
Assisted Desolvation as a Key Kinetic Step for Crystal
Growth

Stefano Piana, Franca Jones, and Julian D Gale*

Contribution from the Nanochemistry Research Institute, Curtin UniVersity of Technology,
GPO Box U1987, 6845 Perth, WA. Australia

Received July 3, 2006; E-mail: julian@ivec.org

Abstract: The crystallization of materials from a supersaturated solution is a fundamental chemical process.
Although several very successful models that provide a qualitative understanding of the crystal growth
process exist, in most cases the atomistic detail of crystal growth is not fully understood. In this work,
molecular dynamics simulations of the morphologically most important surfaces of barite in contact with a
supersaturated solution have been performed. The simulations show that an ordered and tightly bound
layer of water molecules is present on the crystal surface. The approach of an ion to the surface requires
desolvation of both the surface and the ion itself leading to an activated process that is rate limiting for
two-dimensional nucleation to occur. However, desolvation on specific surfaces can be assisted by anions
adsorbed on the crystal surface. This hypothesis, corroborated by crystallization and scanning electron
microscopy studies, allows the rationalization of the morphology of barite crystals grown at different
supersaturations.

Introduction

Although crystallization is an industrially useful means of
purifying and/or separating solids, not all crystallization is
desirable. Unwanted crystallization is known as “scale forma-
tion” and causes problems within industrial processing units.1-3

Barium sulfate is a common and persistent scale in the off-
shore oil production industry where changes in temperature,
pressure, and mixing of different water streams cause barite to
precipitate.4,5

Considerable scientific effort has been devoted to studying
barium sulfate on both a fundamental level and from an
industrial perspective. Atomic force microscopy (AFM) studies
from Putnis and co-workers6-9 have shown that up to moderate
supersaturations two-dimensional nucleation on the barium
sulfate surface occurs at a negligible rate, and screw dislocations
are mostly responsible for crystal growth. The 2D nuclei formed
are highly asymmetric and their shape, size, and the rate at which
they grow on the different faces of the crystal have been
correlated with the energy of incorporation of growth units at
steps. However, a fundamental understanding of the kinetics

of 2D nucleation and how the kinetics impact on the crystal
morphology is still lacking.

It is well-known that the solvent can have a strong effect on
the energetics of crystallization.10-12 The idea that ion desol-
vation may be an important kinetic step in the crystal growth
of polyelectrolytes was introduced about 20 years ago with the
work of Nielsen.13,14However, the systematic study of solvent
effects on the crystallization of inorganic solids has received
little experimental attention. From an experimental perspective,
Amsler15 studied potassium chloride precipitation in water and
water/ethanol mixtures as far back as 1942. Similarly, Seo et
al.16 have investigated the precipitation of calcium carbonate
from ethanol mixtures. However, this later work was not really
a study of solvent effects but an investigation of the influence
of supersaturation on the precipitation of different polymorphs.
Despite several studies, it remains difficult to obtain unambigu-
ous insights into the role of solvation in the growth of inorganic
materials from experiment alone.

Computer simulations can prove to be a very useful compli-
ment to experiment in determining the atomistic detail of the
kinetics of crystallization. However, few investigations have
been reported that take the effect of solvent fully into account.17-21
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The impact of solvent on crystal growth can sometimes be
predicted by continuum models, especially when only the
thermodynamics of the process is being examined, but has rarely
been the subject of rigorous theoretical investigations because
of the inherent complexity of dealing with a system with many
degrees of freedom, such as the solvent-crystal interface. We
thus present a study based on the molecular dynamics (MD)
simulation of the barite crystal surface in contact with a
supersaturated solution. There has been one prior work in this
area by Jang et al.22 where barite was the system of interest
and solvation by water using a molecular dynamics approach
was attempted. This work showed that the surface energies of
the barite faces were ordered as follows: (010)≈ (210)< (001).
However, this ordering of surface energies is inconsistent with
the morphology of barium sulfate, particularly for barite formed
at low supersaturation. This raises the question of whether
consideration of the thermodynamics is sufficient to understand
the formation of materials such as barite or whether the kinetics
might be the dominant influence? The aim of this study is to
address this issue and to focus on the specific role of the solvent.

