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Classical molecular models of the goethite mineral are
presented for both a periodically replicated bulk slab
and for a finite fragment. Potential energy functions for
the mineral models were developed within the AMBER
force field [Cornell, W.D., Cieplak, P., Bayly, C.I., Gould,
LR., Merz, K.M., Ferguson, D.M., Spellmeyer, D.C., Fox,
T., Caldwell, J.W. and Kollman, P.A. “A second
generation force field for the simulation of proteins,
nucleic acids and organic molecules,” J. Am. Chem. Soc.
117 (1995) 5179-5197], which facilitates biogeochemical
applications. Intramolecular potential parameters were
chosen to yield a mineral structure with flexible surface
hydroxyl groups. The electrostatic potential for a goethite
slab was determined from a periodic Unrestricted
Hartree-Fock calculation and used to assign point
charges to the mineral atoms. The models were solvated
in water and their effect on solution structure is shown to
be very similar, predicting oscillations in solvent density
near the mineral surface and structured orientation of
water molecules.

Keywords: Molecular dynamics simulation; Goethite—water
interface; Water molecules; Hartree—Fock calculation

INTRODUCTION

Mineral surfaces affect the mobility of contaminants
in soils through sorption processes. They also
provide the scaffolding for biofilms and aid in
anaerobic bacterial respiration by providing electron
acceptors. Ferric oxides and oxyhydroxides are
important contributors to adsorption processes in
the soil subsurface for a large number of cations and
anions. This is due in part to their frequent
occurrence as minerals and amorphous coatings
with high specific area [1]. Goethite crystals have
specific areas in the range of 50-200 m?/ g and
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possess strong affinity for heavy metal contaminants
[1-3]. The predominant crystal plane of goethite
needles has been shown to be (110) along the ¢
direction and (021) at the needles” end [1,4].

Here we present parameterized classical simu-
lation models for the goethite mineral. They are
intended to provide molecular level insight into
goethite interactions in the soil subsurface and were
developed using a potential consistent with the
AMBER force field [5]. This choice of potential was
made to facilitate their future introduction into the
simulations of Lins and Straatsma [6], in order to
describe interactions between a bacterial membrane
and a mineral surface. Using the AMBER potential
enables the models to be easily adapted to
biogeochemical simulations such as those of Teppen
et al. [7] and Yu et al. [8].

The AMBER force field cannot address problems
associated with acid-base reactions at the mineral
surface, because it does not allow for bond
dissociation. Progress has been made toward our
understanding of select mineral-water interfaces
using experimental techniques such as high-resolu-
tion X-ray reflectivity [9-11]. Unfortunately, these
methods do not provide the complete atomic level
structure. However, theoretical [3,12] and empirical
[13] methods have provided a reasonable description
of the protonation states of the surface functional
groups, which are constant in our simulations. Our
particular approach ensures consistency between the
mineralogical force field and the AMBER force field
commonly used in biochemical research [14,15]. In
addition, consistency with AMBER allows the use of
the extended simple point charge (SPC/E) water
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model for investigation of surface solvation. The
SPC/E potential has been extensively tested in a
variety of contexts associated with ion and surface
solvation, and moreover, is known to give good
dielectric behavior [16—-19]. The SPC/E model is also
less demanding computationally than, for example,
the polarizable/dissociable model employed by
Rustad et al. [3] and can be used in much larger
systems for longer times.

Our goethite models have been parameterized for
use as either a 2D periodically replicated mineral
slab or as a finite mineral fragment. Simulations
using slabs are able to predict surface properties
without the influence of edges, which often makes
them preferable to simulations employing small
mineral fragments. However, there are several
situations where a fragment model has distinct
advantages over the corresponding slab model. For
computer simulations in constant pressure ensem-
bles (i.e. NPT or wPT) the pressure is held constant
and the volume of the simulation is allowed to
fluctuate. These volume fluctuations are defined by
corresponding fluctuations in the length of the
simulation cell sides. When simulating crystalline
mineral slabs, the mineral’s rigid nature hinders
these fluctuations. For instance, a slab periodically
replicated in the xy-plane would restrain the
dimensions of the plane and pressure equilibration
would rely on fluctuations in the z-cell length. For
many applications such as modeling clay minerals,
this is of no concern. However, there are other cases
where this restraint is a significant perturbation and
unwanted. An example of such a situation is when a
rigid slab model is used in a NPT simulation with a
slab model for a liquid crystal. The mineral places an
undesirable restraint on the motion of the liquid
crystal and modifies the properties of the system.
This situation is remedied by using a mineral
fragment, since the volume fluctuations are not
restricted.

