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Abstract

Edge sites of clay minerals play a key role for pH dependent sorption of ions from solutions of electrolytes. Pyrophyllite,
Al,[Si4019](OH),, is an important structural prototype for a variety of 2:1 dioctahedral phyllosilicates but in contrast to the other clays
has no permanent structural charge. The structure of thin water films confined between most common edges of /7¢ pyrophyllite: (010),
(110) and (100), was analyzed by means of ab initio molecular dynamic simulations. The system setup allowed for a full flexibility of the
interfaces and a proton exchange between the edges of pyrophyllite and water molecules in solution. The structure of hydrated surfaces is
compared with the recent predictions of static geometry optimizations for edge-vacuum interfaces. All surfaces studied reveal a strong
hydrophilic character of edge similar to the hydrated silica surface and the facets of simple layered hydroxides. Spontaneous proton
transfer between different surface sites were observed in molecular dynamics simulations of the (010) interface. The proton bound to
the =Si—OH site was found to exchange with the =Al—OH group by the mechanism =Si—OH + =Al—OH «
=Si—0~ +=AIl—OH, . The direction of the proton transfer agrees with the scale of relative proton affinities for surface sites obtained
from the static calculations. Alternatively, the proton attached to the =Al—OHj site exchanges with the =Al—OH group. In both reac-
tions, the protons are transferred through the chains of hydrogen bonds formed between water molecules in the solution and the surface
sites. The observed mechanisms might be one of the basic schemes for the surface proton diffusion in compacted clays. Kinetics of the

proton transfer at edge sites is limited by the rate of rearrangements of the water molecules near interface.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction

The dynamics and the structure of confined water in
compacted clays is strongly influenced by the interaction
of the liquid with the surfaces of minerals (Bergman and
Swenson, 2000). At high degrees of compaction, the diffu-
sive transport of the solvated ions and the solvent mole-
cules in clays is substantially retarded compared to the
free electrolyte solution because of the surface complexa-
tion of ions and the strong ordering of solvent molecules
at the solid-liquid interface (Swenson et al., 2000; Molera
and Eriksen, 2002; Van Loon et al., 2003; Malikova
et al., 2005). These properties of clays make them suitable
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materials for geochemical barriers and backfill media in
repositories for toxic and radioactive wastes.

The basic structural element of phyllosilicates can be
imagined as a hexagonally ordered layer of octahedra sand-
wiched between two tetrahedral siloxane planes, commonly
referred to as a TOT-sheet (Grim, 1968). Various isomor-
phic substitutions in the octahedral and the tetrahedral lay-
ers of clay minerals result in a permanent structural charge
of the TOT unit. The excess charge is compensated by coun-
terions in the interlayer, which are predominantly the alkali
metals. Water molecules penetrate into clays by splitting the
TOT units apart in order to complete the hydration shells of
counterions in the interlayer. The process is known as swell-
ing and it is well understood thanks to numerous experi-
mental and theoretical studies (Delville, 1991; Boek et al.,
1995a,b; Bridgeman et al., 1996; Karaborni et al., 1996;
Kutter et al., 2000; Swenson et al., 2000; Hensen and Smit,
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2002; Arab et al., 2003; Boek and Sprik, 2003; Chatterjee
et al., 2004; Tunega et al., 2004; Whitley and Smith, 2004;
Wilson et al., 2004; Ferrage et al., 2005; Malikova et al.,
2005; Odriozola and Aguilar, 2005). Both theory and exper-
iments confirm that the basal plane of uncharged 2:1 phyl-
losilicates has a slight hydrophobic character (Schader and
Yariv, 1990; Warne et al., 2000; Tunega et al., 2002; Arab
et al., 2003; Churakov, 2006). Heterovalent substitutions
in tetrahedral and octahedral sites of the TOT sheet play
the key role for absorption of ions in the interlayer (Delville,
1991; Chatterjee et al., 2000; Sutton and Sposito, 2001;
Malikova et al., 2004).

In contrast to the chemically inert basal plane, edges of
clay particles are extremely reactive (Bickmore et al., 2003;
Churakov, 2006). Experimental studies of crystal growth
kinetics have shown that the dissolution/precipitation pro-
cesses take place predominantly on the edge sites of TOT
sheets (Bickmore et al., 2001). The properties of broken
clay surfaces are similar to that of the edges and act as
strong docking sites for organic molecules (Aquino et al.,
2003). At different pH, the structure, the composition and
the surface charge of the edge sites change due to proton
exchange and adsorption of ions from the solution. In par-
ticular, at pH below the point of zero charge the edge sites
are positively charged which enables a strong attractive
interaction with the negatively charged basal plane of the
TOT sheets. Such interaction was found to be critical for
the ordering of colloidal aggregates of clay particles
(Chang and Sposito, 1996; Kutter et al., 2000). Several
types of reactive sites (=Si—OH, =Al—0OH, =AIl—0OH,,
=Al—0—Si=) are exposed on the edges of di-octahedral
clays (Bickmore et al., 2003; Churakov, 2006). The
=Si—OH groups are structurally similar to those on the
surface of amorphous silica (Warne et al., 2000; Masini
and Bernasconi, 2001). The amphoteric =Al—OH and
=AI—OH, sites inherit the properties of simple layered
hydroxides (Churakov et al., 2004; Wang et al., 2004) or
the octahedral surface of kaolinite (Warne et al., 2000;
Tunega et al., 2004). The =Al—0—Si= sites are common
in zeolites (Chatterjee et al., 1999).