The present theoretical investigation indicates that the crystal
surface is covered with a layer of tightly bound water molecules.
This layer provides an effective activation barrier to nucleation
such that it prevents the cations in solution from reaching the
crystal surface. This is consistent with the hypothesis, based
on experimental13,23and theoretical21 work, that desolvation of
the surface, and of the cations, can be a rate-determining kinetic
step in crystal growth. However, we observe that the barrier
for the diffusion of anions to the crystal surface is much smaller
and that anions can very effectively catalyze the cation desol-
vation. This process is surface specific, thus providing the key
to explaining the differences in the growth rates of surfaces that
are thermodynamically very similar. Crystal growth experiments
have been performed to corroborate these findings.

Methodology

Optimization of a Force Field To Describe the Barite-Water
Interface. The only force field reported in the literature that has been
created to specifically describe the water-barite interface22 has a
complex functional form that has not been widely implemented.
Furthermore, this force field has not been optimized to correctly
reproduce the properties of the barium and sulfate ions in solution.
For this reason, as a first step of the investigation, a force field has
been developed to describe the barite-water interaction with a
functional form that is composed of electrostatic interactions supple-
mented by a Lennard-Jones description of the short-ranged potential.

The starting parameters for the sulfate ion were taken from the
GROMOS force field.24 In this force field, the charges on the atoms
were +2 for the Ba ion,-0.635 for the sulfate oxygen atoms, and
+0.540 for sulfur. The equilibrium structural parameters for the sulfate
ion were taken to be 0.15 nm for the S-O bond length and the
tetrahedral angle of 109.47 degrees for O-S-O. The functional form
for the bond angle was the GROMOS96 form with a force constant of
1295.39 kJ mol-1. These parameters were not modified, while the
Lennard-Jones (LJ) parameters of the barium and sulfate ions were

fitted using the program GULP25 to thermodynamic and structural data,
namely, the lattice energy, the cell parameters, the fractional coordinates,
and the elastic constants of the crystalline material. Subsequently, the
parameters that describe the interaction between the ions and water
were tuned in order to reproduce the main peaks in the experimental
radial distribution function in solution and the experimental enthalpy
of hydration of the two ions. The LJ parameters obtained from this
procedure and used in the present work are reported in Table 1.

The difference between the calculated and the experimental values
based on the final parameter set are reported in Table 2. The radial
distribution function and the enthalpy of hydration at 298.15 K were
calculated for a system composed of one ion and 894 water molecules
in a 3.0 nm× 3.0 nm× 3.0 nm cubic box. A constant pressure (NPT)
MD simulation for 2 ns was performed for each system, and the last
1.5 ns were used for data analysis. The enthalpy of hydration was
calculated as the difference between the MD averaged value obtained
from the last 1.5 ns of simulation and the average energy of a box of
894 water molecules simulated under the same conditions. A control
simulation performed with a larger 5.0 nm× 5.0 nm× 5.0 nm box
containing 4179 water molecules gave unchanged results. The number
of water molecules in the first coordination shell (Nwat) was calculated
by integration of the first peak of the ion-water radial distribution
function. The water residence time in the first hydration shell (τwat )
132(10) ps) was calculated as in ref 26. This value corresponds to a
rate constant for the dissociation from the first hydration sphere of 7.6
× 10-9 s-1 that is in line with the experimental value of 10-9-10-10

reported in the literature.27

While the radial density distribution function and overall thermo-
dynamics of ion solvation are key indicators of force field quality for
the present work, it is important to consider whether the details of the
water-surface interaction are correctly described too. To this end, the
parameters were then further validated by performing ab initio
calculations of the structure and energy of interaction of water molecules
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Table 1. Lennard-Jones Coefficients C6 and C12 Used in the
Present Work to Describe the Interactions within Barite and
between Both Barium and Sulfate Ions with Water

atom pair
C6

(kJ mol-1 nm6)
C12

(kJ mol-1 nm12)