The crucial part of the mineral model develop-
ment, as with any classical molecular model, is the
development of an accurate potential. The potential
energy parameters were determined for a small
mineral fragment and for a periodic slab. The small
mineral fragment was designed to reproduce the
potential interactions of the mineral surface while
minimizing the influence of the edges. This was done
by fitting the mineral fragment point charges to the
mineral slab electrostatic potential (ESP), which was
obtained from a periodic Hartree—Fock calculation.
The values of the ESP fit charges fall within the same
range as those based on Mulliken charges and
on small cluster restricted high-spin open-shell
Hartree—Fock (ROHF) calculations. However, min-
eral fragment point charges derived in this manner
reproduced the bulk slab ESP much better than the
Mulliken charges. Parameters for the slab potential

were taken from the center region of the fragment.
The slab model was then used to test for the
influence of the edges on the properties of the
fragment model.

A comparison of the radial distribution functions
for water molecules with the (110) mineral surface of
the two models reveals that the structuring of the
solvent near the mineral surface is very similar. This
indicates that the fragment model is appropriate to
study the solution structure near the (110) mineral
surface. The distribution functions show distinctive
structuring of the solution near the mineral surface.
A few water molecules interact strongly with the
mineral surface, forming into ordered rows across
the surface. And a layer of increased solvent density
develops 2 A from the first solvent accessible plane of
the mineral surface. The orientation of water
molecules associated with these two features is not
isotropic and results in each possessing a net dipole
moment.

MINERAL MODEL

The intramolecular potential parameters used in
Eq. (A1) (see Appendix A) for the mineral models
were K, =5.0%X10°kJ/(molnm?) for Fe-O bonds,
Ky =5.0x 10°kJ/(mol radian?) for Fe-O-Fe and
O-Fe-0O angles, and V,—4/2 =4.184kJ/mol for
O-Fe-O-H dihedral angles. The intermolecular
Lennard-Jones parameters for hydroxyl groups
were taken from the AMBER force field and
parameters for iron were adapted from Giammona
[20]. The values of the equilibrium positions r.q and
Beq for the (110) plane were taken directly from the
structure of Rustad et al. [3,21] and have been omitted
due to their large number. The mineral structure at the
equilibrium positions is shown in Fig. 1. Stiff force
constants were chosen in order to simulate a rigid
structure. Bonds and angles formed with hydrogen
were fixed using SHAKE [22]. The value for V,, was
chosen to be in agreement with other torsional
potentials for hydroxyl groups in the AMBER force
field. This allowed the surface hydroxyl groups to
rotate during the course of the simulation. All values
of V,, for torsions other than surface hydroxyl groups
were set to zero, since these motions are restrained
due to the rigid nature of the crystalline structure.
The atom-centered point charges g; of Eq. (Al)
were determined using the RESP method [23] as
implemented in NWChem [24]. The charges were fit
to the ESP of a 2D goethite slab based on a periodic
Unrestricted Hartree—Fock (UHF) calculation using
CRYSTAL98 [25,26]. These calculations were per-
formed on the slab in order to accurately paramete-
rize the electrostatic potential of the bulk mineral
[27]. Coordinates for the slab unit cell were taken
from Rustad et al. [3,21], with a unit cell consisting of
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FIGURE 1 The goethite mineral fragment and dipole orientation axes. Iron atoms are rendered in gold, oxygen atoms in red, and
hydrogen atoms in white: (a) the (110) goethite surface; (b) the edge of the goethite fragment model. (Colour version available online)

54 atoms. This corresponds to three goethite bulk
unit cells with 16 atoms each and two dissociated
water molecules used to terminate the (110) surface.
The slab is therefore three bulk unit cells thick in the
direction of the z-axis and replicated in the x- and
y-axes. A 6-31G* basis set was used [28—-30] after two
modifications. The most diffuse iron sp-function was
excluded to avoid possible linear dependencies and
the iron f-function was excluded, since CRYSTAL98
does not allow for functions of higher angular
momentum than d. The high-spin antiferromagnetic
solution was obtained.

