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ABSTRACT
In this article, we present two methods based on thermodynamic integration for computing solid–fluid interfacial free energy for a molecular
system. As a representative system, we choose two crystal polymorphs of orcinol (5-methylbenzene-1,3-diol) as the solid phase and chloroform
and nitromethane as the liquid phase. The computed values of the interfacial free energy are then used in combination with the classical
nucleation theory to predict solvent induced polymorph selectivity during crystallization of orcinol from solution.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0028653., s

I. INTRODUCTION

Free energies of interfaces formed between fluid and solid
phases play an important role in many natural and industrial pro-
cesses such as wetting and spreading of coatings on solid surface,1

enhanced oil recovery from reservoirs,2 role of surfactants in deter-
gents, development of self-cleaning surfaces (super hydrophobic
surfaces),3 crystal nucleation,4 and crystal growth.5 However, the
accurate measurement of solid–fluid interfacial free energy from
experiments is still a challenging task. Some of the methods devel-
oped over the years for measuring interfacial free energy from exper-
iments include estimation from experimental nucleation rates4 and
from contact angle measurements.6 Estimates from these methods,
however, suffer from large errors7 and are unable to obtain crystal
facet specific interfacial free energy.4,5,7 The precise values of these
estimates are essential to understand and control the aforesaid pro-
cesses. Hence, it is imperative to develop methods for computation
of interfacial free energies using molecular simulations.

The most widely used strategy to compute solid–fluid inter-
facial free energy relies on thermodynamic integration. The litera-
ture on this subject is vast, and we only discuss a few of them that
are directly relevant to the study presented in this article. One of
the common approaches is to reversibly cleave the solid and liq-
uid phases and then bring them together to create the solid–fluid
interface. We use the term “cleaving wall” to describe these classes

of methods. One of the earliest studies using this method was con-
ducted by Broughton and Gilmer8 who computed the interfacial
free energy between crystal and its melt made up of Lennard-Jones
particles. A similar strategy was used by Davidchack and Laird9 to
compute melt-crystal interfacial free energy for hard sphere sys-
tems. Both the studies suffered from problems of hysteresis in the
thermodynamic integration when the cleaving walls were removed.
These were caused by changes in the location of the interface due
to simultaneous melting and freezing of the two interfaces present
in the system. Benjamin and Horbach10 addressed this problem
by introducing extremely short-ranged and impenetrable Gaus-
sian flat walls to confine the liquid and crystal phases. Qi, Zhou,
and Fichthorn11 developed a multi-scheme thermodynamic inte-
gration method that is inspired by the “cleaving-wall” method of
Benjamin and Horbach10 to compute the interfacial free energy of
the Ag–ethylene glycol interface. The method can be implemented
using open-source molecular dynamics packages such as Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS).12 Even
though this method has potential applicability for a wide range of
systems, it is necessary to devise specific strategies to account for the
periodic boundary conditions (PBC) in the solid and liquid phases
along the thermodynamic integration path. In addition to the cleav-
ing wall method, there have been other methods developed to com-
pute either the interfacial free energy or the contact angles of liquid
drops on surfaces. These include the interface fluctuation method,13
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phantom wall method,14 mold-integration method,15 calculation of
spreading coefficient using transition matrix Monte Carlo,16 and
direct estimation of contact angles.17

In this article, we present two new and independent methods
based on thermodynamic integration to compute solid–fluid inter-
facial free energy. In their present formulation, these methods work
only when (i) the solid and liquid phases are mutually immiscible
and (ii) there is no surface diffusion of molecules in the solid phase.
In both these methods, we use a recently developed method of Reddy
A and Punnathanam18 to incorporate the free energy contributions
of the solid phase into the estimation of the interfacial free energy.
The first method is a variant of the cleaving wall method as dis-
cussed above. The second method is called the “adsorption method”
in which the free energy of the liquid phase is computed by integrat-
ing an adsorption isotherm. We apply these methods to compute
the interfacial free energy between different crystal planes of orcinol
(5-methylbenzene-1,3-diol) and two different solvents, chloroform
and nitromethane. The motivations for choosing this system are
twofold. First, we consider this to be a representative molecular sys-
tem that contains most of the complexities one may encounter while
computing solid–liquid interfacial free energy. Second, orcinol exists
in many crystal polymorphs, and in this study, we consider two
anhydrous polymorphs called form I and form II.19 In experiments,
form I is formed when chloroform is used as a solvent and form II
is obtained when nitromethane is used as a solvent. If the selectivity
is determined by the rates of crystal nucleation of each polymorph,
then the knowledge of the solid–fluid interfacial free energy would
enable us to predict solvent-induced polymorph selectivity using
the classical nucleation theory. All the simulations presented in this
paper have been performed using the LAMMPS12 molecular dynam-
ics package. The input files required to perform these simulations are
available in the supplementary material.