Owater-SSO4 0.000 5.583× 10-6

Owater-OSO4 0.000 3.200× 10-6

Owater-Ba 0.008 5.359× 10-6

SSO4-SSO4 0.000 0.000
SSO4-OSO4 0.000 0.000
SSO4-Ba 0.000 6.470× 10-5

OSO4-OSO4 0.000 0.000
OSO4-Ba 0.000 2.571× 10-6

Ba-Ba 0.000 0.000

Table 2. Comparison between the Experimental and Calculated
Properties of Both Barite and the Component Ions in Dilute
Aqueous Solution

property experimentalh calculatedh

cell parametersa,b,c (nm) 0.888,a 0.546,a 0.716a 0.879, 0.545, 0.705
cell anglesR, â, γ (deg) 90.0,a 90.0,a 90.0a 90.0, 90.0, 90.0
lattice energy (kJ mol-1) -2476 (50)b -2463 (5)
∆Hhyd Ba2+ (kJ mol-1) -1314,c -1339,d -1362e -1360 (10)
∆Hhyd SO4

2- (kJ mol-1) -1138(50),c -1109(50)d -1109 (10)
d(Owat‚‚‚Ba2+

(hyd)) (nm) 0.281 (0.003)f 0.275
d(Owat‚‚‚OSO4(hyd)) (nm) 0.28 (0.001)g 0.29
Nwat (Ba2+) 8.1(3)f 8.8

a Ref 28 b Ref 22 c Ref 29 d Ref 30 e Ref 31 f Ref 32 g Ref 33
h Errors are reported in parentheses where available.
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on the (001) surface of barite. For this purpose, density-functional theory
calculations, based on the generalized gradient approximation of
Perdew, Burke, and Ernzerhof,34 were performed using the SIESTA
methodology and software.35 Norm conserving pseudopotentials of the
Troullier-Martins form36 were used to represent the nonlocal potential
due to the nucleus and core electrons, while the valence Kohn-Sham
eigenstates were described with soft-confined basis sets of double-ú
quality with polarization functions. The electron density was represented
using an auxiliary real-space mesh with a kinetic energy cutoff of 200
Ry.

The bulk structure of barite was optimized at constant pressure, and
then a slab containing five layers was created to represent the (001)
surface of the material, which represents a thickness of approximately
35 Å. A vacuum gap of 25 Å was then placed above the surface, such
that the interaction between images of the slabs was negligible. After
full relaxation of the slab, water was adsorbed in a number of
configurations above the surface. Assuming that the water preferentially
solvates the barium ions at the surface, which is consistent with the
solvation energies of the ions, the adsorbate can bind to one of two
distinct metal atoms. These sites we will refer to as high and low to
reflect the fact that the former barium ion is much closer to the surface
than the other. A 2× 1 supercell was created so that four cations were
present on the surface, two of each kind, so that a range of
concentrations of water could be adsorbed.

Binding energies calculated for one, two, or four water molecules
adsorbed on the (001) surface of barite are given in Table 3. A
comparison of the force field results with those from nonlocal density
functional, corrected for basis set superposition error using the
counterpoise method, is presented. In comparing the energies, we apply
a further correction to allow for the fact that the density-functional
calculation fails to account for the attractive C6 dispersion contribution
in the long-range limit. To achieve this, a single point calculation is
performed at the optimized ab initio geometry to compute the C6 only
contribution as a pairwise interaction with parameters taken from the
force field (see above).

