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ABSTRACT: Toward the development of classical force
fields for the accurate modeling of clay mineral-water systems,
we have extended the use of metal-O—H (M—O—H) angle
bending terms to describe surface Si—O—H bending for
hydrated kaolinite edge structures. Kaolinite, comprising
linked octahedral Al and tetrahedral Si sheets, provides a
rigorous test by combining aluminol and silanol groups with
water molecules in hydrated edge structures. Periodic density
functional theory and classical force fields were used with
molecular dynamics to evaluate the structure, dynamics,
hydrogen bonding, and power spectra for deriving optimum
bending force constants and optimal equilibrium angles.
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Cleavage energies derived from density functional theory molecular dynamics calculations indicate the relative stabilities of both
AC, and AC, edge terminations of kaolinite where Si—OH and Al—(OH,) or Si—OH, Al-OH, and Al—(OH,) groups exist,
respectively. Although not examined in this study, the new Si—O—H angle bending parameter should allow for improved
modeling of hydroxylated surfaces of silica minerals such as quartz and cristobalite, as well as amorphous silica-based surfaces
and potentially those of other silicate and aluminosilicate phases.

B INTRODUCTION

Atomistic simulations of aluminosilicate clay minerals and
related layered phases have seen widespread use over the past
20 years, providing molecular-level insight into structural and
dynamic properties of their hydrated interlayers and interfaces
for a wide variety of applications in fundamental science and
engineering, including spectroscopic and structural character-
ization of clay interlayers and aqueous interfaces,'” clay
swelling phenomena and fossil energy extraction,” ' clay—
polymer nanocomposites,'' ~'® fate and transport of contam-
inants in the subsurface,'”~*° and underground disposal of
waste products from energy production.”' ™ Many of the
aforementioned simulation studies were performed at the
classical level of theory using approximate energy expressions
in the form of force fields (FFs). Large compositional and
structural diversity of clays requires large system sizes and long
time scales accessible with FF-based classical molecular
dynamics (CMD) simulations to allow for the realistic
computation of macroscopic observables such as structural
parameters, transport properties, and adsorption properties.
The continued use and success of clay-based FFs to predict
experimentally accessible properties are due in large part to the
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development of robust, transferrable FFs specifically for
layered minerals and their fluid interfaces.”*™>’

In the present study, we focus on ClayFF,” which consists
primarily of nonbonded electrostatic and van der Waals
interactions, allowing for efficient simulation while still
maintaining natural flexibility within the clay layers. Frame-
work flexibility is particularly important for accurately
simulating molecular momentum transfer at the mineral—
fluid interface. ClayFF has been used extensively to simulate
bulk properties of clays and the interaction of fluids at their
basal surfaces and interlayers. However, the extension of
ClayFF to accurately model crystal edge surfaces requires a
new parameterization of surface hydroxyl groups either already
present in the crystal or satisfying dangling bonds as a result of
mineral cleavage or growth/dissolution processes. In particular,
M-0-H angle bending parameters (where M is a layer metal
atom or cation such as Si, Al, or Mg) were not fully developed
in the original parameter set.”” At a minimum, an M—O—-H
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angle term prevents instabilities resulting from local structural
disorder.””™* The strong hydrogen bonds (HBs) observed
between hydroxyl groups at the edge surface by ab initio
simulations in clay minerals® likely contribute to the overall
cohesion of these surfaces. Similar to force field improvements
that result in stronger M—O interactions,”” the parameters that
restrain the orientation of the edge hydroxyl groups act to
mechanically stabilize the interfacial hydrogen bonds, thus
preventing unphysical dissociation of surface hydroxyl groups
into the fluid phase and allowing one to realistically model
finite-size clay nanoparticles in classical atomistic simulations.

We have previously developed ClayFF-compatible M—O—H
angle bending terms for Mg and Al atoms in octahedral
coordination, guided by periodic quantum calculations using
the density functional theory (DFT) on end-member layered
phases brucite, Mg(OH),, and gibbsite, Al(OH);.*** In this
work, we continue the development of M—O-—H angle
bending terms for ClayFF—hereafter referred to as ClayFF-
MOH—specifically for silanol (Si—O—H) groups that exist at
cleaved surfaces of clay minerals containing siloxane sheets. In
the evolution of our previous work, the structural models used
for Si—O—H parametrization were based on the neutral end-
member clay mineral kaolinite.

Kaolinite, AL,Si,O;(OH),, occurs extensively in numerous
soil and sedimentary environments and has a significant impact
on many geochemical, environmental, and technological
applications primarily due to its occurrence and stability
under a broad range of temperature, pressure, and chemical
conditions.” Like all phyllosilicate clay minerals, kaolinite is
characterized by a polymerized structure of SiO, tetrahedra
(T) occurring as a siloxane sheet, which, in the case of
kaolinite, is linked to a single sheet of Al0,(OH), octahedra
(O) to form a repetitive TO layered structure. Only two of the
three available octahedral sites in the Al sheet are occupied,
thereby leading to the dioctahedral designation.*’ The
coordination environment of each Al includes one inner
hydroxyl group and three hydroxyl groups on the basal surface.
Typically exhibiting ideal stoichiometry and with limited
impurities, kaolinite has no net layer charge. Hydrogen bonds
between basal hydroxyl groups of the O sheet and the basal
siloxane oxygens of the T sheet result in stable TO-TO
interactions that ultimately create the booklike crystal habit
extending along the c-axis."" The hexagonal-based atomic ring
structures of the Si(T) and Al(O) sheets result in hexagonally
shaped macroscopic crystals with terminating edge structures
that are the main focus of this computational study.

