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A new force field (MSXX FF) was developed for barium sulfate (BaSO4) to reproduce the experimental
properties of BaSO4 crystal (density, lattice energy, compressibility, and vibrational spectrum) and to describe
properly the interaction between BaSO4 and water (binding energies and interatomic distances of Ba(H2O)82+
and (SO4)(H2O)62- clusters determined from ab initio quantum mechanics calculations). Using this FF in
combination with F3C FF for water, the surface energies for several surfaces of BaSO4 were examined both
in a vacuum and in the presence of an explicit water bath in contact with them. The same level of FF’s are
also reported for CaSO4 and SrSO4.

1. Introduction

while including surface relaxation. Their surface energies were
in the order

In secondary oil recovery, seawater is injected into the
reservoir to maintain oil pressure. The seawater contains SO42-,
and the water in the oil formation often contains high concentrations of Ba2+, Ca2+, and Sr2+. As a result, highly insoluble
alkaline earth metal sulfates [barite (BaSO4), celestite (SrSO4),
and anhydrite (CaSO4)] form an unwanted precipitate (scale)
that blocks production tubing in off-shore oil-fields.1-6 Especially, BaSO4 represents a major scale problem because of its
exceedingly low solubility.4,7,8 This had led to significant effort
toward developing chemicals to inhibit crystal growth (scale
inhibitors) or to dissolve already-grown crystals (scale dissolvers).7,9,10 There have been many experiments to understand the
morphology of barite crystals,11 the nucleation and crystal
growth process of barite,12,13 and the morphology and growth
rate of etch pits generated during the dissolution of barite.14-21
These processes are known to be affected by organic and
inorganic additives22-26 or surfactants,27 which should provide
insight for the rational design of more efficient inhibitors and
dissolvers.
Several theoretical studies have modeled these problems.28-33
Hartman-Perdok theory [periodic bond chain (PBC) theory]
with an electrostatic point-charge model28 has been used to
explain the morphology of BaSO4 crystals,28,29 but this theory
does not include dispersion [van der Waals (vdW)] interactions
between atoms nor the effects of surface relaxation and
reconstruction.34 Allan and co-workers30 developed a force field
(FF) for BaSO4 including dispersion interactions, and this FF
was used by Allan and co-workers,30 Rohl and co-workers,32,35
and Parker and co-workers31,33 to calculate surface energies of
various surfaces and predict the morphology of these crystals
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(001) < (210) < (211) < (010) < (101) < (100) < (011)
for unrelaxed surfaces and

(210) < (001) < (211) < (101) < (010) < (100) < (011)
for relaxed surfaces. This led to a predicted crystal morphology
mostly bound by (001) and (210) faces in agreement with the
experimentally observed morphology. Blanco and co-workers36
obtained similar results, with an early version of the FF being
reported here.
The previous theoretical studies have several limitations. First,
they focused on solid-vacuum interfaces, whereas most growth
and dissolution processes are carried out in aqueous media.34
That is, the previous studies did not involve the solvent-surface
interactions, which are likely to be important for ionic crystals.37
Indeed, it has been proposed that the precipitation kinetics is
governed by the dehydration frequency of metal ions and that
the dissolution kinetics is governed by solvation affinity for the
near-surface divalent metals.38 For both growth and dissolution,
the solvation of surface atoms especially on steps or on kinks
is the controlling factor. Thus, inclusion of the solvent in theory
is essential for comparing to experiment.
Second, the FF parameters in the previous studies were fitted
by matching the structure and elastic properties calculated for
a minimized structure (using molecular mechanics (MM), that
is, at 0 K) to the experimental structure and properties obtained
at room temperature. This is not quite consistent because
molecular dynamics (MD) at 298 K would lead to the expansion
of the crystal and, hence, modified properties. Previously,
surface relaxation was calculated only by minimization at 0 K,
leading to just one local minimum configuration, which might
bias the results. For an accurate comparison to the experiment,
it is important to use MD or Monte Carlo simulation at the
appropriate temperature.31 Indeed, Parker and co-workers33
commented that “in the future, we would like to study the effect
of water on the growth of barium sulfate surfaces, using both
static calculations and molecular dynamics”.
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TABLE 1: Experimental Dissolution Enthalpies of MSO4
(M ) Ba, Sr, and Ca; kcal/mol) at 25 °C
∆H 0f [MSO4(cr)]a
∆H 0f [M2+(aq)]a
∆H 0f [SO42-(aq)]a
∆Hdiss in eq 3
logKspb-c

BaSO4

SrSO4

CaSO4

-352.1
-128.5
-217.3
6.3
-9.967b
-9.959c

-347.3
-130.4
-217.3
-0.4
-6.464b
-6.613c

-342.8
-129.7
-217.3
-4.2
-4.307b
-4.265c

a
References 4-6, 40, and 41. b Ksp ) [M2+]aq[SO42-]aq ) solubility
product. Reference 40. c References 4-6.

TABLE 2: Experimental Hydration Enthalpies of M2+ (M )
Ba, Sr, and Ca) and SO42- at 25 °C
∆Hhyd(M2+ or SO42-)a
∆Hhyd(M2+ or SO42-)b
∆Hhyd(M2+ or SO42-)c
∆Hdehyd(MSO4) in eq 4a
a

Figure 1. Unit cell of BaSO4. (a) Projected along the [100] direction,
(b) along [010], and (c) along [001]. Here the biggest ball represents
Ba2+, whereas the smaller balls represent S and O in SO42-.

The present work develops the new MSXX FF for BaSO4
(also for CaSO4 and SrSO4) such that MD at 298 K reproduces
experimental properties at room temperature. We expect this
FF to accurately model scale inhibition or dissolution, because
the FF describes well both the sulfate crystal and the interaction
of BaSO4 with water and other moieties constituting the scale
problem (inhibitor and/or dissolver) at room temperature.
Section 2 documents the experimental data to which we fitted
the FF. This includes crystal structure (density and lattice
constants), energetics (lattice energy or cohesive energy), elastic
properties (compressibility or elastic constants or bulk modulus),
and vibrational frequencies. Section 3 describes the form of the
MSXX FF for BaSO4 and determines the charges from quantum
mechanical (QM) calculations. Section 4 develops the FF
parameters for BaSO4 by comparing MD (at 298 K) to the
experiment. Section 5 summarizes the FF used for water. Section
6 reports QM calculations on Ba(H2O)82+ and (SO4)(H2O)62clusters, which are used to extract FF to describe the interactions
of Ba2+ and SO42- with water. This FF is used in section 7 for
MD simulations of the energies of various water-barite
interfaces at room temperature. Finally, a summary is given in
section 8.
2. Experimental Properties of BaSO4
2.1. Crystal Cell Parameters. Barite has an orthorhombic
crystal structure with the Pnma (D162h, no. 62) space group and
lattice constants of a ) 8.8842 Å, b ) 5.4559 Å, c ) 7.1569
Å at 21 °C (density F ) 4.474 g/cm3; Figure 1).38,39 Each Ba2+
has six nearest-neighbor SO42-’s leading to 12 oxygen atoms
in the first nearest-neighbor oxygen shell with distances ranging
from 2.765 to 3.315 Å. The Ba-S nearest-neighbor distances
are 3.51-3.96 Å. The S-O distance is 1.483-1.497 Å (mean
) 1.487 Å).
2.2. Lattice Energy. The lattice energy (or cohesive energy)
of BaSO4 is defined as the enthalpy change for the process

BaSO4(cr) f Ba2+(g) + SO42-(g)

(1)

Ba2+

Sr2+

Ca2+

-314.1
-320
-325.47
586 ( 12

-347.0
-353
-359.22
619 ( 12

SO42-

-378.6 -272 ((12)
-386
-265 ( 12
-394.50
651 ( 12

Reference 42. b Reference 43. c Reference 44.