The UHF wavefunction was used to produce a set
of ESP values, which were fit by atom-centered point
charges of a mineral fragment. Values of the ESP
were determined over a regular grid of points
ranging from no closer than 2 A from surface atoms
to 5A. Point charges were fit to a total 4204 grid
points by the RESP method. Varying ranges and
densities of ESP points were tested and showed little
effect on the resulting charges over a wide range.

The mineral fragment consisted of 978 atoms and
is shown in Fig. 1. The (110) surface corresponds to
15 slab unit cells in a 5 X 3 arrangement as displayed
in Fig. 2a. The edge of the fragment is shown in
Fig. 2b. It has a 1 X 3 arrangement of slab cells, where
each of these is composed of three bulk unit cells. The
edge sites created by using a small subsection of the
infinite slab were terminated by 56 water molecules.
Two methods of terminating the edges were

compared, one with no dissociation of water
molecules and one with partial dissociation. Both
methods produced similar point charges and
reproduced the ESP above the (110) surface well.
The edge sites of the final model were terminated
with partially dissociated water molecules, because
the edge termination did not noticeably affect the
properties of the (110) surface. Some water molecules
were bonded to iron atoms through their oxygen
atoms and some were dissociated. Dissociated water
molecule hydroxyl groups were bonded to iron
atoms on the mineral surface and a hydrogen atom
was bonded to the neighboring mineral oxygen
atom. The edge sites were terminated prior to the
RESP fitting procedure.

The RESP fitting procedure was done with the
addition of several constraints. All of the 15 bulk slab
cells were constrained to have zero net charge. For
each slab cell, symmetrically equivalent atoms were
constrained to have equal charges. As shown in
Fig. 2a, the cells were also divided into five cell types
that were constrained to have equivalent point
charges. Water molecules used to terminate the
edges, not the (110) face, were constrained to have
equal point charges. The variability of the Mulliken
oxygen charges was much greater than those of the
iron or hydrogen charges. In the RESP fitting all iron
atoms were constrained to have 1.6 charge and all
hydrogen atoms were constrained to have 0.5¢
charge. These values fall within the range of charges
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FIGURE2 Color coded representations of the goethite fragment simulation cells. (a) The (110) mineral surface consisting of a 5 X 3 surface
of slab unit cells with varying edge terminations depending on location. Each mineral cell is designated by a number in the right diagram.
Cells with equivalent numbers were constrained in the RESP fitting procedure to have equivalent point charge. The cell labeled 5’ was used
for the mineral slab model. (b) The mineral fragment model viewed from the side. Each slab unit cell is composed of three bulk unit cells

with terminating atoms. (Colour version available online)

based on ROHF calculations of a cluster as shown in
Fig. 3. The point charges of a mineral fragment were
derived from the ESP of a 2D-slab. This causes the
edge sites to be located relatively far from the ESP
grid points and fixing the iron and hydrogen charges
helped assure the integrity of resulting ESP. This
leaves the charges on the oxygen atoms as the fitting
parameters. The resulting distribution of charges for
the oxygen atoms is shown in Figs. 4 and 5.

Cluster calculations could have been used to
determine the charges of the atoms alone. However,
unambiguous assignment of atom charges requires
the use of large clusters. Also, the local electronic
structure of surfaces can be different from that of

(Q:-149¢
H: 0.66e

(:-083 ¢
H: 043¢
Fe: 1.70 &
0: 047 e
H: 0.26 ¢
(:-11le
H: 0.49¢
O:-1Me

H: 0.46 e

FIGURE 3 A small cluster based on the Rustad et al. [3] structure
for goethite. The charges were obtained by the RESP method and
are shown for some atoms. The ROHF method was used with a
6-31G* basis set. (Colour version available online)

bulk and conclusions drawn from cluster calcu-
lations may be misleading [31]. The use of Mulliken
charges exclusively is prone to variable ESP
signatures based on basis set size. For this system,
the calculated Mulliken charges do an inadequate job
of quantitatively reproducing the ESP of the mineral
surface. However, by fitting the oxygen charges
using the RESP method the proper ESP is obtained as
shown in Fig. 6.