It has been understood for quite some time that edge sites
contribute strongly to kaolinite surface area and charge
development.*” Several periodic DFT studies have examined
adsorption and chemical properties of cleaved edge surfaces of
kaolinite. Kremleva et al.”> modeled the adsorption of UO,*"
ions on the (010) edge surface in the presence of a monolayer
of water. Their preliminary calculations determined that the
most stable protonation state at the edge consists of one Al
atom per unit cell coordinated by one OH group and one OH,
group,43 which is consistent with the model edge surface used
in the present study. The relative stabilities of various
terminations of edge surfaces exposed to water have been
studied by Liu and co-workers using DFT-MD simulations
initially to determine stable coordination environments for
edge Al and Si atoms™* as well as surface pK, values.*’ These
studies provide insights into the local coordination environ-
ment at hydrated kaolinite edges under different pH

conditions, which will aid in the construction of model
surfaces for FF simulations of kaolinite—water interfaces.
Although the surface chemistry must remain fixed during FF
simulations, interfacial properties at larger scales can be
modeled at different solution or pH conditions based on the
DFT-predicted protonation states.

Our methodology in developing and testing Si—O—H angle
bending parameters is similar to that in our previous works on
octahedrally coordinated metal atoms (Al-O—H and Mg—O—
H).”®* The new Si—O—H angle bending parameters are
derived for kaolinite edges based on comparisons of structural
and vibrational properties of edge silanol groups with the
results of DFT-MD simulations. Additional validation is
provided through detailed comparisons of hydrogen bonding
properties at hydrated kaolinite edges, demonstrating the
compatibility of multiple M—O—H angle terms in the same
energy expression.

B STRUCTURAL MODELS AND EDGE
TERMINATIONS

The unit cell of the kaolinite ALSi,O;(OH), crystal was
constructed based on the X-ray diffraction data of Neder et al.,
which provides cell parameters of 5.15 X 8.94 X 7.40 A3 a =
91.69°, y = 104.61°, and f = 89.82°."° The positions of
hydrogen atoms and the orientations of the structural OH
groups were further verified using neutron powder diffraction
data.*” The edge models of kaolinite were built from this unit
cell by cleaving the bulk crystal along the corresponding
crystallographic plane.

The most commonly observed kaolinite edge surfaces are
(010), (110), and (110).** The (010) edge model was built
from a 2 X 1 X 2 supercell cleaved along the corresponding
planes. To build the (110) and (110) edge models, the unit
cell was doubled along the [001] direction and multiplied
along the direction orthogonal to the cleavage plane by a factor
to obtain the same bulk formula as the (010) edge model (i.e.,
AlgSig0,,(OH);4). The cleavage planes were slightly translated
with respect to the crystal structure to minimize the number of
dangling bonds, which revealed the (010) and (110) edge
models as structurally equivalent and correspond to the AC
chain type, whereas the (110) surface corresponds to the B
chain type.”” Both edge types have been featured in the
published DFT studies of kaolinite edge structures.””™* The
AC- and B-edge models and the bulk supercell were
equilibrated using DFT-MD NVT-ensemble simulations
(number of particles N, volume V, temperature T = 300 K),
and average energies were obtained from subsequent constant
potential energy (E) NVE-ensemble simulations (Table 1).
Reorientations of the hydroxyl groups were readily observed at
this temperature, and sampling these various configurations

Table 1. Energies of Cleavage (AE,,,,) and Water
Desorption (AE?;SOMP) for the Two Types of Kaolinite Edge
Surfaces, Calculated as Averages of Total Energies at T =
300 K from NVE-Ensemble DFT-MD Simulations”

edge type edge surface area (A%) AE,,, (kcal mol™! A~%)
AC? 295 0.032
B¢ 213 0.140

“Refer to Figure 1 for the corresponding snapshots. quuivalent to
(110). “A water molecule is spontaneously desorbed during
equilibration.
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leads to a more realistic estimation of the surface energy than
the static approach.

DFT-MD snapshots of the AC- and B-edges are shown in
Figure 1. During equilibration, a water molecule is

AC edge / (010)

B edge / (110)

Figure 1. Kaolinite dry edge surfaces: snapshots from DFT-MD.
Yellow, Si atoms; pink, Al atoms; red, O atoms; white, H atoms. The
axes refer to the AC-edge model only.

spontaneously desorbed from a B-edge Al site while all the
AC-edge Al sites remain 6-coordinated. The cleavage energies
per surface area are defined as

Eedge - (Ebulk + nEHZO, gas)
AEcleav = A (1)

where E.4. Epuw and Epy,og,, are the DFT-MD average

energies obtained, respectively, for the edge models, the bulk
model, and an isolated water molecule in a 15 X 15 X 15 A3
box, and A is the total surface area of the respective edge
model.

The dangling bonds were satisfied using chemi- or
physisorption of H,O molecules to obtain bulklike AlIO4 and
SiO, coordinations, resulting in a zero net charge. In the
periodic model, adjacent mineral slabs were separated by a 15
A vacuum region. The resulting AC, surface was terminated by
SiOH and Al(OH)(OH,) groups, and the resulting AC, and B
surfaces were terminated by SiOH and Al(OH,) groups. The
cleavage energies of the AC- and B-edge models are,
respectively, 0.032 and 0.140 kcal mol™" A~ Therefore, we
selected the kaolinite AC-edge as a representative structural
model. According to the free energy calculations of Liu et al,*
for a neutral model, an AC, surface—*“(110)-2” in their
paper—will consist of both S- and 6-coordinated Al sites,
whereas an AC, surface—“(110)-1” in their paper—essentially
consists of 6 coordinated Al sites. According to their pK,
calculations,* kaolinite edge surfaces consisting of SIOH and
AI(OH)(OH,) forms are likely to exist in neutral or
moderately acidic conditions due to their respective pK,
values of 6.9 and S5.7.