Structural and dynamic properties of water confined be-
tween basal planes of clays have been extensively studied
by means of molecular dynamics (MD) and Monte-Carlo
simulations (Boek et al., 1995a,b; Chang et al., 1995;
Chang et al., 1997, Chang et al., 1998; Malikova et al.,
2004). Most of these studies were performed with the clas-
sical force fields that do not allow for proton exchange
reactions and treat the surface statically constrained under
the experimental geometries that neglect important effects
of the surface polarization. The lateral facets of the clay
minerals were disregarded by previous studies because of
inability of the classical force fields to adequately repro-
duce the complex structure of the edge sites. In the current
work, the structure of the bulk water confined between
most common edge-facets of pyrophyllite, has been studied
using ab initio molecular dynamic simulations for the first
time. In contrast to the previous calculations, the method

enables for a full flexibility of the interface, polarization ef-
fects and a proton exchange between the surface and the
solution. The surface geometries are compared to the re-
cent results obtained from the static surface optimizations
in vacuum (Churakov, 2006).

Although the composition and structure of the edges in
phyllosilicates can be affected by heterovalent substitu-
tions, the uncharged edges of pyrophyllite are the basic
model system for a large variety of clays. In the thermody-
namic description of the sorption processes the standard
binding enthalpies of the protons and ions are referred to
the uncharged mineral surfaces (Kallay et al., 2004). The
effects of the surface charge due to ion sorption and/or per-
manent structural charge are considered in the mean field
sense as an additional electrostatic potential (Westall and
Hohl, 1980). The pyrophyllite can be seen as a standard
reference system for the thermodynamic description of
sorption on the 2:1 dioctahedral clays. It is used in this
work to study the sorption properties of the edge sites
not related to the permanent structural charge.

2. Method, simulation setup and uncertainties

Pyrophyllite occurs as triclinic /7¢ and monoclinic 2M
polytypes which belong to the C1 and the C2/c space
groups, respectively (Lee and Guggenheim, 1981; MacKen-
zie et al., 1985). Relative displacements of the neighboring
TOT-sheets in pyrophyllite result in a wide range of polyty-
pism. The natural samples are usually stacking disordered.
Distinct edges of pyrophyllite are characterized by different
bond-chain types exposed on the facets. In the disordered
samples and the 2M polytype different bond-chain types
occur at the neighboring TOT sheets. In the /7¢ polytype,
only one type of bond-chains occurs at the specified edge.
Although the ITc¢ polytype of pyrophyllite is not the most
common in nature it is used in this work for computational
convenience. The /Tc polytype has smaller unit cell size
and allows the simulation to have reasonable computation-
al costs. The distinct edge facets of 1 7¢ pyrophyllite studied
in this work represent all important types of the surface
bond-chains known for disordered samples. The effect of
stacking disorder on the structure of the edge—water inter-
face is neglected in this work.

Three distinct systems were set up to study the dynamics
and the structure of water films confined between the
(110), (010) and (100) edges of ITc pyrophyllite, respec-
tively. The total composition of simulation cells corre-
sponds to the formula AlgSi;O40(OH)g X 26H,O. Among
the 26 water molecules, eight are strongly absorbed on
the surface, and only 18 effectively belong to the interstitial
solution. The size of the supercell in the plane of the inter-
face was constrained by the lattice geometry of pyrophyl-
lite. The dimension of the supercell in the direction
normal to the interface was adjusted to retain the specific
density of the clay and water at ambient conditions. The
starting configuration of the pyrophyllite edge surface
was taken from the static calculations (Churakov, 2006).
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A fragment of bulk water from classical simulations was
taken as an initial configuration of the confined fluid. In or-
der to break the initial configuration of the water film, the
confined water was held at 800 K for about 1 ps, while the
geometry of the edge and strongly absorbed water re-
mained frozen. Then the systems were slowly cooled to
the ambient temperature using simulated annealing tech-
nique and equilibrated for at least 5 ps at the target temper-
ature (300 K). The velocity distribution of ionic degree of
freedom and fluctuation of Kohn-Sham energies were
monitored to ensure equilibration of the system. No sys-
tematic trends in energy and velocity distributions were ob-
served. The production runs for more than 10 ps were
performed in the microcanonical ensemble. Average tem-
peratures and parameters of simulation cells are summa-
rized in Table 1. The diffusion coefficients of interlayer
water were derived from the asymptotic behavior of the
mean square displacement.