COMPUTATIONAL METHODS

Classical molecular dynamics simulations of the
mineral-water system were performed using the
high-performance parallel computational chemistry
package NWChem [24]. All equilibrium averaging
was performed in the NPT ensemble using periodic
boundary conditions. A target temperature of 300 K
was maintained using Berendsen’s thermostat with
a temperature relaxation time of 0.1ps [32]. The
target pressure of 1.025X 10°Pa was maintained
using Berendsen’s piston with a pressure relaxation
time of 0.5 ps and a system compressibility of 4.53 X
107 m2N~! with anisotropic coordinate scaling.
The leapfrog integration method was used with a
2fs time step [33]. A shorter time step was not
needed, because constraints removed vibrations
involving hydrogen. A 1.0nm cutoff was used for
long and short-range interactions. The Coulomb
part of the potential energy was evaluated for the
periodically replicated system using the smooth
particle-mesh Ewald method with 32 grid points
per dimension [34]. The SPC/E water model was
used [35]. Each SPC/E water molecule consists of
three atomic sites and has a rigid geometry with
bond lengths of 1A and a tetrahedral bond angle
of 109.47°.
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FIGURE4 The distribution of oxygen charges for the goethite fragment. Charges for the oxygen atoms were determined from the RESP fit

to the bulk slab electrostatic potential.

Mineral Fragment

The mineral fragment shown in Fig. 1 was placed in a
5.52nm X 6.85nm X 5.00nm box of 5869 water
molecules. The system was allowed to equilibrate
for 1ns in the NPT ensemble. After equilibration the
new box dimensions were 3.44nm X 4.74nm X
3.91 nm. This system was re-solvated in a 7.00 nm X
7.00nm X 7.00nm box with 10831 water molecules
and a 1.2ns trajectory was obtained of the
resulting mineral water system. The box
dimension had equal sides, which fluctuated about
6.94nm in length. Property averaging was done after
the first 200 ps.

Chargele
@ 13000 1.60

@ 10010 130
@ 06910 1.00
© 03910 069
© 00910 0.39
) 02110 0.09
@) 05110021
M 08210051
11210082
® - 1420112
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FIGURE 5 The distribution of atomic charges for the goethite
fragment. Iron atoms have a charge of 1.6e and hydrogen atoms
have a charge of 0.5e. Charges for the oxygen atoms were
determined from the RESP fit to the bulk slab electrostatic
potential. (Colour version available online)

Mineral Slab

The mineral slab model was developed from the
mineral fragment. Force field parameters were taken
from the 5’ slab unit cell in the center of the fragment
shown in Fig. 2a. This cell was chosen since of all the
cells, the central cell is in an environment most
closely resembling a slab. A 2.40nm X2.20nm
surface of 864 atoms was formed from 16 slab unit
cells. The average distance between the centers of the
mineral layers in the NPT ensemble was 14.26 nm
and the volume between the mineral layers was
filled with 2301 water molecules. This was used as
the starting configuration for a 1ns molecular
dynamics simulation in the NPT ensemble. Property
averaging was done after the first 100 ps.

RESULTS AND DISCUSSION

The periodic UHF ESP for the (110) goethite slab
predicts distinctive alternating positive and negative
regions as shown by the left image in Fig. 6.
Capturing this feature is an essential element in
accurately parameterizing the classical simulations
of the goethite mineral, because electrostatic inter-
actions play a significant role in the system’s
behavior. The bulk slab ESP was used in the RESP
fitting procedure for the mineral fragment point
charges. The resulting point charges produce an ESP
above the mineral fragment (110) surface that closely
resembles that of the bulk material as shown in the
comparison made in Fig. 6. This design is intended
for future introduction into bacterial membrane
simulations where a periodically replicated mineral
surface would have undesirable consequences.
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FIGURE 6 The goethite fragment electrostatic potential. The figure on the left is the electrostatic potential calculated from the periodic
Unrestricted Hartree—Fock wave-function. It may be replicated in the xy-plane (plane of the figure) to reproduce the ESP of the mineral
slab. The dimensions shown here are 5 unit cells in width and 3 unit cells in height, which corresponds to the surface dimensions of the
fragment. The figure on the right is for the mineral fragment and is calculated from the set of RESP point charges. For both figures, the
—25e-k]J/mol isosurface is red and the 25e-kJ/mol isosurface is blue. (Colour version available online)