Two model sizes were considered for subsequent calcu-
lations. The preliminary static calculations and the DFT-MD
simulations were based on a 2 X 1 X 2 supercell, and the CMD
simulations were based on a 4 X 2 X 4 supercell. To represent
the complexity of a mineral surface consisting of S- and 6-
coordinated Al sites with a certain spatial distribution, the size
of the model needs to be sufficiently large, which is not the
case of the 2 X 1 X 2 supercell. Therefore, all Al atoms on the
AC, edge surface were coordinated by one OH group and one
OH, group.

B METHODS

DFT. Periodic DFT calculations used the Perdew—Burke—
Ernzerhof functional and the D3 dispersion corrections of
Grimme et al’® The Gaussian and plane wave (GPW)
scheme®' was used with a split-valence double-zeta basis set
using a single set of polarization functions,”> Goedecker—
Tetter—Hutter pseudopotentials,”” and a plane wave cutoff of
350 Ry for the density grid. Together with the plane wave
cutoff, additional GPW settings (relative cutoff, SCF
convergence criterion, precision in the calculation of the
Kohn—Sham matrix) enabled a small error in the calculated
forces (<107*). The wave function was sampled at the I" point.
CP2K software® was used for all DFT calculations.

Force Field Parameters. For classical MD simulations, all
FF parameters, except for the Si—O—H bending term, are
presented in Table 2. The nonbonded parameters were taken

Table 2. Force Field Parameters

g \12 rf.
nonbonded”: E 2 2

nonbonded —

41190;' [
€

species atom type q (e) (kcal mol 1) T s (A)
tetrahedral Si st 2.1000
octahedral Al ao 1.5750 1.3298 x 107° 4.2718
hydroxyl O oh —0.9500 0.1554 3.1655
hydroxyl H ho 0.4250 0.000 0.0000
water O o* —0.8200 0.1554 3.1655
water H h* 0.4100 0.0000 0.0000
g, = D1 - P
bond Dy (kcal mol™) a (A™) ro (A)
oh-ho” 132.2491 2.1350 0.9450
Epomonic = k(r = ro)?
bond k (kcal mol™ A~2%) ro (A)
o*-h*¢ 554.13 1.0000
Bt e = k(0 — 6,)°
angle k (kcal mol™ rad™?) 0, (deg)
h*-o*-h*¢ 45.770 109.47
ao-oh-ho? 15 110

“Original ClayFF parameters® with o, o = 1/2(6 0p) and €, =
(e,8 )1/7' bSet for dioctahedral clays.>* “Ref 56. “Ref 39.

from the original ClayFF parameterization.”” The original
harmonic O—H-bond terms for the structural hydroxyl groups
were replaced here with a more accurate Morse potential.”*
H,0 molecules—including the OH, groups attached to the Al
atoms at the edges—are described by the SPC water model>®
with harmomc O H bond stretching and H—O—H angle
bending terms.’® The already parameterized Al-O—H term
was applied to kaolinite AlI-OH groups and not to the Al—
OH, groups because of the potential desorption of OH2
groups, observed in our previous work for gibbsite edges
Ewald summation was used with a cutoff distance of 10 A, the
same value being used for the Lennard-Jones terms.

Parametrization of the Si—-O—H Bending Term. The
Si—O—H bending term was parameterized in the functional
form of

Ebend = k(e - 90)2 (2)

where @ is the angle £Si—O—H and k is the bending force
constant. The algorithm of parametrization was identical to the
one used previously for the Al-O—H and Mg—O—H bending
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terms’ and consisted of finding the values of k and 6,, which
minimized the differences between the results of DFT and
classical ClayFE-MOH calculations.

First, I"-point vibrational modes were calculated using DFT
for a given structure after a local geometry 07ptimization. Then,
using ClayFF-MOH and GULP software,”” a local geometry
optimization was performed starting from the DFT-optimized
structure, followed by the calculation of I'-point vibrational
modes. These calculations were performed for every value of 6,
within the 90—130° range (60 = 1°) and for every value of k
within the 0—40 kcal mol™" rad™* range (6k = 1 kcal mol™
rad~?), while all other ClayFF parameters were kept fixed. At
the last stage, from the final structures and vibrational normal
modes obtained for every pair of parameters (6,, k), absolute
differences between DFT- and ClayFF-MOH-derived proper-
ties were calculated in terms of wavenumbers and in terms of
O—H orientations. The optimization procedure is described in
further detail in the Supporting Information of ref 39. The
differences in terms of vibrational frequencies (|AZl) were also
computed but were not found statistically meaningful due to a
high standard error and thus not conclusive.”

It is important to keep in mind that the model edge surfaces
used in the static calculations were hydrated by only one water
layer. The surface relaxation of the edge O—H groups and their
interaction with liquid water should create additional disorder,
thus additional entropic effects. Therefore, the values of the
parameters derived from the static energy minimizations are
informative but may not necessarily be optimal when all
thermodynamic effects are included. In the simulations, we
have also tested a few other sets of (6, k) values along with the
optimized ones.

Molecular Dynamics. MD simulations were performed at
T = 300 K using a time step of 0.5 fs. DFT Born—
Oppenheimer molecular dynamics simulations (DFT-MDs)
were used for the small structural models. LAMMPS
software,”® incorporating ClayFF with and without the Al—
O-H and Si—O—H bending terms, was used in CMD
modeling of larger simulations cells of kaolinite.