There is no direct experimental way to measure this enthalpy
change. Thus, we partition this process into two separate paths
for which enthalpy changes can be obtained from experiments

BaSO4(cr) f Ba2+(aq) + SO42-(aq)

(2a)

Ba2+(aq) + SO42-(aq) f Ba2+(g) + SO42-(g)

(2b)

The enthalpy change of the above step (2a) corresponds to the
dissolution enthalpy of BaSO4:

∆Hdiss ) ∆Hf0[Ba2+(aq)] + ∆Hf0[SO42-(aq)] ∆Hf0[BaSO4(cr)] (3)
Using the standard heat of formation of each species (Table
1),4-6,40,41 we estimate ∆Hdiss as 6.3 kcal/mol for BaSO4, -0.4
kcal/mol for SrSO4, and -4.2 kcal/mol for CaSO4 (Table 1) as
estimated by Raju and co-workers.4-6 This shows a good
correlation with the observed solubility of each sulfate in water,
that is, the more negative ∆Hdiss (in turn the more negative
∆Gdiss) for the more soluble sulfate salts (that is, the higher
solubility product (Ksp) where Ksp ) [M2+]aq[SO42-]aq; Table
1) according to the relationship

-∆Gdiss ) RT ln Ksp
The enthalpy change during the step (2b) is the negative sum
of hydration energies of Ba2+ and SO42-:

∆Hdehyd ) -∆Hhyd(Ba2+) - ∆Hhyd(SO42-)

(4a)

The hydration enthalpies of Ba2+, Sr2+, Ca2+, and SO42- listed
in Table 2 were taken from the tabulations of Marcus42 and
others.43,44 The conventional enthalpy of hydration assumes the
heat of formation of H+(aq) in the aqueous phase is zero
(standard state)

∆Hhyd(H+) ) 0

(4b)

The absolute enthalpy of hydration listed in Table 2 is estimated
from the conventional one by

∆Hhyd(Iz) ) ∆Hhyd,conv(Iz) + z ∆Hhyd(H+)

(4c)
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TABLE 4: Experimental Elastic Properties of BaSO4 a

TABLE 3: Estimated Experimental Lattice Energies of
MSO4 (M ) Ba, Sr, and Ca; kcal/mol) at 25 °C
∆Hdiss [Table 1]
∆Hdehyd [Table 2]
∆Hlatt [eq 5]

BaSO4

SrSO4

CaSO4

6.3
586 ((12)
592 ((12)

-0.4
619 ((12)
619 ((12)

-4.2
651 ((12)
647 ((12)

where z is the charge of the ion I. The absolute hydration
enthalpy of the proton ∆Hhyd(H+) is still uncertain,42,45-48 with
values ranging from -261 to -275 kcal/mol. The variation
between values for ∆Hhyd(Iz) taken from different references
(Table 2) is mostly due to the different values for ∆Hhyd(H+).
Fortunately, however, in determining ∆Hdehyd of eq 4a, this
uncertainty from ∆Hhyd(H+) cancels. The big uncertainty in eq
4a is in ∆Hdehyd(SO42-).
Combining these results (∆Hdiss and ∆Hdehyd from eq 3 and
eq 4a, respectively), we estimate the lattice energy

reference

1990b

1979c

1951d

1946e

1928f

1928g

c11 (GPa)
c22 (GPa)
c33 (GPa)
c12 (GPa)
c13 (GPa)
c23 (GPa)
B (GPa)
χ (GPa-1)h

95.14(8)
83.65(8)
110.60(8)
51.32(15)
33.62(12)
32.76(12)
58.31(53)
0.0172

89.0
81.0
107
47.9
31.7
29.8
55.1
0.0182

86.2
91.7
108.4
52.3
35.6
34.1
58.8
0.0170

88.3
78.5
103.8
47.7
28.9
26.9
52.9
0.0189

88.3
78.5
105.0
45.1
26.5
26.5
52.1
0.0192

90.7
80.0
107.0
46.8
27.5
27.3
53.5
0.0187

a
We assume that the two most recent references (b and c) are the
most reliable. b Reference 57 (1990). c Reference 56 (1979). d References 58 and 59 (1951 and 1956). e References 63,64 (1946, 1928).
f
Reference 60 (1928). g Reference 61 (1928). h Others: 0.0183 at
308.15 K for single crystal,62 0.0191,63,64 and 0.0180.53

∆Hlatt(MSO4) ) ∆Hdiss(MSO4) + ∆Hdehyd(MSO4) (5)
as 592 ((12) kcal/mol for BaSO4, 618 ((12) kcal/mol for
SrSO4, and 646 ((12) kcal/mol for CaSO4 (Table 3). The lattice
energy has previously been calculated for these sulfates from
the Madelung constant,49-51 but the values cover a large range
(for example, 567, 578, and 626.4 kcal/mol for BaSO4) and do
not agree with our best estimate of the lattice energy (for
example, (592 ( 12) - 2RT ) 578 to 603 kcal/mol for BaSO4
at 25 °C).
2.3. Compressibility. The compressibility, χ, is defined52,53
as the change of volume produced by unit change of pressure,
that is

χ)

1 dV
V0 dP V)V0

( )

(6)

where V0 is the volume at the standard pressure (1 bar) and
temperature (298 K). It is related to the elastic constants by the
relations54,55

χ ) BReuss-1 ) s11 + s22 + s33 + (2s12 + 2s13 + 2s23) (7a)
or

χ ) BVoight-1 )

[91(c

11

+ c22 + c33 + 2c12 + 2c13 + 2c23)

-1

]

(7b)
where B is the bulk modulus, the cij’s denote elements of the
elastic stiffness matrix c, and the sij’s are elements of the
compliance matrix s ) c-1. The experimental compressibilities
of BaSO4 obtained from eqs 6-7 range from 0.0170 to 0.0192
GPa-1 (Table 4).53,56-64
2.4. Vibrational Frequencies. Experimental frequencies of
the internal vibration modes for single-crystal BaSO4 are
tabulated in Table 5. These were obtained from various sources
of infrared and Raman spectra.65-70 The SO stretching modes
are ν1(A), the totally symmetric breathing mode of SO42- at
983-986 cm-1 (Raman and weak IR),65-68 and ν3(T2), the
asymmetric stretching mode at around 1100 cm-1. The OSO
bending modes are ν2(E), the scissoring mode at 451-462 cm-1
(Raman),65,66 and ν4(T2), the rocking mode at around 620 cm-1
(Table 5 and Figure 2).65-70
3. MSXX Force Field for BaSO4
The functional form of the new FF is based on Dreiding FF71
and given in Table 6. The bond-bond cross term ERR was added

Figure 2. Internal vibration modes of SO4 in BaSO4 lattice.

TABLE 5: Internal Vibration of SO4 in BaSO4 Lattice
mode

symmetry

frequency
(cm-1)

ν3 (IR-, Raman-active)
ν1 (Raman-, IR(weak)-active)
ν4 (IR-, Raman-active)
ν2 (Raman-active)

T2 (asymmetric stretching)
A (symmetric stretching)
T2 (rocking)
E (scissoring)

1107-1132
983-986
615-627
451-462

to describe the correct splitting between the ν1(A) and ν3(T2)
modes of SO42-, whereas the angle-angle cross term Eθθ was
added to describe the splitting between ν2(E) and ν4(T2) modes
of SO42- (section 4.4). This FF is denoted as MSXX.72-75
For the valence FF, the six valence parameters, R0(S-O),
θ0(O-S-O), KR(S-O), Kθ(O-S-O), KRR, and Kθθ, were
adjusted to reproduce the experimental geometry and vibrational
spectra for SO42- in BaSO4 crystal (Table 8 and section 4.4).
The atomic charges qi’s of Ba2+ were fixed at its formal
charge +2.0|e|, and those of S and O in SO42- were determined
as +1.544|e| and -0.886|e|, respectively, by fitting to the
electrostatic potential generated from ab initio calculations
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TABLE 6: Force Field for BaSO4 a

TABLE 8: Force Field Parameters for BaSO4 a

E ) Enonbond + Evalence

Ecoulomb
EVdW

q(Ba)
Ro(Ba)b
Ro(S)b
Ro(O)b
Ebond(SO)
Rob
Eangle(OSO) θoe
ERR(OSO) KRRd
Eθθ(SOOO) Kθθ f,g

Enonbond ) Ecoulomb + EvdW
angle
RR
θθ
Evalence ) Ebond
SO + EOSO + EOSO + ESOOO

qi q j
Ecoulomb
(R) ) C0
ij
Rij

{[( )

EvdW
ij (R) ) D0

] [(σ -σ 6)( R ) ]}

6
eσ(1-R/R0) σ-6

R0

6

1 Kθ
(cos θ - cos θ0)2
2 sin2 θ
0

ERR
OSO (R1, R2) ) KRR(R1 - R0)(R2 - R0)
θθ
ESOOO
(θ1,θ2) )

Kθθ
(cos θ1 - cos θ01)(cos θ2 - cos θ02)2
sin θ01 sin θ02

a
The constants in Ecoulomb are the dielectric constant () and C0 )
332.0637 (the unit conversion factor when atomic charges qi’s are in
electron units (|e|), the distance R is in Å, and Ecoulomb is in kcal/mol).

level

basis set

gas-phase B3LYP 6-31G**++
6-31G**
cc-pVTZ(-f)++
cc-pVTZ(-f)
LMP2 6-31G**
LAV3P**
LAV3P*
HF
6-31G**++
6-31G**
aqueousa B3LYP 6-31G**
6-31G**
HF
6-31G**

qS
r(S)/r(O)a (|e|)
1.816
1.121
1.765
1.357
1.403
1.460
1.544b
2.005
1.524

qO
(|e|)