II. CLEAVING WALL METHOD
Consider an interface between a pure solid phase compris-

ing molecules of component A and a pure liquid phase comprising
molecules of component B. The Gibbs free energy, G, of this two

phase system can be written as

G = μANA + μBNB + γA,

where μi and N i are the chemical potential and the number of
molecules of component i respectively, γ is the interfacial free-
energy, and A is the interfacial area. Since the solid and liquid phases
are pure systems, we have

G(s) = μANA,

G(l) = μBNB,

where G(s) and G(l) are the Gibbs free energies of the bulk solid and
liquid phases consisting of NA and NB molecules, respectively, at the
same temperature and pressure. Hence, the interfacial free energy
can be expressed as

γ = G −G(l) −G(s)

A
. (1)

In this method, we compute free energy of a solid slab in contact
with the liquid and then use Eq. (1) to compute the interfacial free
energy. The free-energy of the two phase system has a lnV term that
arises from the translation of the center of mass of the solid slab (see
the Appendix for explanation). Obviously, the value of γ should not
depend on the volume, V, of the system. To avoid spurious contri-
butions from this translational degree of freedom, the center of mass
of the solid phase is kept fixed. Accordingly,

γ = G∗ −G(l) −G∗(s)

A
, (2)

where the asterisk indicates that the center of mass of the solid phase
is fixed.

The interfacial free energy using Eq. (2) is computed from a
series of simulations in the NPT ensemble. During the simulations,
only the length of the simulation box perpendicular to the solid–
fluid interface is varied, and the interfacial area is constant. The
isothermal–isobaric partition function for this two phase system
with the fixed center of mass for the solid phase is given by

FIG. 1. Step-wise illustration of the cleav-
ing wall method. Blue indicates the liq-
uid phase, and green indicates the solid
phase.
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Δ(NA,NB,P,T) = C∗ACB ∫ e−β(UA+UB+UAB)

× e−βPVdrNA+NB−1dV , (3)

where C∗A and CB are constants comprising integrals over the
momenta and the permutation of molecules for the solid and liq-
uid phases, respectively. The numerical values of these constants
do not contribute to the interfacial free energy. The terms UA and
UB represent intermolecular interactions within the solid and liquid
phases, while UAB represent interactions between the solid and liq-
uid phases. The notation rNA+NB−1 indicates that the positions of all
atoms are sampled in such a way that the center of mass of the solid
phase is fixed. The RHS of Eq. (3) is evaluated by thermodynamic
integration from a homogeneous liquid phase as follows:

Step 1: The initial state consists of a homogeneous liquid com-
posed of NB molecules of solvent B at pressure P and

temperature T. In step 1, the liquid is cleaved by intro-
ducing an external potential, UW . This creates space for
inserting the solid slab. The free energy change in this step
is denoted as ΔG1.

Step 2: A solid slab of NA molecules of solute A is inserted into
the space created inside the liquid in step 1. The center of
mass of the solid is kept fixed during this insertion. The
free energy change in this step is denoted as ΔG2.

Step 3: The external potential, UW , is removed from the system
resulting in a solid slab surrounded by the liquid phase.
The free energy change in this step is denoted as ΔG3.

A schematic representation of the steps involved is shown in
Fig. 1. Mathematically, the evaluation of the RHS of Eq. (3) is
expressed as follows:

Δ(NA,NB,P,T) = CB ∫ e−βUBe−βPVdrNBdV × ∫ e−β(UW+UB)e−βPVdrNBdV

∫ e−βUBe−βPVdrNBdV

× C∗A ∫ e−βUAdrNA−1 × ∫ e−β(UAB+UA+UB+UW)e−βPVdrNA+NB−1dV

∫ e−β(UA+UB+UW)e−βPVdrNA+NB−1dV

× ∫ e−β(UA+UB+UAB)e−βPVdrNA+NB−1dV

∫ e−β(UW+UA+UB+UAB)e−βPVdrNA+NB−1dV

= ΔB(NB,P,T)e−βΔG1Q∗(slab)
A (NA,T)e−βΔG2e−βΔG3 , (4)

where the superscript (slab) represents a solid slab made of NA
molecules exposed to vacuum. Substituting Eq. (4) into Eq. (2), we
get

γ = ΔG1 + ΔG2 + ΔG3 + F∗(slab)
A −G∗(s)

A

= ΔG1 + ΔG2 + ΔG3 + (F∗(slab)
A − F∗(s)

A ) − PV
(s)

A
, (5)

where F is the Helmholtz free energy and V (s) is the volume of the
bulk solid phase containing NA molecules at pressure P and temper-
ature T. The various terms in the RHS of Eq. (5) are evaluated as
follows.