All the calculations in this work were performed using
the density functional theory (Hohenberg and Kohn,
1964; Kohn and Sham, 1965) implemented in the CPMD
(1999) simulation package. The exchange and correlation
were taken into account by the generalized gradient
approximation PBE (Perdew et al., 1996). Interaction of
the valence electrons with the core states is described by
the pseudopotential formalism. We use the ultrasoft
Vanderbilt type pseudopotentials (Vanderbilt, 1990), which
allow us to decrease the required basis set dramatically.
The wave functions of valence electrons are expanded into
the plane wave basis set up to 25 Ry cut-off energy. The
ab initio Car-Parrinello MD simulations (Car and Parri-
nello, 1985) were performed, with a time step of 0.17 fs
and a fictitious electron mass of 500 au sampling a single
k-point in the centre of Brillouin zone. The accuracy and

Table 1

Parameters of the supercells, the average temperature and the diffusion
coefficient of the centre of mass of confined water for different fluid-solid
interfaces

transferability of the pseudopotentials as well as the
convergence of the plane wave basis set expansion were
tested against the geometry of small molecules, simple oxi-
des and bulk structure of pyrophyllite. The bond length in
the molecules and the lattice parameters of solids could be
reproduced within 1% and 2% of the experimental values,
respectively. The lattice energy optimization of the bulk
pyrophyllite with a four times larger supercell confirmed
that the system size is large enough for the convergence
with respect to k-points. Additionally a MD simulation
of bulk water starting from fully equilibrated Monte-Carlo
simulation with SPCE empirical force field was performed
to test the ability of the simulation setup to reproduce
structural properties of bulk water. The calculated posi-
tions of maxima and minima on the oxygen—oxygen radial
distribution function (RDF) summarized in Table 2 are in
close agreement with the experimental results obtained
from neutron scattering (Soper, 2000). The average water
coordination number obtained by integration of oxygen—
oxygen RDF is also in agreement with the experiment.
However, simulated RDFs show higher structuring of
water comparing to the experiments (sharper maxima
and deeper minima on RDFs). The over-structuring ob-
served in our simulations is in agreement with the previous
ab initio studies of bulk water (Grossman et al., 2004; Sit
and Marzari, 2005). Possible sources of discrepancies with
the experiment are discussed in the following section.

It was noticed recently, that the structural and dynami-
cal parameters of the first principle water obtained by the
Car—Parrinello MD are strongly influenced by the simula-
tions setup (Asthagiri et al., 2003; Fernandez-Serra and
Artacho, 2004; Grossman et al., 2004; Kuo et al., 2004;
Schwegler et al., 2004; VandeVondele et al., 2005). Among
the critical parameters that control the outcome of calcula-
tions are the exchange-correlation functional, the fictitious
electron mass, the system size, and the duration of the
equilibration. Systematic testing of different exchange-
correlation functionals showed that the BLYP (Becke,
1988; Lee et al., 1988) functional has the best performance

Interface a [A]xb [A]x ¢ [A] T[K] D [m’s™'] for the geometry of water dimers (Sprik et al., 1996). The
(010) 10.44 x 16.44 x 9.35 306.7 0.27x10"°  PBE functional used in this work produces the same results
—9

(110) 10.44 % 16.44 x 9.35 295.8 0.28x10" " for bulk water as BLYP (Grossman et al., 2004
(109) 19.00x9.03x9.35 2989 0.35x10 VandeVondele et al., 2005). Binding energies, geometries
Table 2
Parameter of the oxygen—-oxygen radial distribution function of water compared with the other ab initio simulations and the experimental data

R [8()max] [A] 2()ma R [8(1)min] [A] 2 )min
This work® 2.71 3.12 3.29 0.42
Sit and Marzari (2005)b 2.71 3.21 3.29 0.25
Grossman et al. (2004)° 2.71 3.27 3.32 0.46
Kuo et al. (2004)d 2.75 3.00 3.30 0.50
Soper (2000)° 2.73 2.75 3.36 0.78