Esolv
(kcal/mol)

-0.954
-0.780
-0.941
-0.839
-0.851
-0.865
-0.886b
-1.001
-0.881

1.8/1.50 1.029 -0.757
1.8/1.52 1.024 -0.756
1.8/1.52 1.475 -0.869

1.544|e|
0.0012
0.344h
0.0957h
955.0
350.0

q(O)
ζ(Ba)
ζ(S)
ζ(O)

-0.886|e|
18.0
12.0h
13.483h

it is considered that their electrostatic and vdW interactions are
included in their bond and angle interactions.71,83 The vdW
parameters Do, Ro, and ζ for oxygen and sulfur (O-O and S-S)
were taken from Dreiding.71 The vdW parameters for Ba, which
are missing in the original Dreiding,71 were adjusted to
reproduce the density, lattice energy, and compressibility of the
crystal (sections 4.1-4.3) with the constraint that the offdiagonal vdW parameters (Ba-O and Ba-S) are determined
by the standard combination rules for vdW parameters

TABLE 7: ESP Atomic Charges in SO42-, Which Were
Calculated from the ab Initio QM Calculations in the Gas
Phase and in Aqueous Solvent a
environment

q(S)
Do(Ba)c
Do(S)c
Do(O)c
Kbd
Kθ f

a
For functional forms, see Table 6. b In Å. c In kcal/mol. d In kcal/
mol/Å2. e In degrees. f In kcal/mol/rad2. g In the current version of
Polygraf (version 3.30), the divisor for angle-angle cross term Eθθ is
written as Eθθ(cos θ1 - cos θ10)(cos θ2 - cos θ20) where Eθθ ) Kθθ/sin
θ01 sin θ02 ) 81.5625 where Kθθ ) 72.5. In Cerius2, the input is in
terms of Kθθ. h From Dreiding; ref 71.

1
2
Ebond
SO (R) ) KR(R - R0)
2
angle
EOSO
(θ) )

2.0|e|
6.942
4.0h
3.4046h
1.505
109.47
102.0
72.5

EAB ) RABe-βABRAB -

γAB
RAB6

(8a)

where

RAB ) xRAARBB
1
βAB ) (βAA + βBB)
2
γAB ) xγAAγBB
-260.2
-258.7
-260.4

a
QM calculations in aqueous solvent were done with the PoissonBoltzmann continuum solvation model77-81 implemented in Jaguar.76
The r(S) and r(O) are the parameters corresponding to the atomic vdW
radii, which are used to build up the solute-solvent boundary. b Values
selected for the FF calculations.

(Jaguar)76 on SO42- [LMP2/LAV3P* (effective core potential
for S)]. This set of ESP charges are in the middle range of values
from various levels of calculations (1.12|e| to 2.00|e| for S;
-0.75|e| to -1.00|e| for O; Table 7).
The formal charges of Ba2+ and SO42- are larger than those
obtained from QM. Usually, the values from QM are about half
the formal charges. Usage of formal charges on cations and
anions overestimates the Coulombic energy. However, this is
not an important issue here because the overestimated Coulombic interaction is balanced by the vdW interaction whose
parameters (Ro, Do, and ζ) were adjusted to reproduce the
experimental structure, cohesive energy, and compressibility
from the MD at 298 K (sections 4.1-4.3).
For vdW nonbonding interaction between atoms, we used a
standard expontial-6 (Buckingham) form as in Table 6, whereas
the FF developed by Allan and co-workers 30 employed a purely
repulsive potential82 except for the O-O interaction. No
nonbonding interaction is considered for 1,2-pairs (bonded
atoms) and 1,3-pairs (atoms bonded to a common atom), because

(8b)

The optimized FF parameters are given in Table 8, and the
properties of bulk crystal with these parameters are given in
the next section. The FF of Allan and co-workers30 is also listed
in Appendix C for comparison with ours. Their FF is based on
minimization at 0 K rather than MD at 298 K as our FF. For a
direct comparison, we carried out MD at 298 K using their FF
and compared the results with ours and with experiments
(Appendix C).
4. Bulk Crystal Properties
The crystallographic unit cell of BaSO4 (Z ) 4, 24 atoms;
Figure 1)38,39 was taken as a unit cell in the calculation. The
crystal structure was optimized with the Newton-Raphson
method using Cerius2 software.84 To obtain the density and
other properties at room temperature, we carried out NoséHoover (NPT)85-87 Rahman-Parrinello MD simulations at 298
K and 1 bar. A time step of 1 fs was used, and properties were
calculated from the average over 250 ps after 50-ps equilibration.
Standard deviations were calculated from a series of averages
calculated for each 25-ps block. Nonbonding interactions were
estimated using the Ewald procedure where the slow convergence of the lattice sum is accelerated without sacrificing
accuracy by multiplying the sum by a rapidly decreasing
convergence function such as the error function and by its
complementary function, with the latter term estimated in the
reciprocal lattice.88 The Ewald parameters used in the calculations are given in the footnote of Table 9.
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TABLE 9: Calculated Density and Cell Parameters of
BaSO4
a (Å)
b (Å)
c (Å)
R (°)
β (°)
γ (°)
density (g/cm3)

MM (0 K)a

MD (298 K)b

expt (298 K)c

8.6634
5.6118
7.0373
90
90
90

8.720 ( 0.005
5.636 ( 0.003
7.061 ( 0.004
90.02 ( 0.03
89.99 ( 0.04
90.00 ( 0.04

8.8842
5.4559
7.1569
90
90
90

4.5310

4.473

4.474

Ewald parameters for MM (reference 88): Coulombic: d ) 1 ×
10-6 kcal/mol, hopt ) 2.135 Å, Rcut ) 9.070 Å, Hcut ) 0.724 Å-1;
Attractive vdW: d ) 1×10-6 kcal/mol, hopt ) 3.430 Å, Rcut ) 12.700
Å, Hcut ) 0.400 Å-1; Repulsive vdW: Rcut ) 9.120 Å. b Ewald
parameters for MD (reference 88): Coulombic: d ) 1 × 10-3 kcal/
mol, hopt ) 2.191 Å, Rcut ) 7.400 Å, Hcut ) 0.588 Å-1; Attractive
vdW: d ) 1 × 10-2 kcal/mol, hopt ) 3.830 Å, Rcut ) 8.300 Å, Hcut )
0.220 Å-1; Repulsive vdW: Rcut ) 5.360 Å. c References 38 and 39.
a

Figure 3. Ba-O radial distribution function (RDF) and the total
coordination number (CN) of O around a Ba as a function of distances,
which show that the first nearest-neighbor shell includes 12 oxygen
atoms around one barium at distances of 2.5-3.5 Å.

4.1. Density and Structure. With the final FF parameters,
we calculate a density for BaSO4 as 4.473 ( 0.003 g/cm3 from
the MD simulation at 298 K, in excellent agreement with the
experimental density39 of 4.474 g/cm3. The calculated lattice
parameters at 298 K differ by 1-4% from experiment (Table
9). Figure 3 shows the radial distribution function (RDF) and
the integrated coordination number (CN) of oxygen atoms
around a barium atom. It shows a CN of 12 and an average
distance of 2.7∼3.3 Å for oxygens in the first nearest-neighbor
shell around a barium in agreement with experiment (section
2.1).38,39 Figure 4 shows some detail of the structure.
4.2. Energetics. The thermodynamic lattice energy (in fact,
enthalpy) of BaSO4 at 298 K was calculated using eq 9:

∆Hlatt,298K ) ∆H 0f,298K(BaSO4(cr)) - ∆H 0f,298K(Ba2+(g)) ∆H 0f,298K(SO42-(g)) (9)
where the enthalpy of each state at 298 K was calculated by

∆H 0f,298K ) EMM,0K + ZPE + ∆H0f298K

(10)

and EMM,0K denotes the energy at 0 K obtained from minimization. The zero-point energy (ZPE) and thermodynamic properties
at various temperatures were calculated from the vibrational
frequencies of the minimized structure of BaSO4 using a
5 × 5 × 5 grid of points in the Brillouin zone89 (using PolyGraf
software90). With the final FF, eq 9 led to a lattice energy of
592.97 kcal/mol (Table 10).

Figure 4. Nearest-neighbor oxygens around a barium ion viewed along
(a) the [010] direction and (b) the [100] direction. The Ba-O distances
are 2.77 (O1), 2.81 (O2), 2.82 (O3-6), 2.86 (O7-8), 3.08 (O9-10),
and 3.32 Å (O11-12).