Lattice parameters of the large triclinic kaolinite bulk cells
were relaxed during CMD simulations in the NPT ensemble at
P =1 bar using the Nosé—Hoover chain thermostat™ and the
Parrinello—Rahman barostat,’ whereas the small bulk cells
were relaxed using DFT cell optimizations. To obtain
equilibrium water density in interfacial simulations, the pores
of the small and large edge surface models were filled with 73
and 520 water molecules, respectively. Then, the dimension
orthogonal to the surface (direction y according to the
convention of Figure 1) was relaxed by performing NPT-
ensemble CMD runs on both models for 1 ns, leading up to
average equilibrium box lengths along y of 24.3 and 46.0 A,
respectively. The other two dimensions were derived from the
simulations of the bulk crystal cells. After a final equilibration
of atomic positions and velocities from NVT simulations for 2
ns (CMD) and 20 ps (DFT-MD), production runs were
performed in the NVE ensemble for 100 ps (CMD) and 40 ps
(DFT-MD), collecting atomic positions and velocities every 1
fs. Monitoring the radial distribution functions of the interface
atoms over 10 separate windows of 100 ps at equilibrium
CMD simulations, no difference was observed, confirming that
equilibrium was attained and assuring the convergence of the
ensemble averages. By dividing the DFT-MD trajectory into
two windows of 20 ps and doing a similar comparison, no
significant difference was observed within the statistical
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uncertainty. During the course of the NVE-ensemble
simulations, the average temperature remained constant within
295-305 K.

B RESULTS AND DISCUSSION

Static Calculations. To estimate the optimal values of the
equilibrium angle 6, and the force constant k for the Si—O—H
bending term, the average absolute difference between DFT
and ClayFF-MOH OH orientations was compared. Absolute
differences for each parameter are shown in Figure 2 for the
kaolinite AC-edge model with one water layer on the AC, and
AC, surfaces. The differences obtained from the AC; and AC,
surfaces are averaged.

(a)

k (kcal.mol".rad'e)

0
90 100 110 120 130

8y ()

4 =
SN 3B =
3 30 &
£ 20 5
(b) S 15 T
< 109
= ‘ 3 e}
0 =15 2
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Figure 2. Optimization of the k and 6, values for the Si—O—H angle
bending term from the maps of mean differences between DFT and
ClayFF-MOH results in terms of (a) atomic positions and (b) O—H
orientation on the kaolinite AC-edge surfaces. The outermost atoms
of the two AC-edge surfaces are considered in the mean. The pixels
with white circles represent the areas of minimal difference.*”

For Si—O—H angle bending, (k, 6,) areas leading to the
minimal differences—represented by white dots—are quite
large, leaving room for compromise with previously reported
M—O-H parameters. The parametrized equilibrium angles for
Mg—O—H and Al-O—H are ;0 = 0o ai0n = 110°. Figure
2 shows that along the line 6, = 110°, the Si—O—H k range
leading to the minimal (IArml) and (IAO—H genttion!)
values are 8—18 and 7—18 kcal mol ™" rad™?, respectively. Since
the value kyo = 15 keal mol™ rad™ is within this range, it can
a priori be used for the Si—O—H term. In the following, the
values [0yson = 110% kgoy = 15 keal mol™ rad™?] will be
used for ClayFF-MOH in the CMD simulations. Alternative
parameters will be tested if the comparison between DFT-MD
and CMD data reveals a possibility for improvement.

Proton Transfer. Snapshots from DFT-MD simulations of
the hydrated AC surfaces are shown in Figure 3. While no
proton exchange was observed between surface hydroxyl
groups and interfacial water molecules, multiple proton
transfer events occurred at the edge surfaces of kaolinite in
DFT-MD simulations between silanol groups and neighboring
aluminol groups: two Si—O—H groups out of four periodically
deprotonated, exchanging the proton with the neighboring Al—
O—H group. The proton residence times on either of the sites
ranged from S to 10 fs. A snapshot from the DFT-MD
simulation of the AC, surface is shown in Figure 3¢, illustrating

DOI: 10.1021/acs.jpcc.9b00514
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(b) (©)

Figure 3. Snapshots from DFT-MD simulations of the (a) hydrated
AC surface, (b) AC, surface, and (c) AC, surface. In the initial
configuration (a) the surface consists of 4 SiOH sites and 4
Al(OH)(OH,) sites. In this snapshot, the surface is terminated by 1
SiOH, 1 Al(OH)(OH,), 3 SiO— and 3 AI(OH,)(OH,) sites; the
atoms represented by gray balls illustrate the proton transfers from the
SiOH groups to the AIOH groups. Axes are shown for comparison
with Figure S.

the edge termination after a proton hopping event. To
calculate MD-derived structural properties, for each config-
uration from the DFT-MD trajectory, OH and OH, groups
were identified based on an O—H distance cutoff of 1.2 A.
Such proton transfer events are of course not possible in CMD
simulations using ClayFF. The (static) distribution of
protonated sites of a surface must be determined as an initial
configuration for CMD simulations depending on factors such
as fluid components and the desired pH.

Metal-O—H Angle and O—H Bond Orientation of
Edge Hydroxyl Groups. The metal-O—H angle («MOH)
distribution is a convenient first indicator of the bending term
performance, in terms of both the angle of maximum
probability and the amplitude of the metal-O—H bending
(Figure 4). A more useful descriptor of surface hydroxyls is the
absolute orientation of the O—H bond, shown as distributions
of the OH vector in the yz plane in Figure S. Here, z is the
direction of the stacking of the tetrahedral and octahedral
sheets and « is the direction orthogonal to the surface (Figure
3).