% Ab initio simulations, 32 PBE-H,0, 300 K.
® Ab initio simulations, 32 PBE-D,0, 325 K.
¢ Ab initio simulations, 54 PBE-H,0, 294 K.
4 Ab initio simulations, 64 BLYP-H,0, 315 K.
¢ Experimental, neutron diffraction, 298 K.
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and vibrational frequencies of PBE-water dimers are also
in close agreement with the experiments (Sit and Marzari,
2005). However it is also known that these functionals re-
sult in an over-structured RDF for bulk water and in
smaller diffusion coefficients (Kuo et al., 2004). The major
reason for over-structuring of water in ab initio molecular
dynamics simulations is believed to be due to neglecting the
proton quantum effects (Grossman et al., 2004; Schwegler
et al., 2004; de la Pena and Kusalik, 2006). In principle,
the effect of the proton quantum motion can be accounted
for with the path integral method (Marx and Parrinello,
1996). To date, such simulations are not possible for a
system of reasonable size and time scale. The value of
fictitious electron mass used in the calculations was suffi-
ciently small to ensure the adiabatic separation of the elec-
tron and nuclear dynamics. The small system size generally
leads to a slight over-structuring of the fluid phase or
molecular films on solid surfaces (Spohr, 1997a,b; Yeh
and Hummer, 2004). Systematic studies have shown the
system size effects to be marginal compared to the other
computational artifacts (Fernandez-Serra and Artacho,
2004; Kuo et al., 2004). The first ab initio simulations of
water, for example, were performed with only 32 mole-
cules, but achieved a remarkable agreement with the exper-
iments (Laasonen et al., 1993). The edge of the supercell in
those calculations was equal to 9.6 A, which is comparable
to the lateral dimensions of the interfaces used in our
simulations. Analysis of the dynamics of hydrogen bond
relaxations in water revealed the existence of two charac-
teristic time scales (Fernandez-Serra and Artacho, 2004).
Evolution of the system to the global equilibrium takes
place on a very long time scale order of tens to hundreds
picoseconds while the local structural characteristics and
even the diffusivity seem to equilibrate on a significantly
shorter time scale of a few picoseconds. It was demonstrat-
ed that the global equilibration of water at ambient condi-
tion may require as long as 20 ps simulation run
(Fernandez-Serra and Artacho, 2004). Nevertheless, the lo-
cal relaxations take place on a shorter time scale, order of
2 ps, and we obtain a good description of the local fluid—
solid interactions at the interface. It is obvious however
that we were not capable of accurately sampling the long
period fluctuation during the short simulation time. The
longer simulations were not possible due to limitations of
the method and available computational resources.
Finally, a methodologically important point related to
the density of confined water films should be clarified.
The plain wave cutoff used in the simulation is sufficient
for accurate prediction of the molecular geometries and rel-
ative energies. This basis set, however, is not complete for
accurate estimation of the stress tensor (Payne et al., 1992).
Additionally the stress is known to converge slowly, so that
there is no hope to estimate this property within the given
simulation time. Therefore, the pressure was not calculated
and the system studied could have been under excess pres-
sure eventually. Insight on the influence of a compression
on the structure of confined fluid can be gained from anal-

ysis of the behavior of bulk water at high pressures. Both
experimental data (Walrafen and Abebe, 1978) and com-
puter simulations (Kalinichev et al., 1999) indicate that
the pressure has a minor effect on hydrogen bonding in
water at ambient temperature. Despite an insignificant de-
crease of the intermolecular distances (bonded range) and a
little decrease in the hydrogen bond angle the average num-
ber of hydrogen bonds per molecule and overall topology
of the hydrogen bonding network remain unchanged over
the range of pressures studied up to 10 kbar. The response
of the water molecules to compression at room tempera-
ture is mainly in increasing of a packing of non-bonded
nearest neighbors. In this work the structure of the inter-
face is mainly analyzed in terms of intermolecular distances
and we are preliminarily interested in the relative interac-
tion of distinct surface groups on the edges with water
within a single simulation run. Since the response of the
hydrogen bonding network in bulk water was shown to
be small we also expect a minor effect of pressure on
hydrogen bonding network in confined water. Finally,
the relative response of the surface groups within a single
simulation is even smaller then the absolute change.
Nevertheless, systematic calculations with different densi-
ties of the confined fluid are to be done to fully clarify this
point.

3. Results and discussion
3.1. Influence of the fluid on the structure of edge sites

Three representative snapshots of the simulation setup
for the (010), (100) and (110) interfaces are shown in
Fig. 1. The geometries of edges in presence of solution
are qualitatively similar to the predictions from the static
calculations (Churakov, 2006). The average bond lengths
of the surface molecular complexes in the presence of water
fluid are compared with the results of the static optimiza-
tions of the edge facets exposed to the vacuum in Table
3. For all the studied interfaces the length of the Si—O
bonds is almost identical to that predicted by the static cal-
culations. The Al—O contacts in =AlL,—OH,
=Al—0—Si=, =AI—OH and =AIl—OH, are slightly
influenced by the presence of the solution. The Al—O
bonds in =Al,—OH, =AI—OH and =AIl—0—Si= sur-
face sites are elongated by about 2%, while in the
=AIl—OH; group the Al—O contacts are shortened. At
the same time, the length of OH bonds in =Al—0OH,
and =Si—O'H groups is significantly longer then that in
the static calculations. The results can be explained by a
different stiffness of the Si—O and Al—O bonds. The stiffer
Si—O bonds are hardly affected by the presence of the fluid
at the interface. In contrast the relatively soft AI—O con-
tacts in the Si—O—Al bridging bond and, in particular,
in =AIl—OH, groups, readily respond to the hydrogen
bonding interaction between surface oxygen atoms and
water molecules near the interface. Straining of the OH
bonds in =AI—OH, groups due to interaction with the
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Fig. 1. Snap-shot from MD simulations of the (010), (100) and (110)
interfaces. Oxygen atoms are red, aluminum atoms are green, silicon
atoms are light-brown and hydrogen atoms are grey. Simulation supercell
is marked by a yellow rectangle. “External” (=Si—O'H) and “internal”
(=Si—0’H) oxygen sites are labeled on (100) and (110) interfaces.
Dotted lines schematically trace the extent of solid—fluid interface. Note
that (110) and (100) interfaces are not planar.