The average structure of the mineral-water
interface is shown by radial distribution functions
in Fig. 7. Distribution functions are presented for
both the slab and the fragment models. These
functions were derived from water molecules
located directly above the (110) surfaces of the

5.00 ————1——

minerals. Water molecules were sampled from a set
of cylinders (15 per side for the fragment and 12 per
side for the slab) centered on surface atoms
with 4.0A radii. The cylinders were made large
enough to overlap, however, water molecules were
only counted once. Plots were normalized using

4.00 n

3.00

2.00

1.00-

0.00 —*

— Mineral Fragment
== Mineral Slab

FIGURE 7 The radial distribution function for the mineral fragment. The z-axis represents the distance of water oxygen atoms to z = 0,
which corresponds to the center of the mineral. The distribution is restricted to water atoms above the (110) mineral surface.
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FIGURE 8 Snap shots of the mineral fragment in water. Iron atoms are rendered in gold, oxygen atoms in red, and hydrogen atoms in
white. Water molecules are displayed for regions of the g(z) plot shown in Fig. 7. Hydrogen bonds are represented by green dashed lines
and were shown for non-bonded O-H distances that are less than the sum of the van der Waals radii. (a) A configuration displaying the
water molecules of peak a from Fig. 7, where z = 0.0 A to z = 7.4 A. Water molecules in this region are close to the mineral surface. They are
arranged in six rows parallel to the x-axis (Fig. 1a), which is normal to the plane of the page. (b) A configuration displaying the water
molecules of peak b from Fig. 7, where z = 8.0 A to z = 8.4 A. Water molecules in this region typically form multiple hydrogen bonds to the
mineral surface. (c) A configuration displaying the water molecules of peak ¢ from Fig. 7, where z = 8.7 A to z = 9.1 A. Water molecules in
this region typically form single hydrogen bonds to the mineral surface. (Colour version available online)

the sampling volume, which was determined by
scaling the sum of the cylinder volumes by the ratio
of uniquely sampled water molecules to the total
number found in all cylinders. This method of
sampling was used in order to view the water
molecules next to the (110) surface of the fragment
only (excluding the water structure of the fragment
edges), facilitating comparison between the slab and
fragment models. The center of the mineral

corresponds to z= 0 on the graph and is oriented
in the same manner as in Fig. 1b. Four peaks are
evident near the surface of both mineral models and
labeled a, b, ¢, and d in order of their increasing
distances from the surface.

Three snap shots for the mineral fragment are
displayed in Fig. 8a—c. These images show water
molecules taken from z-axis regions corresponding
to the first three peaks in Fig. 7. Configurations
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represent water molecules sampled by the radial
distribution function in the region of the peak. Only
water molecules falling outside of the sampling area
were excluded. A snap shot of peak d was excluded
since the region is too distant for hydrogen bonding
to the surface. All configurations were taken from the
same time step, which was chosen at random.

Water molecules for peak a in Fig. 7 are shown in
Fig. 8a. The peak is tall, thin, and the right side nearly
touches the g(z) = 0 baseline. This is indicative of
tightly bound water molecules and their exchange
with bulk solvent is slow or non-existent. The
configuration snap shot for this peak shows water
molecules forming a row across the surface of the
mineral. Molecules are oriented with one hydrogen
pointed down toward a mineral surface oxygen atom
forming a hydrogen bond. These surface oxygens are
bound to three iron atoms and no hydrogens. Their
point charges fall between —1.42 and —1.12 as
shown in Fig. 4. Other hydrogen bonds are
established between water molecules and neighbo-
ring surface hydroxyl groups (on either side of the
water molecule row) or with water molecules to one
another.