The lattice energy of BaSO4 at 298 K was also calculated by
assuming

∆H 0f,298K ) 〈PE〉MD,298K

(11)

where 〈PE〉MD,298K denotes the average potential energy obtained
from the MD simulation at 298 K. Equation 11 led to a lattice
energy of 591.6 kcal/mol (Table 10). These values agree well
with experimental data of 592.3 kcal/mol (section 2.2).
4.3. Compressibility. The elastic constants and compressibility of BaSO4 were calculated using various methods (Table
11). The second derivative method at the optimal structure at 0
K is the faster calculation. However, this cannot be compared
directly with experiment, which is usually performed at room
temperature. Consequently, we calculated the compressibility
from NPT MD simulations at 298 K. One approach is to use
the relationship between compressibility and volume fluctuation
over the MD trajectory

χ)

1
〈V2 - V
h 2〉
V
h RT

(12)
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TABLE 10: Lattice Enthalpy (or Lattice Energy; kcal/mol) Per Formula Unit of BaSO4 at 298 K
MM (0 K) with corrections to 298 K
BaSO4
SO42Ba2+

MD (298 K)

EMM,0K

ZPE

∆H0f298K

∆H 0f,298K

〈PE〉

-593.60
0
0

11.7600
9.945
0

4.5679
4.2717
1.48a

-577.27
14.217
1.48

-588.1 ( 0.1
2.6143 ( 0.0002
0.888b

∆Hlatt,298K
a

592.97

expt (298 K)

592.3c

591.6

2.5 RT. b 1.5 RT. c See Table 3.

TABLE 11: Compressibility χ (GPa-1) Calculated with Various Methods
method

2nd derivative
(0 K)

χ

0.01802a

MDs at 298 K and -0.5 to +0.5 GPa
linear fit
4th order fit
0.01767

b

0.01936

MD at 298 K and 0.0001 GPad
adiabatic
isothermal

c

0.02463

d

0.02488

d

expt
0.0170-0.0192e

a From the second derivative of energy with respect to volume at 0 K. b From the linear fit of the 〈P〉-〈V〉 plot. c From the fourth-order fit of the
〈P〉-〈V〉 plot. d From the fluctuation of volume during final 250 ps out of 300-ps MD at 298 K. e See Table 4.

TABLE 12: Frequencies (cm-1) of Internal Modes of BaSO4
Crystal (Four SO4 Per Unit Cell)
Raman
ν1 (A)
ν2 (E)
ν3 (T2)
ν4 (T2)

Calculations
986
461, 460, 453, 451
avg. 1122
avg. 627

ν1 (A)
ν2 (E)
ν3 (T2)
ν4 (T2)

Experiment
986b
462, 461, 453, 451b
avg. 1125b
avg. 627b

IR
986, 980
avg. 1122
avg. 612
985, 984b
avg. 1107,b 1121c
avg. 615b

a The frequencies were calculated at the Γ point of the Brillouin
zone. b References 66 and 67. c Reference 68.

within 3 cm-1 of experiment. This indicates that the SO4 valence
forces are accurately described.
5. Force Field for Water: F3C

Figure 5. 〈P〉-〈V〉 curve used to estimate compressibility from its slope
at P ) 0. 〈P〉 and 〈V〉 are the average values during a 350-ps MD
simulation after a 50-ps equilibration. The errors were estimated from
the standard deviation between 14 block-averages during each 25-ps
block. The slope was taken from (a) the first-order (linear) fit and (b)
the fourth-order fit.

However, we found that this approach requires very long
simulation time to obtain a reliable converged value. Consequently, we performed MD simulations for 298 K at eleven
different pressures ranging from -0.5 to 0.5 GPa (-5000 to
5000 bar) and at each point obtained the average volume and
average pressure for 350 ps following a 50-ps equilibration. The
〈P〉-〈V〉 curve is shown in Figure 5. Using eq 6 we calculated
the compressibility at 298 K from the slope of the 〈P〉-〈V〉 over
V at P ) 0.0001 GPa (1 bar). Assuming a linear (first-order) fit
leads to χ ) 0.0177 GPa-1, whereas using a fourth-order fit
leads to 0.0194 GPa-1, respectively. The experimental compressibility ranges from 0.0170 to 0.0192 GPa-1 (section 2.3)
in good agreement with our values obtained from 〈P〉-〈V〉.
4.4. Vibrational Frequency. The vibrational frequencies of
SO42- were calculated at the minimized structure (0 K). As
shown in Table 12 they are in good agreement with experiment
(section 2.4): the symmetric stretch (ν1) is at 986 cm-1 for both
theory and experiment, whereas the asymmetric stretch (ν3) is
within 3 cm-1 of experiment. The angle bends (ν2, ν4) are also

For water, we used the F3C FF of Levitt and co-workers.91
The parameters of this FF are shown in Table 13. This flexible
three-centered (F3C) water FF had been designed for use in
simulations of macromolecules in solution and developed to
have the same potential form as used for the solutes: (1) it uses
only the atoms as interaction centers (without any additional
interaction centers such as lone pairs), (2) it does not fix bond
lengths nor bond angles, and (3) in particular it includes vdW
interactions with the hydrogen atoms, whereas other widely used
water potentials (Stillinger-Rahman,92,93 SPC,94,95 TIP3P,95,96
TIP4P,95 and SPC/E95,97) use vdW interactions that act only
between the oxygen atoms. We were concerned that a lack of
H vdW might cause problems in describing the interaction
between water with Ba and SO4. The F3C FF was shown to
give water properties (potential energy, heat capacity, diffusion
constant, and RDFs) in reasonable agreement with experiments.91
Because the simulation conditions employed in this original
F3C work91 (NVE MD with the minimum image conventions
with a smooth truncation function) are different from those
employed in the current study (NPT MD with the Ewald
method), the quality of the F3C FF in combination with these
new conditions was first demonstrated by calculating the density,
potential energy, and RDFs (O-O and O-H) of a water bath
containing 267 water molecules after 200-ps NVT and NPT
MD simulations at 298 K with the Ewald method. The calculated
properties are in good agreement with experiments. The detailed
results are given in Appendix B.
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TABLE 13: Force Field Parameters for Water, Ba-Water, and SO4-Water
watera

Ecoulomb
VdW b

E

Ebond(OH)
Eangle(HOH)
water-BaSO4
a

EVdW g

q(Ow)
q(Hw)
Ro(Ow)
Ro(Hw)
Ro
θo

-0.820|e|
0.410|e|
3.5532c
0.9000c
1.000c
109.47f

Do(Ow)d
Do(Hw)d
Kbe
Kθd

0.1848
0.01
250
60

Ro(Ow)
Ro(Hw)

3.5532c
3.195c

Do(Ow)d
Do(Hw)d

0.1848
0.0123

ζ(Ow)
ζ(Hw)

13.000
12.382

Reference 91. b Lennard-Jones potential. c In Å. d In kcal/mol. e In kcal/mol/Å2. f In degrees. g For functional forms, see Table 6.

TABLE 14: QM and FF Calculations for Ba(H2O)82+
QM (B3LYP/LACVP*)
snap BEa
optimum r(Ba-Ow) (Å)

Figure 6. Model describing the Ba2+-H2O interaction: (a) Ba(H2O)82+,
(b) (H2O)8, and (c) Ba2+.

before CP

after CP

FF

252.8
2.88

248.3

252.1
2.92

a
Snap binding energy (in kcal/mol) ) E[Ba2+] + E[(H2O)8] E[Ba(H2O)82+] where (H2O)8 is in the same configuration as in
Ba(H2O)82+.

TABLE 15: QM and FF Calculations for (SO4)(H2O)62QM (B3LYP/6-31G*)
BEa

snap
r(S-Ow) (Å)
r(O-Ow) (Å)
r(S-Hw) (Å)
r(O-Hw) (Å)
Figure 7. Model describing the SO42--H2O interaction: (a)
(SO4)(H2O)62-, (b) (H2O)6, and (c) SO42-.

