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Abstract
We calculated the structure of water in contact with the MgOŽ100. surface by using the three-dimensional reference
interaction site model Ž3D-RISM. integral equation theory. The spatial distributions of water oxygen and hydrogen over the
surface unit cell are calculated and discussed. The water density profiles and the orientations obtained are in good agreement
with computer simulations for the same model of the interface. The 3D-RISM approach shows considerable promise as a
constituent of a self-consistent description of chemical processes at a metal oxide–water interface. q 2000 Elsevier Science
B.V. All rights reserved.

1. Introduction
The chemistry at metal oxide–water interfaces is
critically important in many industrial and environmental processes such as interactions at mineral oxides–water interfaces governing the hydrodynamics
of species in the Earth’s subsurface. It is known that
the role of liquid water is crucial in understanding
the structure and activity of such interfaces. Consequently, the ability to predict liquid structure at the
metal oxide–water interface is of great importance.
In this study, we present an investigation on the
accuracy of a three-dimensional reference interaction
site model Ž3D-RISM. approach in predicting the
liquid structure at the MgOŽ100. –water interface.
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This work is motivated by the need for an accurate
theoretical model that can treat chemical reactions at
solid–liquid interfaces. Several methodologies w1–3x
proposed recently have shown to be promising but
do have certain drawbacks. The RISM method which
is an orientational reduction of the molecular Ornstein–Zernike ŽOZ. integral equation w4x can provide
a realistic description for molecular liquids of various complexity. This method was pioneered by
Chandler and Andersen w5x, and then extended by
Hirata and co-workers to polar and quadrupolar liquids w6,7x and to ions in a molecular polar solvent w8x
by adapting the hypernetted chain ŽHNC. closure. A
great advantage of the RISM method over other
integral equation theories for molecular liquids w4x is
that it can easily handle the description of solution
comprising complex polyatomic species, such as polar or nonpolar organic molecules and molecular
ions, and to take into account such chemical specificities as hydrogen bonding w9x. In the case of a
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solid–molecular liquid interface, however, spatial
distributions of liquid are required rather than radial
correlation functions produced by the site–site RISM
approach. A detailed solvation structure in the form
of three-dimensional Ž3D. correlation functions of
interaction sites of solvent molecules near a solute
particle of arbitrary shape is yielded by the 3D
generalization of the RISM integral equation theory,
first derived by Chandler et al. in a general form
within the density functional method for nonuniform
polyatomic systems w10,11x, and recently developed
by Cortis et al. for a one-component dipolar liquid
w12x, Beglov and Roux for water and organic
molecules in water w13x, and Kovalenko and Hirata
for water w14,15x, molecular ions in a polar organic
solvent w16x, and metal–water interfaces w14,17x.
In this study, we propose to incorporate the 3DRISM integral equation theory to model the liquid
phase at metal oxide–liquid interfaces. Hirata and
co-workers successfully combined the RISM formalism with ab initio molecular orbital methods to study
physical and chemical processes including reactions
in solution w9,18–22x. Kovalenko and Hirata have
coupled the 3D-RISM and Kohn–Sham DFT methods to self-consistently describe the electronic and
classical structure of a metal–liquid interface w17x.
However, before we attempt to employ this combined approach to study solid–liquid interfaces, it
would be of great interest to test the accuracy of the
3D-RISM formalism in modeling the liquid phase in
contact with a metal oxide surface. We consider the
MgOŽ100. –water interface because of the extensive
work done for this system both theoretically and
experimentally. In particular, McCarthy and coworkers have developed an accurate ab initio-derived
molecular mechanics force field for interactions of a
water molecule with the MgOŽ100. surface, and have
performed combined MD–MC simulations to obtain
the structure of water at the MgO surface w23x. The
latter will be used as a reference point for the
comparison.
2. Three-dimensional RISM equations for the
structure of a molecular liquid in contact with a
solid
In this work we employ the 3D-RISMrPLHNC
integral equation theory developed recently by Ko-
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valenko and Hirata w16,17x, and only briefly described here. The MgO slab is regarded as a single
‘solute’ immersed in water ‘solvent’. At infinite
dilution, the 3D-RISM integral equation for the 3D
‘solute–solvent’ correlations is written as
hg Ž ™
r . s ca Ž ™
r . ) vag Ž r . q r hag Ž r . ,

Ž 1.