Table 3
Average bond distances in the surface groups at water—pyrophyllite edge
interfaces obtained by MD simulations

o o

Rsi—o [A] Rai—o [A] Ron [A]

(010)
=SiOH 1.650(1.649) 1.012(0.981)
=AIOH 1.863(1.833) 0.979(0.974)
=AIOH, 1.997(2.173) 1.010(0.990)
=AlOSi= 1.656(1.658) 1.945(1.910)

(110)
=SiO'H 1.652(1.665) 1.004(0.974)
=SiO’H 1.650(1.654) 0.986(0.972)
=ALOH 1.912(1.926) 0.980(0.975)
=AIOH, 1.967(2.068) 1.004(0.987)
=AlOSi= 1.606(1.610) 1.846(1.810)

(100)
=SiO'H 1.663(1.668) 1.012(0.976)
=SiO’H 1.656(1.660) 0.996(0.972)
=ALOH 1.921(1.904) 0.979(0.973)
=AIOH, 2.036(2.064) 1.014(0.995)
=AIOSi= 1.608(1.609) 1.844(1.815)

Results from the static calculations for the pyrophyllite edge exposed to
vacuum are given in brackets for comparison (Churakov, 2006).

molecules in the solution is compensated by pronounced
contraction of the AlI—O distances.

3.2. Structure of water films near the interface

The running coordination numbers for different oxygen
sites with respect to hydrogen atoms of water molecules in
solution and surface OH groups on the (010), (110) and
(100) edge sites of pyrophyllite are plotted in Fig. 2. The
second maximum on the RDF corresponds to the average
length of hydrogen bonds (Table 4). The average number
of hydrogen bonds (Table 4) is calculated assuming the
geometric criterion of hydrogen bonds.(Kalinichev and
Churakov, 2001) According to this criterion, two molecules
are considered as hydrogen bonded if the distance between
oxygen and hydrogen sites is less then 2.4 A. This threshold
corresponds to the position of the second minima on the
oxygen—hydrogen RDF of water.

3.2.1. Water-(010) interface

The simulated (010) surface contains four =Si—OH
groups, two =AI—OH sites and two =Al—OH, complex-
es on each side of the interface. For every instantaneous
configuration, one could distinguish two non equivalent
=Si—OH sites. One half is situated in the neighborhood
of the =AIl—OH sites, while the other half is located close
to the =Al—OH, groups. As it is shown later the exchange
of protons between =Al—OH, and =AIl—OH groups
introduces a dynamic disorder that results in the equiva-
lence of =Si—OH sites if considered as an ensemble aver-
age over sufficiently long simulation time.

Oxygen atoms in =Si—OH groups accept 1.33 hydro-
gen bonds in total. The 0.38 hydrogen bonds come from
the surface sites. On average, 0.95 water molecules from
the interstitial fluid donate hydrogen bonds to =Si—OH
sites. Hydrogen atoms donate 0.85 hydrogen bonds to
the water molecules from the interfacial fluid and 0.14 to
the surface oxygen atoms. After about 5 ps of the produc-
tion run, the proton from the =Si—OH group was sponta-
neously transferred to the =AI—OH site, and the bare
=Si—O" surface site was formed. Excess negative charge
on the =Si—O~ complex produces a strong attraction field
for the water molecules. The proton free =Si—O~ surface
site is coordinated by 3.48 hydrogen atoms where only 0.52
are donated by the surface groups and 2.96 are donated by
the water molecules from the interstitial fluid. This illus-
trates that the stabilization of charged surface groups is
mainly achieved by the rearrangements of the water mole-
cules at the interface, rather than through the structural
changes on the surface and in the bulk of the solid.
Although the number of hydrogen bonds from surface sites
increased, the main contribution to the coordination is giv-
en by the interstitial fluid. A strong reorganization of the
water molecules close to =Si—O" sites results in significant
structural changes in the neighboring water layers.