It appears that the present force field performs a reasonable job of
capturing the interactions between the barium sulfate and the adsorbed
water, considering that the force field was primarily parametrized
against the dilute solution solvation of the separate ions. The water is
especially well described when bound near to the barium that is lower
within the surface, with the energy differences being within the

uncertainties of the density-functional calculation. The preference for
binding near to the higher barium is captured, though the magnitude
of the energy change is exaggerated. This is due to the strong barium-
water dispersion interaction, also reflected by the large value of C6
(Table 1). Indeed, self-consistent inclusion of the C6 term during the
geometry optimization in the ab initio method would reduce this
discrepancy and particularly affect this site. In terms of the geometries,
the orientation of the water is very similar between the density-
functional results and the force field, with just slight adjustments in
the rotation of the water being observed in most cases. The one
exception is that at high coverages, the force field energy minimization
drops into a different minimum when starting from the ab initio
structure, with the cell parameters rescaled to the correct values. In
this case, the water from the high barium site moves so as to hydrogen
bond to one of the other water molecules.

Initial attempts to derive a force field for the water-barite interaction
yielded qualitatively different structures for water adsorbed on the
surface in comparison to the quantum mechanical results. Hence, given
the complexity of the system and the limited reliable data to compare
to, the results from the present model are considered satisfactory for
simulation of the solvated surface.

Molecular Dynamics Simulations of the Barite-Water Interface.
Molecular dynamics simulations of the three morphologically most
important faces, (001), (210), and (010), in contact with pure SPC water
were performed with the program GROMACS37 using the force field
described in the previous section. Starting structures were generated
employing the crystallographic unit cell of barite as a template. The
program GDIS38 was used to generate 6× 4, 4 × 4, and 4× 4 2D
periodic (001), (210), and (010) surface supercells, respectively. The
surfaces were 4, 6, and 4 layers deep and were transformed into 3D
periodic systems by extending the cell axis in thezdirection. The empty
space in the simulation cell was filled with water molecules. A total of
2266, 729, and 904 water molecules were required to solvate the (001),
(210), and (010) surfaces, respectively. All bonds lengths were
constrained to their equilibrium values with the LINCS algorithm.39

Nonbonded interactions were evaluated out to a cutoff of 1.2 nm and
the particle mesh Ewald method40 was used to treat the long-range
electrostatic interactions. The time step for the simulations was 2 fs
and the nonbonded pair list was updated every five steps. Constant
temperature simulations at 218.15 K were performed by coupling the
system to a Nose-Hoover thermostat41 with a relaxation time of 3.0
ps. Constant pressure was obtained by coupling to an anisotropic
Berendsen barostat42 with relaxation time of 5.0 ps. The compressibility
of the system was set to 4.5× 10-5 bar-1 in thez direction and 5.0×
10-6 bar-1 in thex andy directions. All systems were equilibrated by
performing 20 ps of NVT simulation at 298K. Subsequently, 4 ns of
NPT simulation at 298 K was performed, and the last 3 ns were used
for data analysis. Surface energies were calculated as the difference
between the MD-averaged potential energy of the barite+ water system
and the same quantity determined separately for bulk water and bulk
barite.

Molecular Dynamics Simulations of 2D Nucleation.Molecular
dynamics simulations of the three morphologically most important faces,
(001), (210), and (010), in contact with a supersaturated solution were
performed. The starting structures for the systems were generated as
for the previous simulations with the difference that each system was
solvated with a 1 Msolution of Ba2+ and SO4

2- ions. All systems were
equilibrated by performing 100 ps of NVT simulation at 298 K followed
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Table 3. Binding Energies (in kJ/mol) Per Molecule for Water as a
Function of Coverage on the Barite (001) Surfacea

binding site and
number of waters

ab initio binding
energy

ab initio binding
energy with C6

correction
force field

binding energy

low/1 -55.1 -73.9 -78.2
low/2 -54.1 -72.5 -70.5
high/1 -65.1 -85.1 -95.6
high/2 -56.8 -73.6 -92.4
low and high/4 -53.2 -71.0 -82.1

a Values are calculated with nonlocal density-functional theory with the
PBE functional and with the force field described in the present work.
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by 104 ns of NPT simulation at 298 K and 1 atm. The last 100 ns
were used for data analysis.