6. Ba-Water and SO4-Water Interaction Modeled by
Ba(H2O)82+ and (SO4)(H2O)62- Clusters
To determine the interaction of water with Ba2+ and SO42-,
we performed ab initio QM calculations on water clusters of
Ba2+ and SO42- and fit the FF parameter to reproduce the
resulting binding energy and structure. According to X-ray
diffraction (XRD) studies, the nearest-neighbor shell of Ba2+
in water is composed of about 9.5 water molecules (Ba-Ow
distance at 2.9 Å)98-100, and a sulfate unit (SO42-) is surrounded
by a nearest-neighbor shell of 6-14 waters with the S-Ow
distance at 3.7-3.9 Å.98,99 We chose the most symmetric
configuration of water clusters with the minimum number of
water molecules in these ranges: Ba(H2O)82+(D4h) and
(SO4)(H2O)62- (Figures 6a and 7a).
The QM calculations were done at the B3LYP/LACVP* or
LMP2/LACVP* level (the LACVP* basis set uses 6-31G* for
S and O and the Hay-Wadt effective core potential and basis
set for Ba). Basis set superposition error (BSSE) was corrected
by counterpoise (CP) method. All of these calculations used
Jaguar.76 The binding energy (BE) is defined as in Figures 6
and 7:

BE[Ba-water] )
E[Ba2+] + E[(H2O)8] - E[Ba(H2O)82+] (13)
BE[SO4-water] )
E[SO42-] + E[(H2O)6] - E[(SO4)(H2O)62-] (14)
where (H2O)8 is in the same configuration as in Ba(H2O)82+
and (H2O)6 is in the same configuration as in (SO4)(H2O)62-.
This is called the snap binding energy. By using this definition,

QM(LMP2)

before CP

after CP

before CP

FF

183.2
3.49
2.90
2.94
2.03

146.7

175.8

170.3
3.42
2.83
2.88
1.95

a
Snap binding energy (in kcal/mol) ) E[SO42-] + E[(H2O)6] E[(SO4)(H2O)62-] where (H2O)6 is in the same configuration as in
(SO4)(H2O)62-.

we can separate out the pure Ba-water or sulfate-water
interaction from the interaction between waters. The snap
binding energy and structural parameters are listed in Tables
14 and 15.
The large difference between the B3LYP values with and
without the BSSE indicates that the 6-31G* basis set might be
inadequate to study the SO42--H2O interactions. Thus, we also
used a larger basis set (6-31G**++) to calculate the structures
and snap binding energies of these clusters and found this gives
similar results with or without the CP correction (section 7.3).
The “off-diagonal” nonbonding FF used for the Ba-water
and sulfate-water interaction (Table 13) has the same form as
used for BaSO4 (Table 6). The same combination rule [eq 8] is
used to combine the vdW parameters of BaSO4 (three-parameter
exponential-6 FF) and of water (two-parameter LJ 12 FF) to
produce the off-diagonal vdW parameters (three-parameter
exponential-6 FF). The Ro and Do values of the LJ 12-6
potential of water oxygen (Ow) were taken for the combination,
and the ζ value of Ow was optimized to reproduce the QM
binding energy and structure of the Ba(H2O)82+ cluster. For Hw,
we borrowed the potential from Dreiding71 rather than from the
water potential and slightly changed the parameters to reproduce
the SO4-water interaction. The comparison between ab initio
results and the values obtained from optimizing the structure
using the final FF (Table 13) is listed in Tables 14 and 15. (An
alternative FF was also developed to fit to the results calculated
with the 6-31G**++ basis set, as shown in section 7.3.)
7. Surface Energy (Surface Tension)
7.1. Solid-Vacuum Interface. To model the barite-vacuum
interface, we cleaved the crystal for each of low-index surfaces
to form a two-dimensional infinite slab of finite thickness. The
calculation describes this as a 3D system in which a layer of
vacuum separates each slab. The 2 × 2 × 2 BaSO4 layer was
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Figure 8. Model of the barite-vacuum interface viewed along [100] (left) and [010] directions (right). (a) (001), (b) (010), (c) (100), and (d)
(210).

TABLE 16: Calculated Surface Energies for Barite-Vacuum Interfaces
(a) FF without relaxation
E(slab) (kcal/mol)a
∆E/2 (kcal/mol)a
surface area (Å2)
surface energy (mJ/m2)
(b) FF with relaxation (MM)
(kcal/mol)a

E(slab)
∆E/2 (kcal/mol)a
surface area (Å2)
surface energy (mJ/m2)
RMS deviation from bulk (Å)
(c) NVT MD at 298 Kb
(kcal/mol)c

E(slab)
∆E/2 (kcal/mol)c
surface area (Å2)
surface energy (mJ/m2)
RMS deviation from bulk (Å)
change in surface energy (mJ/m2)d

(210)
-18536.7
229.5
199.51
799.4

(001)
-18563.5
216.2
194.43
772.4

(010)
-18315.7
340.0
243.89
968.7

(100)
-18400.8
297.5
157.91
1309

(210)

(001)

(010)

(100)

-18695.4
150.2
199.51
523.1
0.386

-18600.6
197.6
194.43
706.1
0.086

-18480.7
257.5
243.89
733.7
0.389

-18586.1
204.9
157.91
901.3
0.221

(210)

(001)

(010)

(100)

-18524.9 ( 0.2
149.2 ( 0.2
199.51
519.5
0.45 ( 0.02
-279.9

-18478.5 ( 0.9
172.4 ( 0.5
194.43
616.0
0.37 ( 0.02
-156.4

-18311.7 ( 0.3
255.8 ( 0.3
243.89
728.7
0.49 ( 0.06
-240.0

-18420.6 ( 1.2
201.3 ( 0.6
157.91
885.8
0.82 ( 0.07
-423.2

a
E(reference system) ) E(barite bulk) ) -18995.8 kcal/mol. b From the last 70 ps out of an 80-ps trajectory. c E(reference system) )
E(barite bulk) ) -18823.3 ( 0.4 kcal/mol. d Change in surface energy ) surface energy in (c) - surface energy in (a).

used to model an 11-17 Å barite slab separated by a 40-Å
layer of vacuum. The unit cell has 32 BaSO4 units or 192 atoms.
The various structures are shown in Figure 8.
The surface energy (per unit area, that is, the surface tension)
is defined as

Ebarite-vacuum
)
surface

1 E(barite slab) - E(barite bulk)
(15)
2
surface area

Three types of surface energies were calculated (Table 16): (a)
surface creation energy without relaxation, (b) surface energy
with relaxation at 0 K by minimization (MM), and (c) surface
energy with relaxation at 298 K by MD simulation.
The surface generation, without any relaxation, causes the
loss of nearest-neighbor oxygens around each surface barium
atom. Figure 9 shows how the average coordination number of
oxygen atoms around a single surface barium atom changes with
distance. On the basis of the coordination number up to 3.7 Å,

we conclude that cleavage at (001) results in losing 2 nearestneighbor oxygens around each surface barium (from 12 to 10),
and a loss of 2.5 (from 12 to 9.5) results after cleavage at the
(210) and (100) surfaces. The cleavage at the (010) surface
results in losing 4 nearest-neighbor oxygens (from 12 to 8).
This is correlated with the energy cost to generate the surface
with the same number (8) of surface barium atoms (which is
not divided by the surface area):
216 for (001) < 230 for (210) < 298 for (100) < 340 for (010)
(in kcal/mol; Table 16a). However, the large surface area of
the (010) surface places this surface low in the surface energy
after dividing by the surface area:
772 for (001) < 799 for (210) < 969 for (010) < 1309 for (100)
(in mJ/m2; Table 16a).

Force Field for the Barium Sulfate-Water Interface

J. Phys. Chem. B, Vol. 106, No. 38, 2002 9959

Figure 9. Coordination number of oxygens around a surface barium of various non-relaxed barite surfaces as a function of distance. (a) (001), (b)
(210), (c) (100), and (d) (010). The corresponding coordination number in the bulk barite is shown in thick line for comparison. The atoms within
3.7 Å were considered as nearest-neighbors. The figure shows that a barium on the (001) surface has 10 nearest-neighbor oxygens around it on
average, 9.5 on (210) and (100), and 8 on (010).

Figure 10. Coordination number of oxygens around a surface barium of various relaxed (by MD) barite surfaces as a function of distance. (a)
(001), (b) (210), (c) (100), and (d) (010). The corresponding coordination number in the bulk barite is shown in a thick line for comparison. The
atoms within 3.7 Å were considered as nearest-neighbors. The figure shows that a barium on the (001) and (210) surfaces has 10.5 nearest-neighbor
oxygens around it on average, whereas the one on (100) has 10, and the one on (010) has 9.5.