Oxygen atoms in the =Al—OH groups accept 1.64
hydrogen bonds. The 0.40 hydrogen bonds are accepted
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Fig. 2. The running coordination number of the oxygen surface sites with respect to the hydrogen atoms (1 5;O- - -H, n o1 O- - ‘-H, 1 yeOwme - -H) and the
coordination number of hydrogen atoms covalently bound to the surface oxygen sites with respect to oxygen atoms in the interstitial water (7 veoH: - :Oy).
Curves subscribed with “surf” indicate the configuration with respect to hydrogen atoms bonded to surface sites only (water is excluded). The “all”’ curves
consider contributions from both surface sites and water molecules in the solution. The SiO' and SiO? sites are introduced in Fig. 1. Some curves are
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shifted along ““y” axis to avoid the overlap.

from surface sites and 1.24 bonds are donated by water
molecules in the interstitial fluid. The proton of the
=AI—OH site donates 0.6 hydrogen bonds to the surface
oxygen sites and only 0.04 to the interstitial water mole-
cules. The oxygen of the =Al—OH, site accepts only
0.06 hydrogen bonds. This is explained by configurational
difficulties for water molecules to reach the oxygen site
since the =O0H, groups are tightly bonded to the surface
Al atoms and the OH bonds are pointing towards the inter-
stitial fluid. Each hydrogen atom of the =Al—OH, groups
donates 0.65 hydrogen bonds to the interstitial water mol-
ecules and 0.45 to the surface oxygen sites. The
=Si—0O—Si= and =Si—O—AI= sites are spatially sepa-
rated from the interstitial fluid and do not interact with
water.

The strong directional interaction of water molecules
with the surface disturbs the common tetrahedral structure
of bulk water and introduces a new ordering in the direction

normal to the interface. The atomic probability density pro-
file through the clay—water interfaces is given in Fig 3.
Based on the positions of minima in the distribution of oxy-
gen sites bonded with two hydrogen atoms, four slices can
be distinguished (A, B, C, and D). The distribution is not
symmetric relative to the centre of the fluid phase. The
asymmetry is caused by several factors. First, as it was ad-
dressed in section II, the simulation time is relatively short.
Second, the two surfaces were indeed nonequivalent during
the production run because of a spontaneous proton trans-
fer between the surface groups. For a sufficiently long
expectation time the similar proton transfer events
should occur on both sides of the interface. Such a long sim-
ulation was not possible due to limited computational
resources.

Zone A is represented by the molecules strongly ab-
sorbed on the (010) edge of pyrophyllite. Positions of oxy-
gen atoms in the surface groups are marked by the sharp
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Table 4

Total coordination number of hydrogen bonds formed to the surface sites and their average length (maxima of the RDF)

N=0—Htot N=0. . Hsurf N=o.. Hw N—=H—o0tot N=H—Osurf N—=H—Ow (R[=0---H]) [A] (RI=H---0,) [A]
(010)
Si—OH 2.33 0.38 0.95 1.99 0.14 0.85 1.825 1.65
Si—O 3.48 0.52 2.96
Al—OH 2.64 0.40 1.24 1.64 0.60 0.04 1.600
Al—OH, 2.06 0.04 0.02 2.10 0.45 0.65 1.625
Si—O—Al 0.20 0.20 0.00
Si—O—Si 0.03 0.02 0.01
(110)
Si—O'H 2.16 0.00 1.16 1.98 0.00 0.98 1.850 1.725
Si—O’H 2.17 0.89 0.28 2.22 1.21 0.01 1.775 1.975
Al—OH, 2.19 0.07 0.12 2.20 0.53 0.67 1.775
Al—(OH)—Al 1.02 0.00 0.02 1.73 0.09 0.64 2.075
Si—O—Al 1.03 0.12 0.91 1.775
Si—O—Si 0.66 0.36 0.30 2.025
(100)
Si—O'H 2.52 0.12 1.40 1.99 0.00 0.99 2.825 1.675
Si—O’H 2.01 0.73 0.28 2.10 1.05 0.05 1.550 1.725
Al—OH, 2.80 0.60 0.20 2.17 0.68 0.49 1.675 1.625
Al—(OH)—Al 1.04 0.04 0.00 1.44 0.06 0.38 2.075
Si—O—Al 0.88 0.15 0.73 1.775
Si—O—Si 0.10 0.00 0.10 2.125

The subscripts surf and w indicate that the corresponding atom belongs to a surface group or a water molecule in the fluid. The subscript “tot” indicates
the total number of hydrogen bonds formed to the surface site. The last two columns indicate positions of the maxima on the RDF.