The second peak going out from the mineral
surface is labeled b and a configuration snap shot for
this peak is shown in Fig. 8b. Water molecules in this
region still have the opportunity to form multiple
hydrogen bonds with surface hydroxyl groups.
Solvent molecules from peak b also form hydrogen
bonds with those of peak c. They are located close to
peak ¢ and the formation of the second hydrogen
bond pulls them slightly closer to the mineral
surface. The water molecules of peak ¢ form single
hydrogen bonds to the mineral either through their
oxygen or hydrogen atoms. The solvent molecules of
peaks b and ¢ form a water layer over the surface of
the goethite mineral with an increased density
compared to bulk water. Water molecules in this
region would compete with ions or organic
molecules for interaction sites on the goethite
surface. The existence of this layer will therefore
play an important role in adsorption processes at the
goethite surface. Finally, the water molecules of peak
d, for which a configuration snap shot is not shown,
form a broad peak around 4A from the location of
peak a. These molecules are too far from the mineral
surface to directly hydrogen bond to it. They are
most likely the result of hydrogen bonds between
water molecules of peak d with those of peak c. There
is no significant solution structuring beyond this
distance. The experimental results of Cheng et al. [11]
show similar water density oscillations for the mica—
water system as those reported here.

The radial distribution functions show the average
water molecule location relative to the mineral
surface but do not contain information about the
orientation of the molecules. Orientation structuring

occurs near the surface of the mineral, further
altering the properties of the water from those of
bulk solution. The average orientation of the water
molecule dipoles is shown in Fig. 9a—d. The water
dipole points from negative to positive and is
coincident with the molecular C, axis. The angle of
the dipole with respect to the z-axis (shown in Fig. 1b)
is 6, where 0 = 6 = 180. For 6 = 0° the dipole points
away from the surface and for 6 = 180° the dipole
points toward the surface. The angle of the
xy-projection of the dipole with respect to the y-axis
is ¢, where 0 = ¢ < 360. With respect to Fig. 1a, the
dipole projection points down the page for ¢ = 0°, to
the left for ¢ = 90°, up the page for ¢ = 180°, and to
the right for ¢ = 270°. The probability that the water
dipole has a given orientation of 6 and ¢ is given by,

P(6,6) = POP) 0
h
ey =S and (> 100, O

where P(0) and P(¢) are the probabilities that the
dipole has an orientation with the specified angles,
(h(>)) is the average number of dipoles of a given
orientation, (n) is the average total number of dipoles
sampled, and N(>) is the angular dependent
normalization. The angular dependence of N is
only necessary for P(0) because the sampling volume
is a ring whose diameter is a function of the angle.
The orientation probabilities for water molecules
in peak a of Fig. 7 are shown in Fig. 9a. Of all the
radial distribution peaks, molecules in this region
show the strongest deviation from bulk orientation.
The figure shows two main peaks at (0 = 124°, ¢ =
112°) and (0 = 124°, ¢ = 248°) corresponding to rows
of water molecules, which are evident in Fig. 8a. The
water molecules are oriented with one hydrogen
directed toward the mineral surface. The other
hydrogen points in the direction of the next water
molecule in the row. These may point in the positive
or negative x-axis direction, thus forming two
orientation peaks. The peaks are not located at
values of ¢ that are exactly 180° from each other due
to the water molecules rotating about the hydrogen
atoms directed toward the surface and forming
additional hydrogen bonds with mineral hydroxyl
groups. The orientation § = 124° is strongly favored,
giving these solvent rows a net dipole moment with
a z-projection pointing toward the mineral surface.
The orientation probabilities for water molecules
in peak b of Fig. 7 are shown in Fig. 9b. There are
three main probability peaks. A number of configu-
rations were observed at various times during the
simulation and all water molecules with dipoles
within * 5° of the peak values for § and ¢ were found
forming multiple hydrogen bonds to mineral surface
hydroxyl groups. Peak b of Fig. 7 has a net
dipole with a magnitude less than that of peak a.
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FIGURE 9 The probability P of finding the water molecule dipoles with an orientation determined by 6 and ¢. The angle of the dipole
with an axis normal to the plane of the mineral surface is 6, where 0 = 6 = 180. For 6 = 0° the dipole points away from the surface and for
6 = 180° the dipole points toward from the surface. The angle that determines the orientation of the vector in the plane of the surface is ¢,
where 0 = ¢ < 360. With respect to Fig. 1a, the dipole points down the page for ¢ = 0°, to the left for ¢ = 90°, up the page for ¢ = 180°, and
to the right for ¢ = 270°. Orientation of the water molecule dipole of Fig. 7: (a) peak a; (b) peak b; (c) peak c; (d) peak d. (Colour version

available online)

The orientation probability for water molecules in
peaks c and d are shown in Fig. 9¢,d. The orientation
surface for the radial distribution peak ¢ shows that
the z-projection of the net dipole points away from
the mineral surface. The xy-projection will be small
in magnitude and point toward negative y. The
orientation results for peak d show a situation
approaching bulk water behavior.