Silanol Groups. The Si—O—H angles corresponding to the
maxima of the distributions of the AC; and AC, edge surfaces
obtained by DFT-MD are £SiOH™ = 119° and £SiOH™ =
107°, respectively, with their full width at half-maximum
(FWHM), respectively, at 18.1 and 13.5°. The distribution for

(a) AC, surface (b) AC, surface

90 100 110 120 130 140 150 160 170 180 90 100 110 120 130 140 150 160 170 180
Si-O-H angle (°) Si-O-H angle (°)

(c) AC, surface

—DFT
— CLAYFF-orig

CLAYFF-MOH"
— th.sion=110°
— (h,sion = 100°

90 100 110 120 130 140 150 160 170 180
Al-O-H angle (°)

Figure 4. £Si—O—H and £Al-O—H angle distributions for the OH
groups on the kaolinite AC, (a) and AC, (b), (c) edge surfaces. On
the AC, surface, all Al atoms are coordinated to OH, groups only.!
Opaion = 110° and kg = kyon = 15 keal mol™' rad ™.
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Figure S. Orientation of the kaolinite Si—O—H belonging to the AC,
and AC, edge surfaces. The distribution of the O—H bond vectors
projected on the yz crystallographic plane from DFT, ClayFF-orig,
and ClayFF-MOH MD simulations. The color range from the lowest
to the highest intensity is yellow, red, and black.! Oy sion = 110° and
ksion = kaion = 15 keal mol™ rad™.” Oy 501 = 100° and kgop = kajon
= 15 kcal mol™" rad™2.

the AC, surface is noticeably asymmetric, exhibiting a shoulder
due to a secondary distribution centered approximately around
110°.

As seen in Figure Sa and illustrated in Figure 3b, the Si—O—
H groups on the AC; surface are subject to reorientations
during the simulation with a seemingly continuous orientation
pattern in the yz plane, whereas the most probable orientation
isaty ~ —0.7 A, z ~ —0.4 A. However, the Si—O—H groups
on the AC, surface adopt two distinct and more restrained
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orientations, the most probable of them being at y = +0.7 A, z
=—0.8 A.

The distributions obtained with CMD without M—O—-H
terms (ClayFF-orig) have a very small overlap with the DFT-
MD distribution due to the much more obtuse ZSiOH™*
angle at 156°. The distributions are also broader with their
FWHM values almost doubled in extent. Using ClayFF-MOH
with the angle bending parameters deduced from the static
calculations (6o = 110° and kgop = 15 keal mol™! rad™?)
clearly narrows the distribution and brings it much closer to
the DFT-MD results, with FWHM values of 16 and 15°,
respectively, for the AC, and AC, surfaces. However, the
distributions are centered around £SiOH™* = 125° for the
two surfaces. While the £SiOH™* difference of the results for
the AC, surface is around 6°, the difference of 18° for the AC,
surface is less acceptable. Therefore, we performed CMD
simulations with a lower value of the Si—O—H equilibrium
angle 6, = 100° for ClayFF-MOH to evaluate its effect on the
£SiOH distribution. As a result, the distributions are shifted to
lower angles of 118 and 117°, that is, significantly closer to the
DFT-MD values for both the AC, and AC, surfaces (Figure
4a,b).

These improvements in terms of angular distributions
translate into more realistic O—H orientations as seen in
Figure S. On the AC, surface, the region of higher probability
O—H orientation predicted by ClayFF-MOH agrees well with
DFT-MD, with the most probable orientation being in the
lower left quadrant in the yz plane (y ~ —0.8 to —0.9 A, z ~
—0.5 to 0.6 A) and extending along a segment until the +z
orientation (y ~ 0, z ~ 1.0 A). On the AC, surface, while the
agreement between ClayFF-MOH and DFT-MD results is less
pronounced, the region of the most probable Si—O—H
orientations in the +y, —z quadrant is significantly improved
compared to the performance of ClayFF-orig.

Aluminol Groups. Similar to the gibbsite (100) edge surface
in our previous work,*’ Figure 4c shows that the AI-O—H
term dramatically improves the corresponding angle distribu-
tion on the AC, surface. The agreement between DFT-MD
and ClayFF-MOH is clear, with ZAIOH™ values of 114 and
117°, respectively. The FWHM values are 18 and 15°, whereas
for ClayFF-orig the ZAIOH™ is 135° and the FWHM is 34°
(Figure 4c). Understandably, the Al-O—H angle distribution
is not significantly affected by the 6,0y value.

Al-OH and Al-0OH, Coordination on the AC, Surface.
No migration of OH groups was observed during the DFT-
MD or CMD simulations from any kaolinite edge surface.
Similarly, on the AC, surface, no H,O desorption was observed
with either DFT-MD or CMD set of simulations. DFT-MD
does not predict any H,O or OH desorption with a total Al—
Ogusface coordination number equal to 2.00 (i.e., a total AlI-O
coordination of 6.00). Proton transfer events observed during
DFT-MD simulations result in an Al-OH, coordination
number of 1.41 compared to 1.00 in the pre-equilibrated
structure (Figure 6).

Some of the initially adsorbed H,O molecules were later
desorbed during the CMD simulations, as illustrated by the
Al-Oy o coordination numbers of 0.00, 0.37, and 0.41
obtained, respectively, by ClayFF-orig, ClayFF-MOH with
Oy sionr = 100°, and ClayFF-MOH with 65,05y = 110° (Figure
6). Contrary to the ClayFF-orig results, the ClayFF-MOH
results are in agreement with previous DFT calculations
predicting that 5- and 6-coordinated Al atoms should be

- 25
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[ ] =
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= 20 110 E
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Figure 6. Radial distribution functions (solid lines) and running
coordination numbers for Al-Oy; o (dotted lines) and Al—O y 0,0m)
(dashed lines) at the kaolinite edge surfaces. The vertical gray line
indicates the cutoff distance used to determine the first neighbor
coordination numbers mentioned in the text.' Oy a0 = 110° and
ksion = kaion = 15 kecal mol™ rad™2.

present on the surface.”* These results indicate the insufficient
time scale of the unconstrained DFT-MD simulations to
correctly model this process: during equilibration, several
hundred ps were necessary to reach a stable configuration in
the repartitioning of adsorbed and desorbed H,O molecules.

Additionally, if the angle bending term is turned off for bulk
Al—OH groups but preserved for surface groups, then all H,0O
molecules are desorbed. Therefore, the interaction between
kaolinite basal layers, affected by the angle bending term when
it is applied to bulk AI-OH groups, influences surface
properties. One can assume that strengthening the layer-to-
layer H-bonding due to the M—O—H term also facilitates
strengthening of the hydrogen bonding network on the edge
surface.