A. Calculation of ΔG 1 and ΔG 3

Since the LAMMPS12 molecular dynamics package was used in
performing all the simulations, the following form of the wall poten-
tial, UW , was used. The wall potential is created by inserting NW
atoms, arranged in a rectangular lattice, in a plane perpendicular to
the direction in which the liquid is to be cleaved. These wall atoms
are kept fixed at their initial positions and only interact with the fluid
molecules as follows:

UW =
NW

∑
i=1

NB

∑
j=1

A exp(λ − rij
B
) − C exp(λ − rij

D
), (6)

where rij is the distance between the ith wall atom and one atom
of the jth fluid molecule and A, B, C, D, and λ are parameters of
the potential. The two terms in the wall potential represent repulsive

and attractive interactions with the fluid molecules. The repulsive
term is responsible for cleaving the liquid phase. The role of the
attractive term is explained in the next step. Each lattice point in
the rectangular lattice contains both attractive and repulsive sites.
The introduction of the wall is done in two steps: (i) insertion with
a small value of λ = λmin and (ii) increase in the value of λ from λmin
to λmax. The change in the free energy due to the introduction of the
wall is computed via thermodynamic integration as follows:

ΔG1 = −kBT ln[∫ e−β(UW(λmin)+UB)e−βPVdrNBdV

∫ e−βUBe−βPVdrNBdV
]

− kBT ln[∫ e−β(UW(λmax)+UB)e−βPVdrNBdV

∫ e−β(UW(λmin)+UB)e−βPVdrNBdV
]

= −kBT ln⟨e−βUW(λmin)⟩ +
λmax

∫
λmin

⟨∂UW

∂λ
⟩dλ. (7)

A similar procedure is used to compute ΔG3 as follows:

ΔG3 = kBT ln[∫ e−β(UW(λmax)+UA+UB+UAB)e−βPVdrNA+NB−1dV

∫ e−β(UW(λmin)+UA+UB+UAB)e−βPVdrNA+NB−1dV
]

+ kBT ln[∫ e−β(UW(λmin)+UA+UB+UAB)e−βPVdrNA+NB−1dV

∫ e−β(UA+UB+UAB)e−βPVdrNA+NB−1dV
]

= −
λmax

∫
λmin

⟨∂UW

∂λ
⟩dλ + kBT ln⟨e−βUW(λmin)⟩. (8)
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B. Calculation of ΔG 2

ΔG2 is the free energy due to interactions between the solid and
liquid phases and is computed as follows:

ΔG2 = −kBT ln[∫ e−β(UAB+UA+UB+UW)e−βPVdrNA+NB−1dV

∫ e−β(UA+UB+UW)e−βPVdrNA+NB−1dV
]

= −kBT ln⟨e−βUAB⟩. (9)

The importance of the attractive term in the wall potential UW in the
evaluation of ΔG2 can be explained as follows. While using Eq. (9) to
compute ΔG2, it is important that the structure of the surrounding
fluid phase undergoes minimal perturbation when the UAB interac-
tions are turned on. At temperatures much lower than the critical
point of the liquid, the saturated pressure is very low. In such a sce-
nario, a purely repulsive wall can lead to the occurrence of a drying
transition near the liquid–wall interface.20 If the solid slab is intro-
duced within the cleaved region, the attractive interactions between
the fluid and the solid can cause a sharp increase in the liquid density
near the interface. Hence, the role of the attractive term is to prevent
the occurrence of drying transition near the wall fluid interface while
the fluid is being cleaved using the wall potential.

C. Calculation of F∗(slab)
A and F∗(s)

A

The solid state free energies, F∗(slab)
A and F∗(s)

A , are computed
using thermodynamic integration from a reference state. The ref-
erence state for both these calculations is a non-interacting Einstein
crystal with the fixed center of mass. In a non-interacting Einstein
crystal, there are no intermolecular interactions present and all the
atoms are attached to their respective lattice point via a harmonic
spring. The thermodynamic integration is performed in two steps. In
the first step, the intermolecular interactions between the molecules
are turned on resulting in an interacting Einstein crystal. In the sec-
ond step, the Einstein field is turned off resulting in the system of
interest. If we denote Uec as the Einstein-field, then

F∗A = −kBT lnC∗A ∫ e−β(Uec+U intra
A )drNA−1

−kBT ln
⎡⎢⎢⎢⎣
∫ e−β(Uec+UA)drNA−1

∫ e−β(Uec+U intra
A )drNA−1

⎤⎥⎥⎥⎦

−kBT ln[ ∫ e−βUAdrNA−1

∫ e−β(Uec+UA)drNA−1
] (10)

= F∗ec + ΔF1 + ΔF2, (11)

where U intra
A is the energy due to intramolecular interaction of the

molecules. Since the reference state is a non-interacting Einstein
crystal containing NA molecules, it is the same for both the slab
and the bulk solid. Hence, the difference F∗(slab)

A − F∗(s)
A can be

computed as

F∗(slab)
A − F∗(s)

A = (ΔF(slab)
1 + ΔF(slab)

2 ) − (ΔF(s)
1 + ΔF(s)

2 ). (12)

The methods for computing ΔF1 and ΔF2 are similar to the ones
described by Reddy A and Punnathanam.18

III. ADSORPTION METHOD
In this method, the interfacial free energy is determined by

computing the Helmholtz free energy, F, of the two phase system,
which can be expressed as

F(NA,NB,V ,T) = −PV + μANA + μBNB + γA. (13)

If we choose a dividing surface such that the surface excess for
component A vanishes, i.e., N(s)

A = NA, then

F = F(s)
A + F(l)

B + μBN(σ)B + γA, (14)

where the superscript (σ) denotes the surface excess. Similar to the
previous method, we omit the free energy contributions due to the
three translational degrees of freedom to avoid spurious contribu-
tions to the γ. To implement this criterion, we used the concept
of the Einstein molecule18,21,22 and keep the position of one atom
of one of the molecules fixed. In addition, we also have the equa-
tion, F(l)