where hg Ž™
r . and cg Ž™
r . are the 3D total correlation
and direct correlation functions of solvent site g
around the solute, vag Ž r . is the solvent intramolecular correlation matrix, r is the solvent density, and
‘)’ denotes convolution in coordinate space and
summation over repeating site indices. The radial
total correlation function between sites a and g of
two molecules of pure solvent, hag Ž r ., is obtained
from the conventional, site–site RISMrHNC integral equations w6–9,24x. Similarly to the site–site
RISM theory, a 3D-HNC closure to the 3D-RISM
Eq. Ž1. can be constructed w10–17x. The 3DRISMrHNC approximation proved to yield physically reasonable results for charged as well as neutral
solutes in polar solvents, in particular in water, at
normal conditions w12–16x. However, it can become
divergent in the case of molecular ions and planar
interfaces with high local charges creating deep potential wells for individual interaction sites of polar
solvent molecules w16,17x. This is of particular importance in the present case of the MgO surface
comprising doubly charged ions Mg 2q and O 2y. To
eliminate this shortcoming, Kovalenko and Hirata
proposed the partial linearization of the HNC closure
ŽPLHNC approximation. w16,17x,

°exp Ž pg Ž ™r . .
™
~
gg Ž r . s
¢1 q pg Ž ™r .

for
for

pg Ž ™
r . F0 ,
pg Ž ™
r . )0 ,

pg Ž ™
r . s yb ug Ž ™
r . q hg Ž ™
r . y cg Ž ™
r. ,

Ž 2a .
Ž 2b .

where gg Ž™
r . s hg Ž™
r . q 1 is the 3D distribution function of solvent site g around the solute, ug Ž™
r . is the
3D solute–solvent potential at solvent site g in the
field of the entire solute, which is a sum of the
pairwise potentials between solvent site g and solute
ions constituting the MgO slab, and b s 1rkT. The
distribution function gg and its first derivative are
continuous at the joint point pg s 0 by construction.
In fact, it combines the exponential, HNC closure for
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the regions of density profile depletion, hg Ž™
r . - 0,
and a type of the linear, Percus–Yevick ŽPY. approximation for the regions of enrichment, hg Ž™
r . ) 0.
Notice that unlike the true PY closure, the PLHNC
approximation linearizes the entire exponent,
expŽyb u q h y c . for h ) 0, including the potential
term, yb u. The PLHNC approximation Ž6. provides
proper account of the long-range asymptotics of the
direct correlation functions similarly to the original
HNC closure, but prevents the exponential rise of the
distribution function in the regions of a large potential bringing about the divergence. Besides ensuring
convergence, under normal conditions this partial
linearization results in some reduction and slight
widening of high peaks at the distribution functions.
The latter inhibits a noticeable change of the coordination numbers of the solvation shells w17x.

3. Model and computational details
The system is modeled by a unit cell of size
˚ containing a slab of five MgO
2.97 = 2.97 = 30.0 A
layers. With the periodic boundary conditions applied in three dimensions, it produces infinite slabs
˚
of MgO separated by layers of water ; 21.5 A
˚
thick. We used the lattice constant a s 4.205 A and
the atomic pair potentials published by McCarthy et
al. w23x to allow for direct comparison with their
simulation results. The pairwise interactions between
the MgO slab ions and the water interaction sites are
represented by the Huggins–Mayer potential with
the parameters taken from Ref. w23x. The electrostatic
part of the periodic potential Ž5. between the whole
MgO slab and the water sites is synthesized on the
supercell grid by using the Ewald summation method
w25x. The other terms of the Huggins–Mayer potential as well as the short-range part of the Ewald sum
are summed in direct space over the central and
nearest adjacent unit cells. The interaction between
water sites is described with the sum of the Coulomb
and Lennard-Jones ŽLJ. potentials, and the LJ parameters for unlike water sites are determined by the
standard mixing rules. We employed the simple point
charge ŽSPC. water model w26x. The only modifica˚ is introduced for
tion is that a LJ size of s H s 1 A
the hydrogen sites. This does not affect the entire
potential between a pair of water molecules since the