Hydrogen Bonding at the Hydrated Kaolinite Edge
Surfaces. One of the geometric criteria used to assess if two
species are hydrogen bonded is the Hyqqor*Opcceptor distance,
whose cutoff can be obtained from the position of the first
minimum of the corresponding donor—acceptor radial
distribution functions. In the current work, depending on the
hydrogen bond (HB) donor—acceptor pair and the modeling
method, this minimum—usually clearly visible—varies be-
tween 2.3 and 2.6 A (see Figure S1 of the Supporting
Information). Therefore, for all HB pairs, we consider a
uniform H-+Oceptor cutoff distance of Ry = 2.45 A, which is
also the generally accepted value for water—water H-bonds.®!
Additionally, for all the reported HBs, the average Ogo0,—H-
O.cceptor angle was greater than 130°, which is also consistent
with the angular range of HBs in bulk liquid water (see, e.g., ref
62).

Hydrogen bonding at the edge surfaces of kaolinite has
previously been studied by means of DFT-MD simulations.**
Here, HBs significantly affected by the M—O—H term are
those involving AI-OH and Si—OH groups; therefore, H-
bonding between H,O molecules and Al-OH, groups on both
edge surfaces or apical O (AlI-O—Si) on the AC, surface will
not be discussed.

The new angle bending parameterization does not
significantly affect the H-bond lengths, which are already
satisfactorily close to the DFT results with the ClayFF-orig
model (ie., within 0.10 A for most HBs). The difference
between DFT and ClayFF-orig results in terms of H-bonding
essentially lies in the number of H-bonds formed (NHB),
which is calculated here as the running coordination number of
the donor—acceptor pairs from the corresponding radial
distribution functions and using the Ry cutoff distance. The
NHB values are reported in Table 3.
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Table 3. Average Number of HBs (NHB) for Different Donor—Acceptor HB Pairs at the Kaolinite AC, and AC, Edge Surfaces

donor acceptor DFT current work DFT? ClayFF-orig ClayFF-MOH* ClayFF-MOH?
A,0H siOsi

OH, «OH 0.12 0.07° 0.70 0.67
water s;OH 1.05 ~1.0 0.65 0.81 0.69
«OH water 0.99 ~1.0 0.86 0.97 0.93
all sOH 1.17 0.72 1.52 1.36
OH, <OH 0.62 0.00 0.19 029
water s;OH 0.37 0.19 0.61 0.75
<OH water 033 0.0 (5-c.) 1.0 (6. 0.76 0.56 038
<OH LOH 0.61 0.08 027 0.49
water AOH 1.33 1.0 (6¢) 1.8 (5. 1.60 1.64 142
AOH water 0.79 1.0 (6-c.) 0.8 (5-c.) 0.79 0.61 0.73
All «OH 0.99 0.21 1.00 1.10
«OH All 0.94 0.84 0.83 0.86
All JOH 1.95 167 1.91 1.90
LOH all 0.79 081 0.81 0.79

“HB types with NHB < 0.10 by DFT-MD are not shown here. “Estimated from the results of Liu et al;** values for both S-coordinate and 6-
coordinate edge Al atoms are shown. ‘6 giop = 110°, 8y gi0n = 110° and kgon = kaon = 15 keal mol™! rad™2. deo,SiOH = 100°, Oy a0 = 110° and
ksion = kaion = 15 keal mol™ rad™ “For ClayFF-MOH results, the NHBs within 0.20 units of the DFT-MD values are underlined.

AC; Surface. DFT-MD simulations predict that on the AC,
surface, Si—OH groups donate and accept 1.0 HB from bulk
H,0 molecules, in agreement with the previous DFT-MD
study.”* CMD simulations with the three FF versions
underestimate the NHB. ClayFF-MOH with 6,0y = 110°
gives the closest NHB values to the DFT-MD ones: 0.81 and
0.97 for donated and accepted HBs, respectively (Table 3).

The HBs donated by Al-OH, groups to Si—OH groups
occur between different layers at the kaolinite edge surface;
therefore, the NHB depends on the alignment between layers.
When the layers are perfectly aligned (e.g., 2-layer model used
in DFT calculations, Figure 3a), these HBs are not favored
(NHB = 0.12). However, if there is a slight shift between the
layers (as it is observed in the CMD simulations for a 4-layer
model), and the most probable orientation of Si—O—H groups
is shifted slightly downward with the ClayFF-MOH para-
metrization (Figure Sa), then Al-OH, groups can donate HBs
to Si—OH (Table 3, NHB = 0.67—0.70). Of course, the real
alignment heterogeneity of the kaolinite layers in laboratory
samples cannot be correctly captured by a simple 2-layer
structural model used for DFT-MD simulations.

AG, Surface. The H-bonding topologies of the AC, surface
differ between DFT-MD and CMD in two ways: (i) H,O
desorption is observed only by CMD and (ii) proton transfer
between Al and Si sites is obviously observed only by DFT-
MD. HBs will be necessarily affected by the protonation and
coordination of the Al sites and difference in topologies, in
addition to the differences inherent in the interaction models.

DFT-MD predicts that Si—OH groups donate 0.61 HBs to
the neighboring Al-OH groups and 0.33 HBs to surface H,O
molecules. As previously shown by Liu et al,** when the Al
sites are 5-coordinated, the distance between AI-OH groups
and Si—O—H groups is too large for the two groups to form a
stable H-bond. Since with ClayFF-orig the Al sites are all 5-
coordinated, Si—OH groups do not donate HBs to AlI-OH
groups (NHB = 0.08) in favor of water molecules (NHB =
0.76). The more realistic AC, surfaces obtained from ClayFF-

MOH feature both 5- and 6-coordinations, and this results in
Si—O—H groups donating 0.27 and 0.49 to Al-OH groups for
Opsion = 110 and 100° parametrizations, respectively.

