constructed by annealing from 4 £ 3 £ 2,

5 £ 4 £ 3 and 6 £ 5 £ 4 replicas of the solid NM unit cell.

The annealed solid nanoparticles are comprised of a

reconstructed outer surface and a solid-like core, which

retains some of the characteristics of the initial bulk structure.

The liquid nanoparticles are roughly spherical in shape.

The melting points of nanoparticles of NM and CL-20

were characterized by the variation of the intermolecular

energy, RDF, or diffusion coefficient with temperature.

The carbon–carbon RDFs of the NM with 480 molecules

at temperatures in the solid and liquid range are shown in

figure 9. For solid nanoparticles, the RDF shows some

Figure 10. The structure of the CL-20 molecule and the 88 molecule CL-20 nanoparticle. A sphere is drawn, centered at the center-of-mass of the
nanoparticle. The density of the nanoparticle can be estimated by determining the mass inside this sphere. This density can be useful for determining the
melting point of the nanoparticle.
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long-range structure, which is destroyed upon melting.

The RDFs for T ¼ 250 K and higher show that the

nanoparticle has melted. The dipole–dipole correlation

function, equation (13), was also found to be useful for

this purpose. The volume and density of a nanoparticle are

not well-defined quantities but a heuristic procedure can

be used to define a volume for a nanoparticle and check its

variation with temperature. Spheres of different radii, r,

are centered on the center of mass of the nanoparticle and

the number of molecules within each sphere counted to

determine the density of the nanoparticle in that sphere. A

sample of such a sphere is shown superimposed on a

nanoparticle of CL-20 in figure 10. Plotting the densities

defined in this manner as a function of the sampling-

sphere radius gives a fairly well converged density for the

nanoparticle, which begins to decay as the spheres reach

the surface of the nanoparticle. The nanoparticle density

decays as 1/r 3 as the measuring spheres encompass the

outer boundaries of the nanoparticle. Just as the density of

bulk solids decreases in a discontinuous manner, the

density of nanoparticles (as defined above) also decreases

discontinuously at the melting point; see figure 11 which

shows the variation of the density of NM nanoparticles as

a function of temperature. This decrease in density can be

used to characterize the melting point of the nanoparticle.

Unlike bulk solids for which the density and intermole-

cular energy of the phase changes abruptly at the melting

point, for the NM nanoparticle it was observed that these

quantities change over a range of temperatures. This

behavior is seen in figure 11, which shows the density of

the 96-, 144- and 240-molecule nanoparticles. This

implies that in the nanoparticles the solid and liquid

phases are in equilibrium over a range of temperatures that

decreases with increasing particle size. The behavior of

large nanoparticles (with 480 molecules) approaches that

of the bulk solid phase; there is an abrupt density drop at

the melting point. As noted in the discussion following

equation (2), for a nanoparticle the additional surface

degree of freedom at the solid–liquid equilibrium can lead

to a variety of melting behaviors such as surface melting

or bistability of the solid and liquid phases. The

quantitative characterization of the melting of complex

molecular materials is an issue that needs to be further

addressed in future work.

6. Conclusions

The melting points of a wide range of materials have been

determined by MD simulations. These include rare gases,

simple molecule solids, hydrogen-bonded complex

molecular solids such as those of the nitramine energetic

materials, simple binary ionic salts, and more complex

ionic solids such as RTILs. For any material, the choice of

the method used to calculate the melting point is

determined by the size of the molecules of that material

and the minimum size of the simulation cell require for the

simulation method of choice. The methods have been

reviewed and some applications that illustrate them have

been described.

Methods for MD simulations of melting and the

calculation of melting points have been reviewed. The

thermodynamic melting point is defined by the equality of

the free energies (chemical potentials) of the solid and

liquid phase, and this can be used to compute the melting

point with MD simulations. Also, the melting point can be

determined in simulations corresponding to one of the

actual melting mechanisms, namely, homogeneous

nucleation melting, surface induced melting, or void

(imperfection) induced melting. The free energy determi-

nation of the melting point is theoretically rigorous, but

the other methods have been shown to have reasonable

theoretical justifications, and they are easier to implement.

These methods are complimentary and have been used to

determine the melting points of a wide range of solids.

Void-induced melting simulations allow a straightforward

use of periodic boundary conditions at different pressures

in NPT simulations and avoids problems associated with

superheating. The simulations are straightforward to set

up and require between 100 and 200 molecular or ion pairs

to obtain converged results. More than 800 molecules can

be required for a two-phase NVE solid–liquid simulation.

For molecular and ionic salts composed of small,

relatively rigid molecules and ions, potential energy

functions determined to reproduce solid- or liquid-state

properties (far from the phase transition) appear to predict

accurate melting points. Also, standard force fields such as

AMBER have also been shown to reproduce the melting

point with good accuracy for these kinds of solids. For

large floppy molecules with internal degrees of freedom

active at temperatures near the melting point, it is much

more critical that the force field accurately describe the

active internal modes; quantum chemistry calculations of

isolated molecules have proven useful in determining the

force constants and barrier to internal rotations.

Figure 11. The variation of the density of nanoparticles of NM with
temperature. The drop in the density shows the melting of the
nanoparticle. For smaller nanoparticles, the density drop occurs over a
broader range of temperature. This defines the solid–liquid equilibrium
range for NM nanoparticles.
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liquids using a systematic all-atom force field. J. Phys. Chem. B,
108, 2038 (2004); J.N. Canongia Lopes, J. Deschamp, A.A.H.
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