B = −PV
(l) + μBN(l)

B . Hence, the interfacial free energy can be
computed as

γ = F∗ − F∗(s)
A + PV (l) − μBNB

A
. (15)

The calculation of F∗ in this method starts from a crystalline solid
slab consisting of NA molecules of component A exposed to vac-
uum followed by the addition of NB molecules of component B in
the surrounding space. Figure 2 depicts the central idea behind the
adsorption method. The detailed steps involved in this computation
are as follows:

Step 1: We start from a non-interacting Einstein molecule slab
containing NA molecules of component A exposed to vac-
uum. The strength of the harmonic spring is equal to
Λ0. The Helmholtz free energy for this reference state is
denoted by F∗0 .

Step 2: The intermolecular interactions, UA, are turned on to cre-
ate an interacting Einstein molecule slab. The free energy
change, ΔF(slab)

1 , in this step is computed via thermody-
namic perturbation.

Step 3: The strength of the harmonic spring in the Einstein-field
is reduced to Λ1. The reason for not reducing this value to
zero is explained in the next step. The free energy change,
ΔF(slab)

2 , in this step is computed via thermodynamic inte-
gration.

Step 4: In this step, NB molecules of component B are added to
the vacuum surrounding the solid slab. However, in the
systems being studied here, the temperature is below the
critical temperature of the component B. As a result, the
fluid will undergo a vapor-to-liquid phase transition dur-
ing the addition of the molecules. To avoid this scenario,
the fluid is made supercritical by reducing the well-depth
of the Lennard-Jones interaction between the molecules.
For the purpose of improved clarity while discussing this
step, we shall denote the molecules with the reduced inter-
action as C. The free energy change in this step is com-
puted by integrating the adsorption isotherm that gives
the change in the grand potential. The grand potential, Ω,
is a Legendre transform of the Helmholtz free energy, F,
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FIG. 2. Illustration of the central idea of computing interfacial free energy using the adsorption method. Blue indicates the liquid phase, and green indicates the solid phase.

and is defined for this two-component system as Ω = F
− μCNB. The change in the free energy of this step is
given by

ΔΩ = −
μC

∫
−∞

Ndμ′C. (16)

In order to compute free energy change using the above
equation, a series of simulations are performed in the
canonical ensemble with the number of molecules of com-
ponent C varying from 0 to NB. The chemical potential of
B is determined from the Gibbs–Duhem equation for pure
systems at constant temperature, i.e., dμC = vCdP, where
vC is the volume per molecule of component C at pressure
P. Substituting into Eq. (16), we get

ΔΩ = −
PC

∫
0

NvCdP = −
ρC

∫
0

NvC(
∂P
∂ρ
)dρ. (17)

During the simulations, we measure the density of the
fluid far away from the interface. The value of the pres-
sure at a given density is obtained from simulations of the
bulk fluid at constant temperature. The upper limit, PC, in
the above integral is the pressure at which NB molecules
are present in the system. Since the fluid is supercritical,
the pressure of the liquid at the highest density, PC, is very
high. Such a high pressure can and almost always destroy
the crystalline structure of the solid slab. To avoid this sce-
nario, the molecules of the solid are still attached to their
lattice sites by the harmonic spring with value Λ1 for the
spring constant. The overall change in the Helmholtz free
energy, ΔF3, during this step can be expressed as

ΔF3 = ΔΩ + μCNB. (18)

Step 5: In this step, the Lennard-Jones interaction between the
fluid molecules is increased to its full strength and the
electrostatic interactions are also turned on. The free
energy change, ΔF4, during this step is computed via
thermodynamic integration.

Step 6: In the previous step, when the full attractive interactions
between the fluid molecules are turned on, the pressure of
the fluid is reduced considerably and is nearly equal to the
desired value. It is now safe to turn off the Einstein-field
interactions in the solid slab. Hence, in this final step, the
value of the spring constant of the Einstein field is reduced
from Λ1 to zero. The change in the free energy, ΔF5, is
computed via thermodynamic integration.

The overall free energy of the two-phase system can be
expressed as

F∗ = F∗0 + ΔF(slab)
1 + ΔF(slab)

2 + ΔΩ + ΔF4 + ΔF5 + μCNB. (19)

The free energy of the bulk solid is computed similarly,18 i.e.,

F∗(s) = F∗0 + ΔF(s)
1 + ΔF(s)

2 . (20)

The difference in the chemical potentials μC − μB is computed as
follows:

μC(PC) − μB(P) = [μC(PC) − μC(P′C)] + [μC(P′C) − μB(P)]

= −∫
PC

P′C
vCdP + [μC(P′C) − μB(P)] (21)

= Δμ1 + Δμ2, (22)

where P′C is the pressure at which the density of C is equal to the
density of B at pressure P. The term within the square brackets in the
RHS of the above equation is computed via thermodynamic integra-
tion by turning on the Lennard-Jones interaction from the reduced
strength to full strength. The value of the interfacial free energy is
computed from Eq. (15) and Eqs. (19)–(22). It is important to note
that the cross-sectional area A should be multiplied by a factor of
2 to account for the two surfaces created in both cleaving wall and
adsorption methods.