According to DFT-MD, water molecules interact with the
AC, surface by H-bonding primarily with Al-OH groups
rather than Si—OH groups, and this is particularly true for the
H-bonds accepted by M—OH groups: 1.33 HBs are accepted
by Al—OH groups from water molecules compared with 0.37
HBs accepted by Si—OH groups. The latter NHB is not well
reproduced by ClayFF-MOH (0.61—0.75), but here the
classical force field model is not necessarily less realistic than
the DFT result since this higher value is correlated with the
situation where one of the HBs accepted by the Si—OH group
is donated by an Al-OH, group from the neighboring layer.
Indeed, similar to the AC, surface, H-bonding from Al-OH,
groups to Si—OH groups depends on the registry shift of the
kaolinite layers with respect to each other, which is probably
incorrectly captured using a relatively small DFT model.

Overall, in terms of hydrogen bonding, 0ygonx = 100°
performs better than 6oy = 110° on the AC, surface, in
agreement with the better performance in terms of angle
distributions (Figure 4b). The two parameterizations give very
similar results for the AC, surface.

Regarding H-bonds accepted by Al-OH groups from water
molecules, ClayFF-MOH with 0y yj05 = 110° clearly improves
on ClayFF-orig, with NHB = 1.42.

Effect of the M—O—H Bending Term on the Bulk
Crystal Lattice Parameters. Bulk crystal properties are
particularly important not only by themselves, but also when
they are correlated with surface properties in the context of
simulating realistic mineral platelets and specifically non-
swelling mineral particles. Obtaining M—O—H bending
parameters that result in accurate bulk properties, for example,
crystal lattice parameters, is important even if less central than
surface properties in the present context. An illustration of the
influence of the §, parameter on the lattice parameters of four
representative AIOH-containing layered minerals is given in
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Table 4. Errors (%, eq 3) of Bulk Crystal Lattice Parameters Calculated by CMD for Four AIOH-Containing Minerals as a
Function of the 60y Value with a Constant ky oy = 15 keal mol™" rad™>

6y gibbsite, AI(OH);**

ClayFF-orig 6.97 2.64

ClayFF-MOH* 100 6.04 2.01°
105 470 2.01
110 329 211
115 194 2.33
116/ 173 2.33
120 2.12 2.48
125 3.67 2.75
130 5.47 3.12

boehmite, AIO(OH)”

kaolinite, ALSi,Os(OH)," pyrophyllite, ALSi,0,,(OH),"

0.91 7.59
644 2.06
6.15 194
5.27 187
6.51 L71
3.63 1.69
1.46 11.19
121 20.90
116 10.90

“Ref 64. PRef 65. “Ref 46. “Ref 66. “Errors inferior to 2.5% are underlined. *This particular 6 4,0y value is included because it was mentioned in our

. 3
previous work. o

Table 4. The difference in lattice parameters derived from
CMD values with respect to experimental data is based on the
lattice vectors (u,, u,, u;)

3
Zi:l ||ui -
3
Z,‘:llluiref.”
=c (3)

The data in Table 4 indicate that the bulk lattice parameters
show an exceptional dependence on @ 0y. Assuming, quite
arbitrarily, that an error of 2.5% or less is acceptable, Table 4
shows that a single 6 5o value that satisfies this condition for
all four minerals cannot be found. However, it is satisfied with
Opaion = 115—116° for gibbsite, boehmite, and pyrophyllite
and with 0y yop = 120° for gibbsite, boehmite, and kaolinite.
Since 6 g1 = 110° is the most appropriate value for surface
properties, selecting the same value for the bulk AIOH groups
leads to a reduced error with respect to the lattice parameters
obtained from ClayFF-orig for gibbsite, boehmite, and
pyrophyllite; thus, depending on the desired accuracy, it may
be unnecessary to differentiate bulk and surface Al-OH
groups in terms of the FF parameters. However, 0 404 = 116°
is the most optimal value for bulk properties, and we
recommend this value when separate 0,0p parameters are
desired for bulk and surface Al-OH groups. Further
improvement in the accuracy of the FF could involve distinct
parameters for bulk and surface, as it was shown for the point
charges (e.g., refs 37 and 63).

We note that a more complete study should involve a
smaller sampling mesh and include the dependence of the
lattice parameters on the force constant kyoy. However, we
can see from Table 4 that, with the exception of kaolinite, at
kaon = 15 keal mol™ rad™?, a @, value can always be found
that improves the bulk crystal lattice parameters relative to
ClayFF-orig. Even for pyrophyllite, where hydrogen bonding is
not involved in keeping the layers together, the M—O—H angle
bending term affects lattice parameters. In this case, the change
in orientation of the intralayer hydroxyl groups is sufficient to
slightly distort the siloxane network and, indirectly, cause a
modification of the layer-to-layer interaction.