hydrogens are situated well inside the oxygen core,
however allows one to improve the description of
hydrogen bonds by the RISM theory w22,27x.
The 3D-RISMrPLHNC integral equations for the
solute–solvent correlations are solved on a 3D grid
of 16 = 16 = 128 points which gives the resolution
˚ along the MgO surface, and 0.23 A˚ in the
of 0.19 A
direction perpendicular to it. The convolution in Eq.
Ž1. is handled by using the 3D fast Fourier transform
w28x. The site-site RISMrHNC integral equations for
the correlations of pure water are solved on a radial
non-linear grid of 512 points by using the standard
technique of the nonlinear 1D fast Fourier transform
w29,30x. In solving both the site–site RISM and
3D-RISM equations, we do not need the renormalization technique w14–17x. We also avoid the socalled ‘cooling’ and ‘charging’ procedures of gradually decreasing the temperature and increasing the
molecular charges w6–8,12,13x. Due to the choice of
the trial functions, the solution process starts at once
from a given temperature and the full charges of the
interaction sites, which greatly reduces the computation time w14–17x.
To converge the 3D-RISM equations for the
MgO–water correlations as well as the conventional
RISM equations for bulk water, we employed the
modified direct inversion in the iterative subspace
ŽMDIIS. method elaborated in the context of liquid
structure calculations by Kovalenko et al. w15,16x
which is based on the DIIS method proposed originally by Pulay w31–33x for ab initio molecular orbital
calculations. Maw et al. w22x used the DIIS procedure
for the first time to solve the site–site RISM integral
equations for water correlations. The main MDIIS
improvement to the original DIIS consists in updating the DIIS subspace at every iterational step by
using the approximated minimal residual scaled by a
factor, rather than simply by performing damped
iterations. Recently, Kawata et al. w34x have proposed to update the DIIS basis by the modified
Broyden ŽMB. multidimensional secant method, and
applied this combined DIIS-MB scheme to solve the
3D-RISM integral equations for nonpolar and polar
diatomic N2-like molecules. The MB update considerably improves the DIIS-MB convergence rate as
compared to the original DIIS method with the iterational update. However, we do not expect that in
general the MB update could offer an essential ad-
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vantage over the MDIIS procedure. As was pointed
out by Hamilton and Pulay w33x, the DIIS technique
is very close to conjugate-gradient type methods.
Therefore, the successive DIIS minimization by itself
improves and optimizes the MDIIS update. More
discussion on this point as well as details of the
MDIIS procedure can be found in Refs. w15,16x. The
MDIIS method provides great acceleration of convergence as compared to Picard-type iterations, which
is especially important and constitutes a challenging
task in the case of 3D integral equations. We obtained the 3D site water–surface distributions within
root mean square accuracy of 4 = 10y5 in ; 70
MDIIS iterations with the MDIIS subspace of 10
vectors. For 2 15 grid-points, the calculation needs 11
Mbytes of memory and takes - 5 min on a RISC
6000 workstation. This is significantly less than that
would be required for MDrMC simulation.

4. Results and discussion
From the simulations for 128 water molecules,
McCarthy et al. w23x pointed out two particular features of water density distribution functions above
the MgO surface that are distinctively different from
those of the bulk water. One is a tightly bound water
monolayer with approximately one water per surface
magnesium, and a rather large void between the first
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and second peaks of the water density profile. This
indicates the water molecules in the first layer are
more ordered, and exchange with the water bulk is
less frequent. The other is that water molecules in
the first layer have two preferred orientations: one
with both hydrogens tilted toward the surface, and
the other with one hydrogen directed outward and
one hydrogen almost parallel to the surface. A less
packed second layer exhibits a much broader angular
distribution, and the further layers of water are
scarcely affected by the surface.
To compare our results with those of McCarthy et
al. w23x, we integrated the 3D site distribution functions of water along the MgO surface plane. Fig. 1a
draws a comparison between the water oxygen density profile following from the 3D-RISMrPLHNC
integral equation theory and the simulation. The
theory yields a high and rather narrow first peak and
then a rather wide void, much as those obtained in
the simulation. The hydrogen site distribution function integrated over the unit cell area is plotted in
Fig. 1b in comparison with that of water oxygen.
Similar to McCarthy et al., we observe splitting of
the first peak, with higher probability to find hydrogen atoms pointing towards the surface. The first two
peaks of the water oxygen profile yielded by the
3D-RISM theory are situated slightly farther from
the surface than those from the simulation. The
difference could be attributed to the small number of

Fig. 1. Transverse average of the water site distributions as a function of the z-coordinate along the normal to the MgO slab surface. Ža.
3D-RISMrPLHNC oxygen site distribution Žsolid line. vs. the oxygen site profile from the simulation w17x Ždotted line.. Žb. Oxygen and
hydrogen site distributions following from the 3D-RISMrPLHNC theory Žsolid and dashed line, respectively..
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water molecules Ž4 layers. used in modeling the
liquid water above the MgO surface and the small
time scale in the combined MCrMD simulations
w23x Ž16 ps. for equilibration and 12 ps. for sampling..
As mentioned by the authors in Ref. w23x, this is also
the reason for a rather unphysical third peak in their
result. It should be noted that these differences in the
first two peaks could also be an artifact related to the
well-documented inconsistency in the RISMrHNC
theory w35,36x. It manifests in the fact that the correlation between the oxygen and hydrogen site profiles
due to the steric constraints is imperfect, especially
for the strongly attractive surface–water site poten-

tial under study. Therefore, the maxima of the 3D
distribution of water oxygens are somewhat more
distant from those of water hydrogens, and hence
from the surface, than it follows from the length of
the intramolecular OH bond. Despite these differences, the agreement between the two methods on
˚ above the MgO surface
the water density up to 6 A
is quite good. The number of the water molecules in
the first hydration shell, calculated by integration of
the oxygen distribution function g O Ž z . over its first
peak, was NO s 4.5 for the 3D-RISM and NO s 4.1
for the simulation results, which constitutes a difference of - 10%.