Umbrella Sampling Simulations.Analogously to previous studies
on the adsorption of cations on the surface of calcite,21 the free energy
profile for the adsorption of a Ba2+ ion on the crystal surface was
calculated with the umbrella sampling approach. In these calculations,
the distance between Ba2+ and the crystal surface was fixed with a
harmonic constraint. The force acting on the constraint at different
distances was calculated with molecular dynamics simulations and used
to reconstruct the adsorption free energy. Two sets of umbrella sampling
simulations were performed where the distance between a Ba2+ ion
and the crystal surface was progressively reduced from∼0.6 to∼0.1
nm. Starting points for all the simulations were the same systems used
for the barite-water interface calculations. In the first set of calculations
a barium ion was added to the solution, whereas in the second set both
a barium ion and a sulfate ion were added to the solution. The starting
position of the sulfate ion was located on the crystal surface. Ten
simulations were performed where the position of the barium ion was
constrained at distances ranging between 0.1 and 0.6 nm from the crystal
surface. The constraint force was 3000 kJ mol-1 nm-1 and 1.2 ns of
constrained MD simulation was performed for each system, with the
last 800 ps of each simulation being used for data analysis. The reaction
free energy was calculated from the simulation using the weighted
histogram analysis method.43

Crystallization of Barite from Water and Methanol. To perform
crystallization experiments in methanol/water mixtures, knowledge of
the solubility of barium sulfate in the solvent was required. To this
end, freshly precipitated barium sulfate, formed by mixing AR grade
Na2SO4 and BaCl2 in milliQ water, was filtered and thoroughly washed
to remove traces of residual salt. These solids were then dried in a
desiccator for∼1 week. The “pure” barium sulfate was added to 500
mL of solvent (100% H2O, 75% H2O, 40% H2O, and 0% H2O) in excess
and placed in a thermostated bath (25( 0.1 °C) with shaker table.
After more than one week of equilibration an aliquot was removed
and filtered through a 0.2µm filter membrane, and 10 mL of this filtrate
was evaporated to dryness (to avoid methanol contamination in the
ICP instrument). The dried sample was placed in an oven at 50°C to
remove all traces of methanol, and then 10 mL of 5% HNO3 was added
before the Ba and S content was measured using ICP. These values
were then used to calculateKsp (the solubility product) for each of the
solutions. Four replicates for each of the four solutions were used to
obtain a relationship between the methanol content and the barium
sulfate equilibrium solubility product (shown in Supporting Informa-
tion). This Ksp value was then used to calculate the supersaturation
value in each of the crystallization experiments undertaken. Supersatu-
rationC* is defined asC*)C/C0 whereC is the solution concentration
andC0 is the saturated solution concentration.

Crystallization experiments were performed in 20 mL glass vials.
A cleaned, glass cover slip was placed at the bottom of four vials, and
10 mL of solution (either 100% H2O or 75% H2O) was added to each.
Barium chloride solution (0.01 M) was added in order thatC* in each
vial was one of the following values, 5, 25, 50, or 100. The four vials
were then placed in the bath and allowed to equilibrate (∼1 h).
Subsequently, Na2SO4 solution (0.01 M) was added and the vial cap
replaced, and the vial was shaken gently by hand to commence
precipitation. The pH for the crystallization experiments was∼6. The
vials were then left in the bath for 24 h before removing the glass
slide from each of the vials. The excess solution was removed by
adsorbing it off using a filter membrane, and the slide was subsequently
prepared for scanning electron microscope (SEM) observation.

SEM Procedure.The glass cover slide obtained from the crystal-
lization experiments was placed onto a carbon coated SEM stub, and
carbon paint was applied around the slide to ensure electrical contact
(this helped in avoiding excessive charging in the SEM). The samples

were then dried in a desiccator and gold sputtered before viewing in a
Philips XL30 SEM.