IV. VALIDATION OF CLEAVING WALL METHOD
WITH A LENNARD-JONES SYSTEM

The accuracy of the proposed methods is tested on a system
comprising Lennard-Jones particles. The system is similar to the one

FIG. 3. Snapshot of the Lennard-Jones solid in contact with the Lennard-Jones
liquid. The solid particles are shown in red, and the liquid particles are shown in
gray. The particles forming the cleaving wall are shown in green.

TABLE I. Potential parameters for the wall potential in Eq. (6) for the Lennard-Jones
system.

A
ϵff

B
σff

C
ϵff

D
σff

Liquid 3.3333 0.2857 3.50 0.3714
Vapor 3.3333 0.2857 2.50 0.3714
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FIG. 4. Variation of the integrand dur-
ing computation of (a) ΔG1 and (b) ΔG3
for the Lennard-Jones system. The size
of the error bars corresponds to a confi-
dence interval of 95%.

TABLE II. Change in the free energy per unit cross-sectional area for the various steps of the cleaving wall method applied
to the Lennard-Jones system. The asterisk indicates that the values are in reduced units. The figure in the parentheses is the
uncertainty in the last digit for a confidence interval of 95%.

Liquid Vapor cos θ

ΔG∗1 ΔG∗2 ΔG∗3 γ∗sl ΔG∗1 ΔG∗2 ΔG∗3 γ∗sv

−0.824(4) −0.065(1) 0.980(3) 0.091(5) 0.071(1) −0.001(1) −0.050(1) 0.020(1) −0.30(2)

studied by Grzelak and Errington16 where the solid–vapor–liquid
contact angle, θ, was computed using Young’s equation,

cos θ = γsv − γsl
γlv

, (23)

where γsl, γsv , and γlv are the solid–liquid, solid–vapor, and liquid–
vapor interfacial free energies, respectively. The solid consists of
three layers of a face-centered cubic crystal with the 100 plane
exposed to the fluid. The fluid particles interact with ϵff = 1.0 and
σff = 1.0. The Lennard-Jones parameters for the solid–fluid inter-
action are ϵsf = 0.5 and σsf = 1.1. The solid atoms are kept frozen
at their lattice positions. The Lennard-Jones interaction is truncated
and shifted at a cutoff distance rcij = 2.5σij. The system is studied at
a reduced temperature kBT/ϵff = 0.9 and at the coexistence pressure
Pσ3

ff /ϵff = 0.031 467.
A snapshot of the solid in contact with the liquid phase is shown

in Fig. 3. The solid consists of 96 particles, and the cross-sectional
area is 7.57σff × 7.57σff . The liquid phase contains 1500 particles,
and the vapor phase contains 100 particles. The cleaving wall is con-
structed from a total of 16 sites23 arranged in a square lattice and
located in the x–y plane at the center of the simulation box. The
potential parameters for the wall potential in Eq. (6) are given in
Table I. The values of λmin for computing ΔG1 andΔG3 are −2σff
and −σff , respectively. The upper limit λmax = 3σff . The numeri-
cal integrations for computing ΔG1 and ΔG3 are performed using
the trapezoidal rule with a spacing of 0.1σff in the values of λ. Each
simulation was run for a period of 2 000 000 steps during the equi-
libration stage and 5 000 000 steps during the production stage with

the time step for integration set to 0.001. The temperature was con-
trolled using the Nose–Hoover thermostat.24 The variation of the
integrands in computation of ΔG1 and ΔG3 are shown in Fig. 4. The
results from the simulations on this system are given in Table II.
Since F∗(slab)

A is the same for both liquid and vapor, it is not com-
puted. The value of γlv is taken from Ref. 16 and set to 0.235.
The contact angle as computed from Young’s equation is cos θ =
−0.30(2), which is in close agreement with the value of cos θ =
−0.33(3) reported in Ref. 16.

V. SOLID–LIQUID INTERFACIAL FREE ENERGY
FOR A MOLECULAR SYSTEM

In this section, we present the results of computation of
solid–liquid interfacial free energy between orcinol and the two
solvents, chloroform and nitromethane (see Fig. 5). Orcinol and
nitromethane are modeled using the Optimized Potentials for Liq-
uid Simulations-All Atom (OPLS-AA) forcefield, while chloroform
is modeled using the OPLS-UA (United Atom) forcefield (4-site

FIG. 5. Structural formula of (a) orcinol, (b) chloroform, and (c) nitromethane.
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TABLE III. Area of the solid–fluid interface for different crystal planes of the orcinol
polymorphs.