maxima on thez On,0) and Oon distributions. At the dis-
tance of —3.5 A in zone A" a small maximum in the O-dis-
tribution marks the position of the oxygen site in the
spontaneously deprotonated =Si—OH group. The forma-
tion of the =Si—O~ surface group is the main factor
responsible for the asymmetric distribution of water in
the interstitial fluid. The probability density distribution
of the angles between the dipole vector of the water mole-
cules and the direction normal to the interface is shown in
Fig. 4. Two different conformations are marked by maxima
at 12 and 36 degree. A more detailed insight into preferen-
tial orientation of water molecules near the interface is ob-
tained from angle distribution of the individual OH vectors
of water molecules (Fig. 5). Three maxima at 18, 54 and 90
degrees can be recognized. In the conformation with the
smaller angle of dipole vector (12 degrees) both OH bonds
of water molecules are pointing outwards from the surface
and donate hydrogen bonds to the solution. Each OH vec-
tor contributes to the maximum at 54 degrees (Fig. 5). In
the conformation with the higher angle (36 degrees), one
of the OH bonds is oriented parallel to the surface (maxi-
mum at 90 degrees in Fig. 5) while the other one is pointing
into the interfacial fluid (the maximum at 18 degrees in
Fig. 5). Such geometric interpretation agrees with the sta-
tistics of hydrogen bonds (Table 5). The absorbed water
molecules donate on average 0.86 hydrogen bonds to the
surface and 1.27 hydrogen bonds to the solution. This ratio
of hydrogen bonds can be produced by a superposition of
two distinct conformations of the strongly bound water
molecules. In the first conformation, the dipole moment
of the water molecules is orthogonal to the interface, and
two OH groups pointing into the solution, this results in

the formation of two donating hydrogen bonds to the solu-
tion. In the second conformation one OH bond is oriented
parallel to the interface and forms a single donating bond
to the surface. The second OH vector is pointing to the
solution—one donating bond to the surface and one to
the water molecules in the solute.

Water molecules in zones B and C are sufficiently close
to the interface and can form hydrogen bonds to the sur-
face site. The total number of hydrogen bonds per water
molecule in zone B is only slightly greater than in zone C
(Table 5). The significant difference is in the fraction of
hydrogen bonds formed to surface sites and to the bulk
water. Molecules in zone B form up to 70% of hydrogen
bonds to the surface and only 30% to the bulk while for
the zone C, this ratio is reverse. Angle distributions of di-
pole moment of water molecules relative to the interface
in slices B and C are clearly different (Fig. 4). One can
see three distinct maxima in the distribution for zone B.
In contrast the distribution in zone C is much more uni-
form. The difference is emphasized in the angle distribution
of individual OH vectors of water molecules (Fig. 5). The
distribution for zone B has a sharp maximum at 115 de-
grees and a flat shoulder between 0 and 85 degrees. This
can be interpreted as follows. One OH bond of the water
molecule in zone B is oriented almost parallel to the inter-
face (maximum at 115 degree). This OH group forms both
donor and acceptor bonds to the surface groups. Another
OH vector rotates outward from the interface so that the
plane of the molecule changes its orientation from almost
parallel to the interface with three hydrogen bonds formed
to the surface to almost orthogonal to the interface so that
only two hydrogen bonds are formed with the edge.



Structure and dynamics of water near edge sites of pyrophyllite 1137
(01 0) AI B\ CI DI DII CII BH AII

g Al-OH,
EHNY,
£

®

6 5 A 1 2 5 6

v [A]
(1 1 O) AI BI Cl DI DII Cll BII AII H-Oz-Si
Al-OH, Ho-Al | \

g/ \ sio

c
: /N

5 \

6 5 -4 3 -2 -1 1 2 3 4 5 6

y, [A]

k2
c
=]
2
©

-7

-6

-5

x, [A]

Fig. 3. Atom density profiles through the interstitial fluid and the solid-liquid interfaces. Zero is placed in the middle point of the water film confined by
the pyrophyllite edges. “O” denote oxygen atoms not bound to hydrogen atoms, Oon) are oxygen sites of =OH groups. Oy, 0) are central oxygen atoms
in =OH, surface groups and water molecules in the solution. Hydrogen atoms from OH and H,O groups are denoted by H ony and Hy,0), respectively.

The shadowed area schematically indicates the solid phase.

Zone D comprises a central part of the interstitial fluid.
Molecules in this group are remote from the interface and
do not form hydrogen bonds to the surface. The maximum
of Ou,0) distribution in zone D coincide with the centre of
fluid phase. The asymmetric distribution of hydrogen
atoms Hy,0) in slice D suggests that water molecules are
preferentially pointing to the “left” interface with the
deprotonated =Si—O~ site. Compared to other zones,
the angle distribution for slice D is the most uniform
(Figs. 4 and 5).