Vibrational Spectra. It is known that the Si—O—-H
bending vibrations are sensitive to differences of structure and
composition of surface hydroxyl groups in materials like silica
or zeolites and can be used for quantitative characterization of
their surface properties (see, e.g., ref 67). We have calculated
the vibrational density of states for the Si—OH groups at the
kaolinite edge surfaces from the velocity autocorrelation

uiref.“

, rewithllw Il = a, llu,ll = b, llu,ll

11635

fanction f(t) of the corresponding hydrogen atoms. The
function f'(t) is further obtained by windowing f(t), with the
upper bound set to t;, = 1 ps

, t
f)=f1) 1 - —
twin (4)
The vibrational density of states P(v) is then calculated as

P(v) = / [( (cos(@))” + (F'(sin(@t)’dt )

The vibrational power spectra were derived for H atoms of Si—
O—H and Al-O—H edge surface groups from MD trajectories.
The most informative range of librational (bending)
frequencies is shown in Figure 7 for the (010) kaolinite

AC, AC,

6 10

5 | Total O-H libration g | Total O-H libration

¢ 6
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Figure 7. Hydrogen power spectra of the OH groups of the kaolinite
AC, and AC, edge surfaces in the O—H libration region. Color
coding of the curves is the same as in Figures 4 and 6.

edges, comparing the performance of the two versions of
ClayFF-MOH, ClayFF-orig, with the results of DFT-MD. As
seen in the top panel, ClayFF-MOH predicts slightly lower
frequencies than DFT-MD for the librational modes of Si—O—
H and AlI-O—H at higher wavenumbers, whereas these modes
are completely missing with ClayFF-orig. After resolving the
spectra into in-plane and out-of-plane motion with respect to
the equilibrium Si—O—H plane (middle and lower panels,
respectively), these higher frequency modes are clearly due to
the in-plane Si—O—H bending. At the same time, the
librational modes at lower frequency are due to the out-of-
plane Si—O—H vibrations and are accurately predicted by
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ClayFF with or without the M—O—H angle bending terms.
These modes are generally controlled by H-bonding with
neighboring surface O—H groups or water molecules.

A detailed analysis of the vibrational behavior of the edge
surface hydroxyl groups of kaolinite, including a comparison
with available experimental vibrational spectra, is beyond the
scope of the current work and will be discussed elsewhere.
However, the CMD results presented in Figure 7 based on the
comparison with DFT-MD calculations clearly demonstrate a
great improvement brought by the addition of the Si—O—H
and Al-O—H bending terms for reproducing the librational
spectra of the edge O—H groups.

Selection of the Si—O—H Parameters. The overall better
performance of {0 s;on = 100°, kgopy = 15 keal mol ™" rad*} in
terms of structural properties of the kaolinite surfaces makes it
a better choice than {fgon = 110° kgoy = 15 keal mol™
rad~*}. One could argue from the maps of the mean structural
differences (Figure 2) that a decrease in the 0oy value from
110 to 100° should be accompanied by a decrease in the k
value from 15 kcal mol™ rad ™ to 5—10 kcal mol™" rad ™2 The
pair {0y sion = 110°, kgiop = 8 keal mol ™" rad >} was also tested
in the simulations, but it only resulted in small structural
deviations with respect to {fygion = 110° kgop = 15 keal
mol™! rad™?}, and it worsened the performance in terms of
vibrational spectra, shifting the spectra toward lower wave-
numbers, as should be expected.

B CONCLUSIONS
Combined with the AI-O—H and Mg—O—H angle bending

terms from our previous works,”™*” the present results for the
angle bending terms of tetrahedral Si—O—H groups at
aluminosilicate edges have been collected in the new
ClayFF-MOH parametrization (Table 5). This new function-

Table 5. Metal-O—H Angle Bending Term Parameters of
the Modified ClayFF-MOH Force Field

angle k (kcal mol™ rad™?) 6, (deg)
ao-oh-ho, bulk 15 116
ao-oh-ho, surface 15 110
mg-oh-ho, bulk 6 120
mg-oh-ho, surface 6 110
st-oh-ho 15 100

ality enables the simulation of a wide variety of edge—fluid
interfaces while maintaining the same degree of lattice
flexibility inherent in ClayFF. Additional adjustments may be
required for other octahedral or tetrahedral ions such Fe, Al
etc. or for deprotonated sites (AlO~ or SiO™), but such effort
will require spectroscopic results for guidance.

Table S also includes slight adjustments in the octahedral
M—-O—-H equilibrium angle for distinguishing the bulk or
surface hydroxyl groups. Additional fine-tuning of angle
bending parameters may also be needed to better describe
vibrational properties for specific interfaces and may be needed
for accurate modeling of local structures at edges or at other
silicate surfaces. But for large-scale simulations of clay edges at
fluid interfaces, subtle adjustment of M—O—H angle bending
parameters will likely have little effect on interfacial properties
(e.g., adsorption, diffusion) at longer time and larger length
scales. In those cases, the angle bending terms in ClayFF-
MOH serve to tether the hydroxyl groups to the edge surfaces,
thereby preventing dissociation of these groups, which is

beyond the practical scope of a nonreactive force field like
ClayFF. Likewise, simulations involving confined shear should
be possible with ClayFF-MOH under mild conditions (i.e.,
elastic regime).

Note that recent kaolinite edge simulations'® have already
demonstrated that inclusion of Si—O—H angle bending
parameters, even when unoptimized by comparison with
DEFT results, allows edge surfaces to be simulated efficiently.
The optimized ClayFF-MOH (Table 5) should now be
suitable for modeling hydroxylated edge or basal surfaces of
clays, related layered minerals, and other aluminosilicate
phases. Our goal in developing ClayFF-compatible M—O—H
angle bending terms is to faithfully reproduce the structural
properties of edge hydroxyl groups in a wide range of
interfacial environments. ClayFF can then be used to simulate
structural and dynamic properties at edge surfaces as it has
been used to simulate basal surfaces since the publication of
the original ClayFF parameters in 2004.”” Spectroscopic
determinations of the librational dynamics of M—O—H groups
in kaolinite and other clay phases can help evaluate the
accuracy of both DFT and new ClayFF parameters, especially
in the discrimination of bulk and surface occurrences.
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Figure S1. Radial distribution functions (solid lines) and corresponding running coordination
numbers (dotted lines) for some donor-acceptor pairs forming H-bonds involving
kaolinite hydroxyl groups at the AC; and AC, edge surfaces. The vertical dashed
line shows the distance cutoff Ryg = 2.45 A.

1180, a1on = 110° and kajon= 15 kcal-mol-!-rad2.
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