Results and Discussion

Molecular Dynamics Simulation of the Barite-Water
Interface. MD simulations of the (001), (210), and (010) crystal
faces of barite in contact with water were performed. After a
brief equilibration period, in all the simulations a structured
water layer appears on the crystal surface, as indicated by the
water density distribution (Figure 1a-c). This finding is in
agreement with X-ray reflectivity experiments that showed the
presence of ordered water on the barite crystal surfaces.44 These
water molecules are strongly hydrogen bonded to the surface
sulfate oxygen atoms and/or coordinated to the barium atoms.

The overall extent of surface relaxation can be calculated from
the displacement of the surface sulfate and barium positions
with respect to the bulk lattice (Figure 1a-c). It turns out that
little or no surface relaxation (displacement< 0.02 nm) is
observed for barium ions. For the sulfate ions, a small relaxation
of the outermost layer is observed on the (210) and (001)
surfaces (Figure 1a, c) and is related to partial rotation of the
exposed surface ions. Again this result is in qualitative agree-
ment with X-ray reflectivity experiments.44

The MD averaged surface energies calculated for the (001),
(010), and (210) surfaces are 241(18), 193(15), 194(15) mJ m-2,
respectively. For the (010) and (210) faces, the surface energies
are remarkably similar and smaller than for the (001) surface.
A similar result was previously obtained by Jang et al.22 with
two completely different force fields, suggesting that this result
is robust with respect to the choice of functional form for the
interatomic interactions. However, the relative energies obtained
are not consistent with those that would be expected from the
morphology of barite crystals grown at low to moderate
supersaturation, where the (010) facet is the least morphologi-
cally significant, while the remaining two are the dominant
crystal faces (Figure 2). This type of interpretation implicitly
assumes that the largest faces are the thermodynamically most
stable. We therefore conclude that thermodynamics alone cannot
explain the morphology of barite crystals and that some kinetic
effect must also play a role.

MD Simulation of Nucleation on Barite. To investigate the
issue of the kinetics of surface growth, the process of 2D
nucleation on the (001), (210), and (010) faces has been studied
by performing 100 ns of MD simulation of barite in contact
with a 1 M solution of barium sulfate. In the very first steps of
the simulation, most of the dissolved Ba2+ and SO4

2- ions
aggregate to form weakly ordered colloidal particles, and only
a few ions remain free in the solution. This is expected, owing
to the very high level of initial supersaturation. As a result, the
activity of the free ions in solution drops to∼10-2 M,
corresponding to a supersaturation of about 1000.

The ion distribution as a function of the distance from the
surface provides an estimate of the probability of finding an
ion at a given distance from the surface. Parts a-c of Figure 3
clearly indicate that on the (001) and (210) surfaces there is a
barrier that prevents ions from coming closer than approximately
0.3 nm to the surface. This barrier appears to be larger for the
barium ions than for the sulfate ions since no barium ion is

(43) Roux, B.Comput. Phys. Commun.1995, 91, 275-282.
(44) Fenter, P.; McBride, M. T.; Srajer, G.; Sturchio, N. C.; Bosbach, D.J.

Phys. Chem. B2001, 105, 8112-8119.

Assisted Desolvation as a Step for Crystal Growth A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 128, NO. 41, 2006 13571



observed to diffuse to the surface during the 100 ns of dynamical
simulation. This finding suggests that the time required for a
barium ion to reach the (001) or (210) surfaces may be of the
order of microseconds, or longer, and is in line with the
prediction, based on the experimental growth rates, that for
divalent ion sulfates the desolvation of cations is rate limiting
for crystal growth.23 On the other hand, the sulfate ions that
eventually cross the barrier remain trapped on the surface,
indicating that, at this supersaturation, the size of a two-
dimensional critical nucleus could be as small as a single ion
pair and that the barrier to nucleation is largely kinetic.

On the (010) face formation of a crystallization nucleus is
observed. During the simulation the nucleus grows in the 001
direction until a periodic row of barium and sulfate ions is

formed. Growth in the other directions is not observed on the
time scale of the present simulation (Figure 4).