The relaxation leads to a reorientation of sulfate group and/
or a reposition of the barium atom to make up the loss of the
attractive Ba-O interaction.
Figure 10 shows the average coordination number of oxygen
atoms around a single surface barium atom as a function of
distance, which was calculated from the MD. On the basis of
the coordination number up to 3.7 Å, the cleavage at (001) and
(210) results in the coordination of 10.5 oxygens around each
surface barium. This corresponds to a loss of 1.5 oxygens when
compared with the bulk. This also corresponds to a recovery of
0.5 and 1.0 lost oxygens when compared with the non-relaxed
(001) and (210), respectively. The cleavage at the (100) surface
results in the coordination of 10 oxygens around each surface
barium, corresponding to a loss of 2 oxygens compared with
the bulk and a recovery of 0.5 lost oxygens compared with the

non-relaxed (100). The cleavage at the (010) surface results in
the coordination of 9.5 oxygens around each surface barium,
corresponding to a loss of 2.5 oxygens compared with the
bulk and a recovery of 1.5 lost oxygens compared with the nonrelaxed (010).
From this result, we can expect that the surface energy is
reduced in a great deal with the relaxation and that the surface
energies of (210) and (001) are lower with respect to (100) and
(010).
Indeed, the MD (Table 16c) and MM (Table 16b) calculations
agree with each other in the sequence of surface energy

(210) < (001) < (010) < (100)
and in the significantly reduced value of surface energy of each
surface [∼520 mJ/m2 ()520 dyn/cm) for (210), ∼730 mJ/m2
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Figure 11. Barite-water interfaces viewed along the [100] (left) and [010] directions (right). Snapshots after 80 ps of MD simulations. (a) (210),
(b) (001), (c) (010), and (d) (100).

for (010), and ∼900 mJ/m2 for (100) from both calculations]
except the (001) surface. The MD indicates that the surface
energy of (001) (616 mJ/m2) is significantly lower than ∼730
mJ/m2 of (010), whereas the MM puts (001) (706 mJ/m2) and
(010) very similar. The MM seems to place the surface energy
of (001) too high. As a measure of the structural relaxation
during the MD and the MM, we calculated the RMS (rootmean-square) differences in atomic positions between the
relaxed structure and the bulk crystal structure (Table 16b,c).
For (001), the MM leads to an RMS change as small as 0.08
Å, whereas the MD leads to a change of 0.37 Å. The other
surfaces relax by 0.22-0.39 Å during MM. These indicate that
the (001) surface does not relax enough with minimization alone
and that the MM places the surface energy of (001) too high.
The MD seems to lead to enough relaxation for the (001) surface
[the RMS change of 0.37 Å for (001) and 0.45, 0.49, and 0.82
Å for other surfaces].
The final sequence and the value of the surface energies
calculated from the MD calculation are similar to those reported
in the previous calculations.30 The (210) surface has the lowest
surface energy followed by (001), indicating that these two
surfaces are the most stable intrinsically.
Another interesting sequence is based on the amount of
relaxation in the structure and in the energy after the surface
generation. The RMS changes in atomic positions after the MD
are in the sequence of

0.37 for (001) < 0.45 for (210) < 0.49 for (010) <
0.82 for (100)
(in Å; Table 16c). The reduction in the surface creation energy
cost (not divided by the surface area) with the MD is in the
sequence of

44 for (001) < 80 for (210) < 84 for (010) < 96 for (100)

(in kcal/mol; Table 16a,c). The recovery of lost oxygens (Figures
9 and 10) is in sequence of

0.5 for (001), (100) < 1.0 for (210) < 1.5 for (010)
Overall, the (001) surface has the smallest amount of change
(relaxation) since its generation. This might be relevant with
the fact that the (001) surface is the only surface that can be
cut clean and stable.15,16,101
7.2. Solid-Water Interface. To investigate the effect of
water solvent on surface energy, we use the same BaSO4 slab
as above but replaced the vacuum layer with water (Figure 11).
This was initialized by immersing the system into an equilibrated
water bath. We carried out NPT MD simulations on this
composite system and also on bulk water to estimate the energy
of reference system. The barite-water surface energy was
defined as

)
Ebarite-water
surface
1 E(composite) - E(BaSO4(bulk)) - E(water(bulk))
(16)
2
surface area
To determine the dependence of the results on the number
of BaSO4 layers and on the height of water bath (i.e., separation
between BaSO4 blocks), we examined the (010) surface (which
has the shortest value of the separation in the z direction both
between BaSO4 layers and between BaSO4 blocks) and increased
the number of BaSO4 layers (2 × 2 × 3; 6 layers) and the height
of water bath (19 Å with 139 water molecules compared to 11
Å with 91 water molecules), and then we compared the surface
energy with that from smaller system. The results in Table 17
show that the surface energies for these two cases are similar
(262 ( 12 and 265 ( 14 mJ/m2). Thus, for the comparison
between various surfaces, we chose 2 × 2 × 2 BaSO4 layers in
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TABLE 17: Convergence Test for the (010) Surface
Energies with Respect to the Thickness of Barite Slab and
Water Batha

E(composite) (kcal/mol)
E(bulk barite)
E(bulk water)
∆E/2 (kcal/mol)
surface area (Å2)
surface energy (mJ/m2)

2×2×2 with
91 water

2×2×3 with
139 water

-19567 ( 6
-18823.3 ( 0.4
-930 ( 6
93 ( 4
246.7 ( 0.2
262 ( 12

-29467 ( 4
-28234.9 ( 0.6
-1420 ( 9
94 ( 5
246.2 ( 0.2
265 ( 14

a

Calculated surface energy for barite-water interface from 100-ps
MD simulation at 298 K.

TABLE 19: Statistical Data on the Morphology of Baritea
form

Pb

Fc

Hd

Ge

{210}
{002}
{020}
{200}

91.9
97.8
70.8
61.1

91.3
94.8
54.0
50.0

84.7
88.4
38.8
31.9

66.8
83.3
23.8
14.1

a
Reference 29. b P ) Percentage of different combinations of forms
in which the form occurs. c F ) Percentage of geographically different
deposits in which the form has been observed. d H ) Percentage of
times the form has been recorded. e G ) Relative largeness of the face
using a weight factor 3 for large, 2 for intermediate, and 1 for small
faces.

TABLE 18: Calculated Surface Energies for the
Barite-Water Interfaces from 100-ps MD Simulations at
298 K
surface
E(composite)a
(kcal/mol)
∆E/2a
(kcal/mol)
surface area
(Å2)
surface energy
(mJ/m2)
change from
vacuum case
(mJ/m2)

(210)

(001)

(010)

(100)

-19598 ( 3 -19574 ( 6 -19567 ( 6 -19568 ( 5
78 ( 3

90 ( 6

93 ( 4

93 ( 4

198.9 ( 0.2

194.8 ( 0.2

246.7 ( 0.2

160.3 ( 0.2

271 ( 12

319 ( 23

262 ( 12

402 ( 16

-172

-201

-324

-336

a E(bulk water) ) -930 ( 6 kcal/mol. E(bulk barite) ) -18823.3
( 0.4 kcal/mol. E(reference system) ) E(bulk water) + E(bulk barite)
) -19753 ( 6 kcal/mol.

contact with an 11-Å-thick water bath including 91 water
molecules.
The barite-water surface energy (Table 18) is much lower
than barite-vacuum surface energy because the water layer near
the surface arranges to interact favorably with the barite surface
replacing the missing neighbors in the solid-vacuum case. The
(100) and (010) surfaces which were less stable at the vacuum
interface (because of more missing neighbors) are stabilized to
a larger extent by the interaction with water. Thus, the variation
between different surfaces is much smaller in the barite-water
case than for the barite-vacuum case.
The calculated surface energies in Table 18 are in the
sequence of

(010) ∼ (210) < (001) , (100)
The (210) and (010) surfaces are indicated to have smaller
surface energies (271 ( 12 and 262 ( 12 mJ/m2), whereas (001)
is much higher (319 ( 24 mJ/m2), and (100) is even higher
(402 ( 16 mJ/m2). Because barite crystals are precipitated from
aqueous solution, it is these values that should be compared to
surface energies of crystals. However, the morphological data
summarized in Table 19,29 if they are directly related to the
surface energies, indicate the experimental surfaces energies in
the sequence of

(001) ∼ (210) < (010) < (100)
The (210) and (001) surfaces are the ones found the most often
from the morphology study of barite in aqueous environment.11,22,29 No experimental evidence has been found for the
dominant presence of the (010) surface in aqueous solution. This
indicates that the calculations estimate the (010) surface too
stable and the (001) surface too unstable. Also, the calculation

Figure 12. Half-monolayer barite-water interfaces viewed along the
[010] direction. (a) (210), (b) (001), (c) (010), and (d) (100) surfaces.

does not reproduce clearly the relative stabilities of (210), (001),
and (010) surfaces. However, both calculation and experiment
agree that the (100) surface is least stable.
One possible reason for this discrepancy could be that the
surface energy is not an exclusive factor to determine the
morphology of crystals. The crystal growth rate in the direction
of each surface normal, which is closely related to the
morphology, is a kinetic property, whereas the surface energy
is a thermodynamic one.
Thus, as a very crude and qualitative measure of the kinetics
of the crystal growth in the direction of each surface normal,
we made the top and the bottom layers of each surface as halfmonolayers (Figure 12) in order to represent the midpoint of
the layer-by-layer growth of the surface and submitted it to NPT
MD simulations (Table 20). Higher surface energy change from
the monolayer surface would indicate how difficult to make
half-monolayers, that is, how slow the growth would be. This
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TABLE 21: QM and FF Calculations for Ba(H2O)82+ a

TABLE 20: Calculated Surface Energies (mJ/m2) of
Barite-Water Interfaces with Half-Monolayers

QM (B3LYP/LACVP**++)a

surface

(210)

(001)

(010)

(100)

surface energy
(half-monolayer)
surface energy
(monolayer)

313 ( 15

392 ( 17

321 ( 13

384 ( 16

271 ( 12

319 ( 23

262 ( 12

402 ( 16

change from
monolayer

snap BE
optimum r(Ba-Ow) (Å)
a

41 ( 19

65 ( 29

59 ( 18

-17 ( 23

before CP

after CP

FF

237.0
3.01

233.6

237.0
3.02

The 6-31G**++ basis set was used for S, O, and H.