Plane Form I (Å2) Form I (Å2)

100 40.72× 37.76 50.20× 48.66
010 40.72× 37.76 55.14× 48.66
001 40.72× 40.72 55.14× 50.20

model).25,26 The Lennard-Jones interactions were truncated and
shifted at 12 Å, and the electrostatic interactions were computed
using Particle–Particle–Particle–Mesh (PPPM).27 The study was
conducted at a temperature of 215 K and a pressure of 1 atm. Under
these conditions, the solubilities of orcinol polymorphs are very low
and there is also no surface diffusion of the orcinol molecules. The
structure of the crystal polymorphs was obtained from the Cam-
bridge Structural Database, and the interfacial free energy is com-
puted for the 100 plane for both the crystal polymorphs. Initially,
NPT simulations were performed to determine the density of the
bulk solid phase under the above conditions. From these simula-
tions, the lattice constants were determined to be a = 20.36 Å, b =
20.36 Å, and c = 6.29 Å for form I and a = 13.78 Å, b = 16.73 Å, and
c = 24.33 Å for form II.

A. Cleaving wall method
The molecular dynamics simulations for computing the terms

ΔGi consisted of an equilibration stage of 1 ns and a production stage
of 1 ns, while those for computing the terms ΔFi consisted of an
equilibration stage of 2 ns and a production stage of 5 ns.

The solid slab of form I polymorph consisted of 384 molecules,
and that of form II polymorph consisted of 768 molecules. The
dimensions of the interfacial area are given in Table III. The num-
bers of molecules of solvent were 1500 and 2000 for systems con-
taining polymorphs form I and form II, respectively. The values
of the spring constants, Λ0, in the Einstein field for computing
the solid state free energies were 20 000 (kcal/mol)/Å2 for hydro-
gen atoms and 5000 (kcal/mol)/Å2 for the rest. For simulations
that contained the harmonic spring, the temperature was controlled
using the Bussi thermostat,28 while those without the harmonic
springs used the Nose–Hoover thermostat.24 The values of the wall

potential parameters in Eq. (6) were A = 1.0 kcal/mol, B = 1.0 Å,
C = 1.05 kcal/mol, and D = 1.4 Å for all the solvent and polymorph
combinations studied in this work. The lower (λmin) and upper lim-
its (λmax) of the integral for computing ΔG1 were −4 Å and 34 Å,
respectively. The lower limit (λmin) of integral for computing ΔG3
was 12 Å and 20 Å, respectively, when we study the polymorphs of
form I and form II. A typical variation of the integrands in Eqs. (7)
and (8) is shown in Fig. 6.

The numerical integration was carried out using the trapezoidal
rule. For computing ΔG2, we generated 200 configurations for the
solid slab and for each of these configurations, and the averages were
computed over a molecular dynamics trajectory of 1 ns. Since the
simulations were performed using LAMMPS, currently, it is not pos-
sible to keep only the center of mass of the solid (and not the liquid)
phase fixed in an NPT simulation. Instead, the center of mass of the
solid is tethered to its initial position via a harmonic spring with a
strength of 10 000 (kcal/mol)/Å2. During the simulations, the fluctu-
ation in the center of mass position was in the order of 10−5 Å, which
is very small. Hence, we assume that the averages computed in these
simulations have negligible errors. This assumption was validated
post priori when the computed values of γ matched those obtained
from the adsorption method.

B. Adsorption method
The duration of all the molecular dynamics simulations con-

sisted of an equilibration run of 2 ns and a production run of 5 ns.
The number of molecules and dimensions of the solid phase are
the same as those used in the cleaving wall method. The length
of the simulation box perpendicular to the interface was deter-
mined from an NPT simulation of the two-phase system at T =
215 K and P = 1 atm while keeping the interfacial area constant.
The numbers of chloroform molecules were 1500 and 2000, and
the lengths of the simulation box were 162.08 Å and 156.10 Å
when the solid slab was form I and form II, respectively. In
the case of nitromethane, the numbers of molecules were 2222
and 2960, and the box lengths were 162.08 Å and 156.10 Å
for form I and form II, respectively. The value of the spring
constants in the Einstein field at the reduced strength is Λ1
= 100 kcal/mol. Similar to the cleaving wall method, the simulations
that contained the harmonic spring used the Bussi thermostat,28

while those without the harmonic springs used the Nose–Hoover

FIG. 6. Variation of the integrand during
computation of (a) ΔG1 and (b) ΔG3 for
the 100 plane of form I polymorph with
chloroform. The size of the error bars
corresponds to a confidence interval of
95%.
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TABLE IV. Numerical values of the coefficients of Eq. (24).

Chloroform Nitromethane

B2 −0.7662 −0.4135
B3 1.3388 1.884
B4 −0.6865 0.2545
B5 0.0070 −1.0871
B6 0.8569 3.36

thermostat.24 To keep the chloroform and nitromethane supercriti-
cal during step 3, the value of ϵ in the Lennard-Jones interaction was
reduced by a factor of 3.5 and partial charges on all the atoms were
set to zero. For performing the integration using Eq. (17), one has to
know the pressure of the fluid as a function of the bulk density, i.e.,
an equation of state for the fluid. This was determined by performing
a series of NPT simulations of the bulk fluid at T = 215 K. The data
from the simulations were fitted to the following equation of state:

Z = PV
NkBT

= 1 + B2ρ + B3ρ2 + B4ρ3 + B5ρ4 + B6ρ5, (24)

where the unit of ρ is g/cc. The numerical values of the coefficients
for chloroform and nitromethane are given in Table IV. The varia-
tion of integrand in Eq. (17) with density is shown in Fig. 7 for the
case where the 100 plane of form I is exposed to chloroform. ΔΩ
is computed by first fitting the integrand to a polynomial of degree
four in density and then integrating the fitted polynomial.