These calculations show that, despite having the same or
lower surface energy, nucleation on the (010) face occurs at a
higher rate than for either the (210) or the (001) face. The
calculations also suggest that nucleation is limited by a kinetic
barrier that prevents the Ba2+ from approaching the crystal
surface. This barrier has been quantified by performing umbrella
sampling molecular dynamics simulations where a Ba2+ ion is
progressively moved from the bulk solution to the crystal surface
(Figure 5). The data obtained from the umbrella sampling
simulations were analyzed to calculate reaction free energies.

Figure 1. MD simulation of barite-water interfaces. Normalized density
of water (blue), sulfate (red), and barium (green) plotted as a function of
the position along thez-axis of the simulation cell, wherez is the surface
normal direction. Profiles for the (a) (001), (b) (010), and (c) (210) surfaces
are reported. Densities are normalized such that the integral of each density
over the wholez-axis is equal to 1.

Figure 2. SEM picture of barite crystals grown from aqueous solution at
low supersaturation (C* ) 5). The morphologically most important crystal
faces are indicated.

Figure 3. MD simulation of the barite-supersaturated solution interface.
Densities of water (blue), sulfate (red), and barium (green) plotted as a
function of the position along thez-axis of the simulation cell, wherez is
the direction normal to the surface. Profiles for the (a) (001), (b) (010),
and (c) (210) surfaces are reported. Densities have been normalized such
that the integral over thez-axis is equal to 1. The shaded area indicates the
region within 0.3 nm from the surface where, in panels a and c, little or no
density of ions is observed.

Figure 4. One-dimensional crystallization nucleus formed on the (010)
surface of barite after 100 ns of MD simulation. Water molecules are shown
as small blue spheres representing the position of oxygen for clarity.
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Activation barriers for approaching a clean surface are deter-
mined to be 20, 30, and 30 kJ mol-1 for the (001), (010), and
(210) faces, respectively (Figure 6a-c). The transition state is
located between 0.2 and 0.3 nm from the surface and is related
to the reorganization of the water molecules on the crystal
surface and around the ion as the ion approaches the surface
(Figure 5a-c).

Although formally the rates of cation migration to the surface
depend on not only the activation free energy but also the
prefactor, we will assume in the subsequent discussion that the
dominant influence is likely to be the barrier height. This is on
the basis of the magnitude of the activation free energy
differences, given the exponential dependence of the rate on
these values, and the fact that there is no reason to suppose
that the prefactors would differ significantly between the

surfaces since these are primarily associated with the motions
of the cation in the solution phase.

The process of cation adsorption alone on the surface is not
only activated, but also thermodynamically unfavorable. There-
fore, it is very unlikely that a barium ion may adsorb on a clean
crystal surface, in agreement with the results of the previous
MD simulations. However, when a sulfate ion is on the surface,
the barium ion diffuses through the solution until, at low surface
distance, a SO42-‚‚‚Ba2+ ion pair is formed. As a consequence,
the process becomes thermodynamically favored on all faces.
Remarkably, on the (010) face the anion is able to assist the
cation desolvation to the extent that the kinetic barrier almost
vanishes, while on the (001) and (210) surfaces a barrier of
10-20 kJ mol-1 is still observed. These results indicate that
this assisted desolvation process is highly surface specific.

We conclude that the difference in the rate of nucleation and
growth on the (010), (001), and (210) faces is due to the rate of
adsorption of Ba2+ ions on the crystal surface and this rate is
dominated by the process of surface and ion desolvation. This
is an activated process on the (001) and (210) faces, but may
become diffusion-limited on the (010) face in the presence of
sulfate ions that are able to assist the cation desolvation. It is
also worth noting that the thermodynamics of Ba2+ adsorption
on the three surfaces are very similar, and so what makes the
rate of nucleation different is an entirely kinetic effect.