TABLE 22: QM and FF Calculations for (SO4)(H2O)62- a
QM (B3LYP/LACVP**++)a QM(LMP2)a

factor shows that surfaces would grow slowly in the sequence
of

(001) ∼ (010) ∼ (210) , (100)
Indeed, this is in closer agreement with experiments, with
the only exception being the reversed order of (010) and (210).
Thus, the difficulty in making half-monolayers for the (001)
surface explains the slow growth rate of (001) observed
experimentally. A combination of concepts from surface energy
and surface growth might be important in explaining crystal
morphology.
Our simulation results assume fully deprotonated sulfate
surfaces and assume a high pH, whereas the experiment was
based on the observations in the range of temperature between
25 and 75 °C and of pH between 3 and 7.22 This might also
contribute to the discrepancy between our calculational surface
energy and the experimental surface area.
7.3. Solid-Water Interface Re-examined with Another
FF. The exaggerated stability of the (010) surface in the
calculation and the largest surface area of the (010) surface seem
to imply another possible reason for the discrepancy. It is
possible that the FF for the BaSO4-water interaction used in
our simulation is too attractive even though we calibrated it
with QM calculations on Ba-water and SO4-water clusters
(section 6). This is because the definition of the binding energy
from QM (particularly with a small basis set) is ambiguous
because of the BSSE and the FF was fit to the higher end of
the binding energy (Tables 14 and 15). Thus, we explored
this possibility by repeating the same calculations on those
barite-water interfaces with an alternative, less attractive FF
(ζ(Ow) ) 14.4 instead of 13.0, ζ(Hw) ) 8.6 instead of 12.382,
and Do(Hw) ) 0.0152 kcal/mol instead of 0.0123 kcal/mol),
which developed to fit to QM results obtained with a higher
basis set (6-31G**++ for S, O, and H; Tables 21 and 22). This
leads to higher surface energies for all surfaces in contact with
water (Table 23). However, the sequence of relative surface
energies[(210) ∼ (010) < (001) , (100)] is still similar to the
one obtained with the 6-31G*-based FF.
8. Summary
This work determined a FF for the BaSO4 crystal in contact
with water. This MSXX FF reproduces the experimental density
(4.473 g/cm3 from MD and 4.474 g/cm3 from experiments at
298 K), lattice energy (591.6-593.0 kcal/mol from calculations
and 592.3 kcal/mol from experiments at 298 K), compressibility
(0.0177-0.0194 GPa-1 from the 〈P〉-〈V〉 curve obtained from
a series of MDs at 11 different pressures at 298 K and 0.01700.0192 GPa-1 from experiments), and vibrational spectra of the
BaSO4 crystal. This FF in combination with the F3C FF for
water91 reproduces reasonably well the snap binding energies
and interatomic distances of Ba(H2O)82+ and (SO4)(H2O)62clusters determined from QM calculations (B3LYP/LACVP*)
and should describe properly the interaction between BaSO4
and water.

snap BE
r(S-Ow) (Å)
r(O-Ow) (Å)
r(S-Hw) (Å)
r(O-Hw) (Å)
a

before CP

after CP

before CP

FF

159.1
3.48
2.88
2.93
2.02

150.1

155.3

157.8
3.53
2.93
2.99
2.07

The 6-31G**++ basis set was used for S, O, and H.

TABLE 23: Surface Energies of Barite-Water Interfaces at
298 K, Which Were Calculated from 80-ps MD Simulations
with FF Developed to Fit to Higher-Level QM
(B3LYP/LACVP**++)
surface

(210)

(001)

(010)

(100)

E(composite) (kcal/mol)a
∆E/2 (kcal/mol)a
surface area (Å2)
surface energy (mJ/m2)

-19575
89
198
311

-19550
102
194
364

-19525
114
246
321

-19549
102
160
443

a
E(reference system) ) E(bulk water) + E(bulk barite) ) -19753
( 6 kcal/mol.

Using this combination of MSXX FF and F3C FF, the surface
energies for (210), (100), (010), and (001) surfaces of BaSO4
were examined both in a vacuum and in the presence of water
layers in contact with them.
The vacuum MD calculations at 298 K give the same
sequence of surface energies as reported in the previous MM
calculation of Allan and co-workers.30 Our calculations also
indicate that a smaller degree of structural change is expected
after the generation of the (001) surface than for the other three,
explaining why the (001) surface is the only surface that can
be cut clean and stable.
In water, the MD calculations at 298 K do not give the same
sequence of surface energies as implied from the experimental
morphology data (assuming lower surface energy for larger
surface area). However, the surface energy (a thermodynamic
property) might not be the exclusive factor to determine the
morphology of crystals. Thus, we estimated the crystal growth
rate in the direction of each surface normal from the energy
change accompanying the transition from a full-monolayer
surface to a half-monolayer surface representing the midpoint
of the layer-by-layer growth of the surface (higher energy change
for slower growth and in turn for larger surface area). Indeed,
this gives a closer, though not perfect, agreement with experiments.
This MSXX FF should be suitable for studying the effects
of various scale inhibitors and scale dissolvers for BaSO4. We
will report results102 that the efficacy of scale dissolution
simulated using this FF does correlate with current experimental
data.
In the process of developing the FF for BaSO4, we also
developed FF’s for SrSO4 and CaSO4. The FF and various
properties for these systems are included in Appendix A.
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TABLE A1: Force Field Parameters for MSO4 (M ) Sr and
Ca)a
Ecoulomb
EvdW
a

Q(M)
Ro(Sr)b
Ro(Ca)b

2.0|e|
5.920
4.338

Do(Sr)c
Do(Ca)c

0.004
0.110

ζ(Sr)
ζ(Ca)

16.0
12.5

For functional forms, see Table 6. b In Å. c In kcal/mol.

TABLE A2: Densities (g/cm3) and Cell Parameters (Å) of
SrSO4 and CaSO4
cell parameters

density
expta

calcd

expta

calcd

SrSO4 (8.236, 5.502, 6.781) (8.360, 5.352, 6.858) 3.976 3.976
CaSO4 (6.901, 6.851, 6.465) (6.993, 6.995, 6.245) 2.963 2.960
a

References 103 and 104.

TABLE A3: Lattice Energies (kcal/mol) of MSO4 (M ) Sr
and Ca) at 298 K Calculated from MM at 0 K with
Correction for Room Temperature
exptb

calculation
EMM,0K

ZPE

SrSO4 -619.94 11.954
CaSO4 -647.73 12.599

∆H0f298K ∆H 0f,298Ka ∆Hlatta
4.442
4.017

Figure B1. Density (g/cm3) of a water bath calculated as a function
of time (ps).