C. Results
The computed values of the various terms needed for estimat-

ing the interfacial free energy using the cleaving wall method are
given in Table V, and those using the adsorption method are given
in Table VI. As we can see, the values of the interfacial free energy
from the two methods are in agreement with each other. Since the

0

FIG. 7. Variation of the integrand in Eq. (17) with pressure of the fluid. The interface
is the 100 plane of form I, and the fluid is chloroform. The fitted curve is a fourth
degree polynomial. The size of the error bars corresponds to a confidence interval
of 95%.

same value of the free energy is obtained from completely different
paths, we can confidently claim that the values computed are not
only thermodynamically consistent but also accurate.

VI. SOLVENT INDUCED CRYSTAL POLYMORPHISM
IN ORCINOL

The experiments performed by Mukherjee et al.19 have shown
that form I of orcinol is obtained when chloroform is used as a sol-
vent and form II is obtained when the solvent is nitromethane. The
common hypothesis for this solvent induced polymorphism is that
the polymorph with the highest rate of nucleation is the one that will
form upon crystallization from a solution. The rate of nucleation
is exponentially dependent on the free energy of formation of the
critical nucleus, and according to the Classical Nucleation Theory
(CNT), this free energy, ΔG∗, is given as

TABLE V. Change in the free energy per unit cross-sectional area for the various steps of the cleaving wall method while
computing interfacial free energy of the orcinol–solvent interface. The figure in the parentheses is the uncertainty in the last
digit for a confidence interval of 95%. All the values have units of mN/m.

Chloroform Nitromethane

Form I Form II Form I Form II

ΔG1 25.7(3) 25.7(3) 35.1(6) 35.1(6)
ΔG2 −0.011(2) −7.0(3) −0.16(1) −4.9(3)
ΔG3 −80.8(8) −68.5(4) −96(1) −86(1)
ΔF(slab)

1 −1527.9(3) −1807.4(5) −1527.9(3) −1807.4(5)
ΔF(slab)

2 −5527.5(6) −6013.1(3) −5527.5(6) −6013.1(3)
ΔF(s)

1 −1647.6(1) −1938.6(4) −1647.6(1) −1938.6(4)
ΔF(s)

2 −5527.3(2) −5995.9(3) −5527.3(2) −5995.9(3)
PV (s) 0.206 0.279 0.206 0.279
γ 64(1) 64(1) 59(1) 58(1)
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TABLE VI. Change in the free energy per unit cross-sectional area for the various steps of the adsorption method while
computing interfacial free energy of the orcinol–solvent interface. The figure in the parentheses is the uncertainty in the last
digit for a confidence interval of 95%. All the values have units of mN/m.

Chloroform Nitromethane

Form I Form II Form I Form II

ΔF(slab)
1 −1527.9(3) −1810.2(3) −1527.9(3) −1810.2(3)

ΔF(slab)
2 −3694.2(2) −4251.8(2) −3694.2(2) −4251.8(2)

ΔΩ −1360(1) −1177(1) −2292(2) −2000(1)
ΔF4 −1647(1) −1389(1) −7234(1) −6075(1)
ΔF5 −1844.9(3) −1777.8(6) −1840(1) −1778(1)
Δμ1 40(2) 115.5(8) −17(2) 60.3(5)
Δμ2 2922.7(3) 2417.5(3) 9492(1) 7979(1)
ΔF(s)

1 −1647.7(2) −1938.6(4) −1647.7(2) −1938.6(4)
ΔF(s)

2 −5529.5(3) −5997.3(4) −5529.5(3) −5997.3(4)
PV (l) 0.62 0.52 0.62 0.52
γ 65(3) 63(2) 63(3) 60(2)

ΔG∗ = 16πγ3

3∣ρ(s)Δμ∣2 , (25)

where ρ(s) is the density of the solid phase and Δμ is the difference in
the chemical potential of the solute in the solid phase and in solution.
If this expression describes the nucleation process, then the poly-
morph with a lower value of γ should be the one favored to nucleate
from a given solution. Strictly speaking, γ for a growing crystal is
an orientationally averaged quantity, and the crystal facet with the
lowest γ contributes the most. Computing the interfacial free energy
for all possible combinations of facets and solvents is very expen-
sive. Instead, we computed the interfacial free energy for a select few
facets, namely, the 100, 010, and 001 planes, in contact with both
the solvents. Of the two methods described above, the adsorption
method was more cumbersome to implement. Hence, we used the

TABLE VII. Interfacial free energy of various crystallographic planes of orcinol poly-
morphs (form I and form II) in contact with chloroform. The figure in the parentheses
is the uncertainty in the last digit for a confidence interval of 95%.