Scanning Electron Microscopy of Barium Crystals Grown
from a Methanol Solution. The previous findings strictly relate
the growth kinetics to the water surface tension. We therefore
expect that decreasing the interaction between the surface and
the solvent should strongly affect the crystal morphology. To
test this hypothesis, barite crystals were grown from both an
aqueous solution and a water/methanol mixture, and the resulting
crystals were imaged with SEM. Particles were grown from

Figure 5. Umbrella sampling simulation of a Ba2+ ion approaching the
(001) surface of barite: (a) starting position away from the surface, the ion
is in a spherical cage of nine water molecules; (b) transition state, the water
cage is squeezed as the ion approaches the crystal surface; (c) final state,
the ion is now adsorbed on the surface and two of the water molecules
have been replaced by sulfate oxygen atoms.

Figure 6. Reaction free energy calculated from the umbrella sampling
simulation for the (a) (001), (b) (010), and (c) (210) crystal faces. The free
energy was calculated for a clean surface (green line) and in the presence
of a sulfate ion (red line). Green and red arrows indicate the position of the
kinetic barriers in the two cases. Green and red points indicate the
equilibrium position of the constraints in the umbrella sampling simulations.

Figure 7. SEM images of barite particles obtained from crystallization in
pure water: (a)C* ) 5, showing a platelet morphology and (b)C* ) 25,
showing a single, dominant (hk0) face.
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aqueous solutions at low (∼5) and moderate (∼25) supersatu-
ration. AtC* ) 5, 2D nucleation is expected to be rate-limiting
for crystal growth, while atC* ) 25 the diffusion of steps
becomes rate-limiting.9 The morphology of crystals grown at
low supersaturation is platelet-like with dominant (001) faces
(Figure 7a). At higher supersaturation (C* ) 25), it becomes
rectangular, and pillow shaped particles are obtained with
rounded (hk0) faces dominating the morphology (Figure 7b).

The morphologies of the crystals obtained at low to moderate
supersaturation from 25% methanol solutions (Figure 8) are
remarkably different from those of the crystals grown from water
at the same supersaturation (Figure 7). In particular, the platelet
aspect with dominant (001) faces is not observed, and the
morphology of the particles obtained from methanol containing
solutions resembles crystals grown from water at higher
supersaturations.

The above results indicate that even at low supersaturation
2D nucleation may not be rate limiting for crystal growth from
methanol solutions, thus providing strong support for the
hypothesis, based on MD simulations, that the rate-limiting
process for 2D nucleation is related to surface and ion

desolvation. This process is faster on the (010) face because of
the catalytic properties of the sulfate anions adsorbed on that
face.

Conclusions

Molecular dynamics simulations of the barite surface in
contact with a supersaturated solution suggest that a key kinetic
barrier to nucleation, and therefore crystal growth, at low to
moderate supersaturation is the desolvation of the crystal surface
and cation. The hypothesis that desolvation of the surface and
cations may be a relevant kinetic step is supported by the fact
that the morphologies of crystals grown from water/methanol
mixtures at low supersaturation are remarkably different from
crystals grown from pure water under the same conditions and
are similar to crystals grown from water at higher supersatu-
ration, where nucleation is not rate-limiting.

Remarkably, it is found that the anion can assist the process
of cation desolvation on specific crystal faces. These are the
fastest growing faces of the crystal, despite their thermodynamic
stability, which is comparable to the other faces. We conclude
that the crystal morphology, at low to moderate supersaturations,
is dominated by the kinetics of assisted cation deposition onto
the crystal surface. There is no specific reason this type of kinetic
control on crystallization should be characteristic of barite only.
Indeed, most of the divalent ionic crystals exhibit very similar
crystal growth kinetics.14,21We therefore suggest that this type
of mechanism may be important for the growth of other crystals,
such as calcite or apatite. This raises the important issue of
whether catalytic desolvation may be used by biological systems
as a means to control biomineralization. Our calculations show
that this may be indeed possible; further experiments will be
required to test this hypothesis on systems of biological
relevance.
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Figure 8. SEM images of barite particles obtained from crystallization in
25% methanol: (a)C* ) 5; (b) C* ) 25.
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