Fig. 2. Three-dimensional distribution functions of oxygen and hydrogen sites Žleft- and right-hand panel, respectively. in the plane
˚ and O situated at Ž0, 0, 0. and
perpendicular to the MgO slab surface and passing through Mg located at Ž x, y, z . s Ž1.49, 1.49, 0. A,
˚ Result of the 3D-RISMrPLHNC theory.
Ž2.97, 2.97, 0. A.
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The contour plots of the oxygen and hydrogen site
distribution functions in the plane passing through
the surface Mg and O atoms in perpendicular to the
MgO surface are shown in Fig. 2. These plots show
the localization of the oxygen and hydrogen sites
similar to that described by McCarthy et al. Oxygen
sites of water molecules in the first hydration layer
are strongly localized over surface Mg sites Žthe
˚ .. There are
peak of height g O s 30.1 at z s 2.59 A
two peaks of hydrogen sites corresponding to such
adsorbed water molecules: one is also situated over
Mg and shifted outwards from the water oxygen
peak by the distance of about the OH bond length,
and the other is located closer to the surface at the
˚ over surface O sites. The former
distance z s 2.36 A
maximum of height g H s 4.7 corresponds to the
localized water molecules with one hydrogen directed away from the surface nearly perpendicular to
it and the other slightly tilted toward the surface. The
dipole moment of such water molecules is tilted at
an angle of ; 608. The hydrogens tilted toward the
surface contribute to the latter maximum of the water
hydrogen profile over the surface O. However, this
latter maximum is formed to a large extent by water
molecules tilted with both hydrogens toward the
surface and the dipole moment at an angle of ; 188
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with the normal. Its height, g H s 21.9, is substantially bigger than that of the hydrogen peak over the
surface Mg, g H s 4.7. As a result, the split first peak
of the transverse-averaged hydrogen profile in Fig.
1b has the left-hand wing Žthe closest to the surface.
higher than the right-hand one. The above tilts of the
dipole moments of water molecules in the first hydration layer perfectly agree with the two peaks of
the orientational distributions obtained in the simulation of McCarthy et al.
To demonstrate the in-plane orientations of water
molecules, we present also the water oxygen and
hydrogen distribution function in the first hydration
layer. Fig. 3 shows the water site profiles in the
˚ above the MgO surface, passing
xy-plane at 2.5 A
through the maximum of the 3D distribution of water
oxygens and quite close to the higher maximum of
water hydrogens. Evident are the oxygen enrichment
region above the Mg atom in the center of the cell, at
˚ ., and the strong
coordinates Ž x, y . s Ž1.49, 1.49 A
depletion of water oxygen above the surface oxygen
atom in the corners of the cell. Notice that the
oxygen maxima are connected with small spikes at
the bridge adsorption positions between the surface
oxygens. The distribution of water hydrogens is exactly opposite: the high maximum over the surface O

˚ over the MgO surface Žleft- and right-hand
Fig. 3. Three-dimensional distributions of oxygen and hydrogen sites in the plane z s 2.5 A
panel, respectively..
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and the strong depletion over Mg. Hence, those
hydrogens of water molecules adsorbed in the first
hydration layer that are tilted towards the surface are
all directed to the surface oxygen atoms.
The ordering in the second hydration layer is
essentially weaker, as is evident from Fig. 2. The
most striking structural feature is that the maximum
of the water oxygen distribution is now located over
the surface oxygen. The distance from the surface is
˚ which is just a little more than that of
about z s 5 A,
the first hydration layer maximum of water hydrogens over Mg. We can conclude that driven by the
highly ordered first hydration layer, water molecules
in the second layer tend to follow the close packing
of a FCC structure. The second layer maximum of
the hydrogen site profile is situated just over the
oxygen one at a separation a little smaller than the
OH bond length, and is wider and lower. It is due to
the water molecules with the dipole moment directed
predominantly outward from the surface or somewhat tilted to the normal. Again, this is in agreement
with the results of the simulation of McCarthy et al.

5. Conclusions
We have presented an examination on the accuracy of the 3D-RISM integral equation theory in
modeling liquid structure above a mineral oxide
surface. In comparison to the water structure above
the MgOŽ100. surface, obtained in computer simulations by McCarthy et al., we conclude that the
3D-RISM theory provides a cost-effective methodology for modeling liquid structure at a metal oxides–
water interface, and can be incorporated in a selfconsistent description of chemical processes at the
interface. Work is now underway in investigating the
origin of the void between the first and second layers
of water at the interface as well as improvements on
the 3D-RISM approach.
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