Polymorphs Form I Form II

Planes 100 010 001 Average 100 010 001 Average

γ (mN/m) 64(1) 71(1) 96(1) 77(1) 64(1) 61(1) 88(1) 71(1)

TABLE VIII. Interfacial free energy of various crystallographic planes of orcinol poly-
morphs (form I and form II) in contact with nitromethane. The figure in the parentheses
is the uncertainty in the last digit for a confidence interval of 95%.

Polymorphs Form I Form II

Planes 100 010 001 Average 100 010 001 Average

γ (mN/m) 59(1) 63(2) 74(1) 65(1) 58(2) 46(2) 63(2) 56(2)

cleaving wall method to compute the interfacial free energies for the
different crystal planes. The results from our calculations are given
in Tables VII and VIII. From Table VII, we observe that the interfa-
cial free energy of form I polymorph with chloroform is higher than
that of form II. Hence, CNT predicts that the polymorph form II will
nucleate from a solution of orcinol in chloroform, a result that is at
variance with the experimental observation. It might be possible that
there might be other crystal planes of form I that have lower inter-
facial free energy. In the case of crystallization from nitromethane
solution, the values of γ are lower for form II, which should lead to
its crystallization instead of form I, which is in agreement with the
experimental observation.19

The estimates of γ given in Tables V–VIII were obtained from
the free energy values. These computations are expensive since they
require a series of molecular simulations. One can also obtain an
estimate of γ in a quick and dirty manner by ignoring the contri-
bution of the entropy, i.e., estimate the interfacial excess internal

TABLE IX. Comparison of the values of γ and γ′ for some crystal planes of each
polymorphs of orcinol. The units are in mN/m. The figure in the parentheses is the
uncertainty in the last digit for a confidence interval of 95%.

Chloroform Nitromethane

Planes Form I Form II Form I Form II

γ 100 64(1) 64(1) 59(1) 58(2)
010 71(1) 61(1) 63(2) 46(2)
001 96(1) 88(1) 74(1) 63(2)

γ′ 100 46(1) 40(2) 28(2) 21(2)
010 43(2) 31(1) 34(2) 15(1)
001 73(1) 88(2) 41(2) 39(2)
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FIG. 8. Comparison of the values of γ and γ′ for some crystal planes of each
polymorphs of orcinol. The dashed line is a fit of the data and shows the correlation
between γ and γ′.

energy, γ′, as follows:

γ′ = U −U(s) −U(l)

A
, (26)

where U is the potential energy for the two phase system and U(s)

and U(l) are the potential energies for bulk solid and bulk liquid,
respectively. One can then ask whether the values of γ can be rea-
sonably approximated by those for γ′. A comparison of γ and γ′ is
shown in Table IX and Fig. 8. While there appears to be some cor-
relation between the values of γ and γ′, this comparison tells us that
there is a significant contribution of entropy to the interfacial free
energy, and hence, γ′ is a poor estimate of γ.

VII. CONCLUSIONS
In this article, we have presented two direct methods for com-

puting solid–liquid interfacial free energy from molecular simula-
tions via thermodynamic integration. The methods are applicable
to systems when (i) the solid phase is sparingly soluble in the liq-
uid and (ii) there is no surface diffusion of molecules in the solid
phase. As a representative system, the interfacial free energy was
computed for two anhydrous polymorphs of orcinol in contact with
solvents, chloroform and nitromethane. The computed values from
these two completely independent methods agree with each other,
thereby indirectly confirming the accuracy of our estimates. The val-
ues of interfacial free energy were also used in combination with
the classical nucleation theory to predict the solvent induced poly-
morph selectivity of orcinol. The predicted polymorph selectivity in
nitromethane agrees with the experimental observations but does
not for chloroform. An added benefit of our proposed methods is
that these simulations can be performed using the publicly available
molecular dynamics packages such as LAMMPS,12 thus obviating
the need to write new à la carte codes.

SUPPLEMENTARY MATERIAL

See the supplementary material for input files to perform the
various simulations described in this paper using the LAMMPS12

molecular dynamics package.
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APPENDIX: EXCLUSION OF TRANSLATIONAL DEGREE
OF FREEDOM FROM SOLID PHASE PARTITION
FUNCTION

In the methods described in this article, free energy contribu-
tion arising from the translational degree of freedom of the solid
phase was excluded while computing the interfacial free energy. The
necessity for this exclusion can be easily explained using the follow-
ing example. Consider a solid slab exposed to vacuum. Let V be the
total volume of this system (slab + vacuum). The Helmholtz free
energy of this system, F, can be written as

F = F(s) + γA. (A1)

While computing the partition function of the solid slab, one can
integrate the translational degree of freedom of the slab. Hence,
the total partition function can be written as a product of the vol-
ume of the system and the partition function of the slab with the
translational degree of freedom removed, i.e.,

Q(N,V ,T) = VQ∗(N,T). (A2)

Substituting the above equation into Eq. (A1), we get

γ = F − F(s)

A

= −kBT
lnV + lnQ∗ − lnQ(s)

A
. (A3)

From the above expression, γ is dependent on V whose value is
totally arbitrary. Hence, the correct and rigorous way to compute γ
is to exclude the contribution of the translational degree of freedom
of the solid phase from the partition function.
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