∆Hlatt

-603.54 619.24 619 ((12)
-631.11 646.81 647 ((12)

∆H 0f,298K(SO4) ) 14.217 kcal/mol; ∆H 0f,298K(M) ) 1.480 kcal/mol.
See Table 3.
a

b

TABLE A4: Compressibilities χ (GPa-1) of SrSO4 and
CaSO4
calculation
MM
(0 K)a
SrSO4 0.0168
CaSO4 0.0155

several MDs one MD
(298 K)b
(298 K)c
0.0182
0.0204

0.0161
0.0182

d

experiment
e

f

0.0122 0.0159
0.0184 0.0191
0.0173

a
From second derivative of energy with respect to volume at 0 K.
From the linear fit of 〈P〉-〈V〉 plot obtained from MDs at P ) -0.5,
-0.3, -0.1, 0.0, 0.1, 0.3, and 0.5 (in GPa) during 100 ps after 100-ps
equilibration. c From the fluctuation of volume during final 100 ps out
of 200-ps MD at 298 K. d References 58 and 59. e Reference 53.
f
Reference 54. 0.0191 from s and 0.0173 from c.
b

85574 and 99-77872). In addition, the facilities of the MSC
are also supported by grants from DOE-ASCI-ASAP, AROMURI, ARO-DURIP, Dow Chemical, 3M, Beckman Institute,
Avery-Dennison, Chevron Corporation, Seiko Epson, Asahi
Chemical, and Kellogg’s.
Appendix A. Strontium Sulfate (SrSO4) and Calcium
Sulfate (CaSO4)
The FF’s for SrSO4 and CaSO4 (Table A1) were determined
in the same way as for BaSO4 to reproduce the experimental
data for bulk crystals. The results are reported in Tables A2A4.
Appendix B. NPT Simulations with F3C Water
Potential91
The density, potential energy, and RDFs (O-O, O-H, and
H-H) of a water bath of 267 water molecules were calculated
from a 200-ps NPT MD simulation at 298 K using the F3C
water potential91 with the Ewald method (see section 5 for the
details of the F3C potential). All of the properties were estimated
by taking averages over the last 100 ps of the simulation.
The density was estimated as 1.00 ( 0.01 g/cm3 (Figure B1)
and this is in good agreement with the experimental density of
0.997 g/cm3 at 298 K.105

Figure B2. RDFs in water at 298 K. Calculation versus experiment.
(a) O-O, (b) H-H, and (c) O-H.
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TABLE B1: Characteristics of the O-O RDFs in Water
first peak
expta
F3C (NVT)
F3C (NPT)
a

first valley

TABLE C3: Density and Cell Parameters of BaSO4
Calculated with Allan’s FF

second peak

position

height

position

height

position

height

2.88 Å
2.79 Å
2.77 Å

3.092
3.099
3.092

3.33 Å
3.31 Å
3.31 Å

0.734
0.827
0.850

4.48 Å
4.43 Å
4.41 Å

1.136
1.092
1.082

a (Å)
b (Å)
c (Å)
R (°)
β (°)
γ (°)
density (g/cm3)

From the neutron scattering experiment at 25 °C. Reference 106.

TABLE B2: Potential Energy Per Water Molecule
(Upot; kcal/mol)
FF

temp (K)

Upot

other FFs

temp (K)

Upot

F3C (NVT)
F3C (NPT)
expta

298
298
298

-10.18
-10.18
-9.9

RCFa
TIP3Pa
SPCa
SPC/Ea
Fergusonb

302
298
298
300
298

-9.5
-9.9
-10.2
-10.8
-10.0

a

a

Taken from ref 91. b Taken from ref 107.

The calculated O-O RDF also reproduces the overall features
of the RDF obtained from the neutron scattering experiment
(Table B1 and Figure B2a). However, the first peaks of both
simulations are slightly (∼0.1 Å) shifted toward the denser
packing of the neighbors compared with the experimental RDF.
The simulation also reproduces the overall features of experimental RDFs for O-H and for H-H as well (Figures B2b and
B2c).
The potential energy per water molecule was estimated as
-10.18 kcal/mol, which is in reasonable agreement with
experiment and the results from other model potentials for water
(Table B2).

MM (0 K)

MD (298 K)

expt (298 K)a

8.888
5.470
7.142
90
90
90
4.464
(4.531)b

8.941 ( 0.001
5.507 ( 0.002
7.188 ( 0.008
89.99 ( 0.03
89.99 ( 0.01
90.01 ( 0.02
4.384 ( 0.004
(4.473)b

8.8842
5.4559
7.1569
90
90
90
4.474

References 38 and 39. b From our FF.

TABLE C4: Lattice Energy (kcal/mol) Per BaSO4 Unit
Calculated with Allan’s FF at 298 K
MM with corrections to 298 K
EMM,0K

0
ZPE ∆H0f298K ∆H f,298K

MD (298 K)
〈PE〉

expt
(298 K)

-585.94 10.55 4.54
-570.85 -580.40 ( 0.07
BaSO4
SO420
8.034 3.2976
11.332
2.65 ( 0.04
Ba2+
0
0
1.48a
1.48
0.888b
∆Hlatt,298K
583.66
583.94
592.3d
(592.96)c (591.6)c
a

2.5 RT. b 1.5 RT. c From our FF. d See Table 3.

TABLE C5: Compressibility χ (GPa-1) of BaSO4 Calculated
with Allan’s FF
2nd
MD at 298 K
derivative MDs at 298 K
method (0 K)
linear fit
adiabatic isothermal
χ

0.01771a

0.01971b

expt

0.02704c 0.02815c 0.0170-0.0192d

a
From second derivative of energy with respect to volume at 0 K.
From the linear fit of 〈P〉-〈V〉 plot (Figure C1). c From the fluctuation
of volume during final 250 ps out of 300-ps MD at 298 K. d See
Table 4.

b

Appendix C. Comparison with Force Field from Allan
and Co-workers30
Allan’s FF (Tables C1-C2) has several common features
with ours with several significant differences:
TABLE C1: Allan and Co-workers’ Force Field for BaSO4 a
angle
E ) Enonbond + Evalence ) [Ecoulomb + EvdW] + [Ebond
SO + EOSO ]

qi q j
Ecoulomb
(R) ) C0
ij
Rij
EvdW
ij (R) ) D0

{[( )

] [(σ -σ 6)( R ) ]} ) A exp(- RF) - RC
R0

6
eσ(1-R/R0) σ-6

6

6

-β(R-R0)
Ebond
} - 1)
SO (R) ) De({1 - e
2

1
angle
EOSO
(θ) ) Kθ(θ - θ0)2
2
a The constants in Ecoulomb are the dielectric constant () and C )
0
332.0637 (the unit conversion factor when atomic charges qi’s are in
electron units (|e|), the distance R is in Å, and Ecoulomb is in kcal/mol).

TABLE C2: Allan’s FF Parameters for BaSO4 a
Ecoulomb(Ba)
Ecoulomb(S)
Ecoulomb(O)

qb 2.00 (2.000)
qb 1.36 (1.544)
qb -0.84 (-0.886)

EvdW(O-O)

Fc
Roc
Fc
Roc

EvdW(Ba-O)h

0.2000 (0.25251)
3.288 (3.4046)
0.2907 (0.305)
5.2326 (6.942)

Ebond(S-O)
Roc 1.505
Eangle(O-S-O) θo f 109.47

Ad
Dod
Ad
Dod

2388720 (55000)
0.3012 (0.0957)
97403.9 (46000)
0.001483 (0.0012)

Ded 115.302
Kθg 345.908

Ce
ζ
Ce
ζ

599.1 (269)
16.44 (13.483)
0 (230)
18.0 (18.0)

β e 1.2

a Reference 30. For functional forms, see Table C1. Our MSXX FF
parameters are shown in parentheses. b In |e|. c In Å. d In kcal/mol. e In
kcal/mol/Å6. f In degrees. g In kcal/mol/rad2. h Among infinite number
of three-paremeter set (Ro, Do, and ζ) of our exponential form matching
the two-parameter (F and A), purely repulsive form of Allan, we chose
a set with the same ζ as ours.

Figure C1. 〈P〉-〈V〉 curve used to estimate compressibility from its
slope at P ) 0.0001 GPa. 〈P〉 and 〈V〉 are the average values during a
350-ps MD simulation using Allan’s FF after a 50-ps equilibration.
The errors were estimated from the standard deviation between 14
block-averages during each 25-ps block. The slope was taken from
the first-order (linear) fit.

(1) The Allan’s parameters were adjusted to reproduce
experimental data: structure and elastic properties, but not
energetic properties.
(2) Allan compared the results based on minimization at 0 K
with experimental data measured at room temperature (we
compare MD with experiments at the same temperature).
(3) We both use the formal charges on Ba2+ and SO42- to
estimate the Coulombic interaction.
(4) Allan included vdW interactions only for the O-O and
Ba-O pairs, but not for Ba-Ba, Ba-S, S-S, or S-O pairs.
They use the same exponential-6 form as ours for the O-O
interaction, but they use purely repulsive form for the Ba-O
interaction.

Force Field for the Barium Sulfate-Water Interface
(5) The valence part of the Allan’s FF uses bond-stretching
and angle-bending terms but no cross terms between them.
Using Allan’s FF, the structure, the cohesive energy, and the
compressibility of BaSO4 were calculated from MD at 298 K
in the same manner as done with our FF above. They are listed
in Table C3-C5, respectively, along with the experimental data
and the results with our FF.
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