CONCLUSIONS

The slab model for goethite is appropriate for
simulations such as predicting the adsorption free
energy for organic molecules. Here the rigid nature
of the mineral does not place unwanted restraints on
the adsorbate. However, care must be taken to insure
that the periodic mineral images are far enough apart
so the confined solvent has bulk properties. The
fragment model alleviates the structural effects that
result from confining solvent molecules into slit
pores and allows water molecules to flow between its
surface and another without the use of grand
ensemble methods [36]. It is also small enough to
avoid the long equilibration times associated with
water adsorption from the edges of layered systems.
Most importantly for our future use of the model in
biogeochemical studies, rigid constraints associated
with periodic cell lengths in the plane of slab models

have been removed while retaining realistic model
behavior.

The mineral fragment model developed here
reproduces the behavior of the goethite (110) surface
with minimum influence of the edges. This was done
by parameterizing the mineral atom-centered point
charges using the results of a 2D-periodic Hartree—
Fock calculation of the bulk slab. The result is a
fragment model that accurately reproduces the
electrostatic signature of the goethite surface as
calculated from ab initio methods. The slab and
fragment models are in close agreement on the
structural features of mineral-water interface.
Therefore no significant measurable effects, due to
the existence of the edges, were witnessed in the
structural characteristics of the solvent molecules
located above the fragment surface.

Simulations of the water—mineral interface show
distinct structural characteristics of solvent mole-
cules near the surface. Four solution regions are
clearly evident from the radial distribution functions
of Fig. 7. Each region has its own unique hydrogen-
bonding network. The mineral’s influence on water
structure is clearly seen for about 5.5 A from the first
solvent accessible plane near the mineral surface out
into solution. A small group of molecules interacts
strongly with the surface and their exchange with
bulk solution is limited. Further from the mineral
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surface, the water molecules form a layer with
increased density relative to that of bulk. Molecules
of this layer form hydrogen bonds directly to the
mineral surface and with each other. These average
structural features of the solution possess anisotropic
molecular orientations, which result in net dipole
moments. This behavior is related to the mineral’s
hydration thermodynamics and will affect adsorp-
tion processes at its surface.
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APPENDIX A

The goethite mineral model was developed within
the AMBER force field. The potential energy of the
mineral is therefore,

Etotal = ZKr(r - 7’eq)z + ZKO(G - eeq)z

bonds angles

+ Zﬁ [1+ cos(np — )]

dihedrals2

Aj By | g
+Y | (A1)
2 R R eRy

where K, is the force constant for the bond length
1, Teq is the equilibrium bond length, K, is the force
constant for the angle 6, 0.4 is the equilibrium
bond length, V, determines the magnitude of the
dihedral potential, n is the number of minima in
the dihedral potential term, ¢ is the dihedral
angle, y controls the dihedral potential phase, A;
and Bl-]» are Lennard-Jones parameters, Rz-j is the
non-bonded distance between atoms, g; is the
charge on atom i, and € is an R; dependent
dielectric constant (e = 1 for this work). This is the
same equation as used by Cornell et al. [5] and a
detailed description may be found therein. The
first two terms represent bonds and angles as a
diagonal harmonic expression and third term is
the dihedral potential. Intermolecular interactions
are represented in the last term as a sum of a
6-12 potential and electrostatic interactions. Intra-
molecular electrostatic and van der Waals inter-
actions are only calculated between atoms
separated by at least three bonds.

Using the AMBER force field to parameterize the
mineral model required the parameters req, Ocq, 7,
and vy from Eq. (Al). In order to reproduce the
structure from Rustad ef al. [3,21] new atom types
were introduced, which differed from their AMBER
counterparts only by the labels used (i.e. OH — Oa,
Ob, etc.). This enabled us to reproduce the bonds,
angles, and dihedrals of the mineral without
introducing regions of internal stress. A computer
program was developed for calculating equilibrium
bonds, angles, and dihedrals for the goethite mineral
model using AMBER style atom types. The program
insured that duplicate atom types did not cause
inconsistencies in the force field, which was further
verified by analysis of intramolecular forces.