3.2.2. Water (110) interface

Two structurally different =Si—OH groups on the
(110) edge accept the same number of hydrogen bonds
(1.16 on the =Si—O'H and 1.17 on =Si—O’H sites,
respectively). The internal =Si—O?H sites are hidden from

the solution by irregularities of the interface, and make an
insignificant contribution to the hydrogen bonding with the
water molecules. The 0.89 hydrogen bonds are donated by
the surface groups and only 0.28 are accepted from intersti-
tial water. The external =Si—O'H sites are extended into
the solution and do not form any hydrogen bonds to the
other surface sites. This is compensated by a larger number
of hydrogen bonds formed to the interstitial fluid (1.16).
Similarly, hydrogen atoms of =Si—O°H sites donate 1.21
bonds to surface oxygen atoms while hydrogen sites from
=Si—O'H groups donate 0.98 hydrogen bonds to water
molecules. The oxygen site of the =Al—OH, group forms
very few acceptor bonds both from surface sites and inter-
layer water. Every hydrogen atom in the =Al—OH, group
donates 0.53 and 0.67 hydrogen bonds to the surface
and interstitial water, respectively. The bidentate
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Fig. 4. Angle distribution of the dipole moment of water molecules
relative to the “y” direction of the supercell, accumulated separately for
molecules located in different zones with respect to the interface (Fig. 3).
The distribution is normalized by the total number of molecules in each
zone.

=Al—OH—AI= complex is situated far too deep in the
structure and, therefore, does not participate in hydrogen
bonding with the solution. In contrast to the (010) inter-
face the bridging oxygen of the =Si—O—AI= group on
the (110) edge is located much closer to the solution and
accepts as many as 0.91 hydrogen bonds from water mole-
cules. Only 0.12 bonds are contributed by the surface sites.
The =Si—O—Si= oxygen is situated deep in the bulk and
accepts only 0.36 and 0.30 bonds from the surface sites and
the water, respectively.

S.V. Churakov 71 (2007) 1130—1144

Due to the specific crystallography of the (110) edge the
fluid-water interface is not planar (see Fig. 1). This fact pre-
sents uncertainties in the analysis of the density profile
based on the simple distance coordinate. The probability
density distribution profile through the fluid—solid interface
is shown in Fig. 3. Similar to the (010) interface four dif-
ferent layers are defined as a function of distance from
the centre of the fluid along the ““y”-direction of the simu-
lation supercell (Fig. 1). The division is rather fuzzy due to
the non-planarity of the interface. The probability density
distribution of angles between the dipole moment of water
molecules and the “y”’-direction of the simulation supercell
(Fig. 1) is shown in Fig. 4. The orientational distribution of
OH vectors in water molecules and the surface hydroxide
groups are shown in Fig. 5.

The average number of hydrogen bonds per water mol-
ecule in different zones is given in Table 5. The average
number of hydrogen bonds in zone A is different from
the statistics for =AIl—OH, groups based on the integra-
tion of RDF. The difference originates from the presence
of additional water molecules close to the interface. One
can recognize these molecules on the probability density
distribution in slice A". The sharp maximum at 3.8 A in
the O,o) distribution (strongly bounded =AI—OH,)
forms a shoulder at 3.2 A. The dipole vector distribution
for zone A is dominated by the double hill maximum be-
tween 30 and 80 degrees. This maximum is similar to the
peak on the distribution for (010) interface (Fig. 4). The
shift to higher angles comparing to the (010) interface is
explained by a bent orientation of the (110) edge. The ori-
entation of =Al—OH, groups on (110) interface can be
interpreted in the same way as on the (010) edge. The
broad maximum with the center at 120 degrees is contrib-
uted by the water molecules penetrating from the fluid to
the open siloxane cavities. These molecules donate hydro-
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Fig. 5. Probability density distribution of the angles between OH bonds in water molecules, located in different zones relative to the interface (Fig. 3.) and
the “y” direction of the supercell pointing outwards from the surface. Separate graphs on the right side show the angle distribution of surface hydroxyl
groups bound to Al and Si atoms. Distributions are normalized by the total number of molecules in the corresponding zone.
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Table 5

Average number of hydrogen bonds per water molecule in different fluid layers at (010) and (110) interfaces ((nyg))

Layer () surr (M) buik (8 surs (18 bui (nig) (nifi) y

(010)
A 0.86 1.27 0.05 0.03 2.13 0.07 2.21
B 1.40 0.54 1.32 0.58 1.95 1.91 3.85
C 0.69 1.17 0.67 1.16 1.86 1.83 3.69
D 0.01 1.88 0.00 1.84 1.89 1.84 3.73

(110)
A 1.22 0.83 0.56 0.35 2.05 0.90 2.95
B 0.90 0.96 0.81 0.86 1.85 1.67 3.52
C 0.49 1.36 0.42 1.32 1.85 1.74 3.59
D 0.03 1.83 0.07 1.81 1.86 1.88 3.73

Superscripts “don” and “acc’ stand for individual contribution of the donor and the acceptor hydrogen bonds. Subscripts “surf” and “bulk’ indicate the
bonds that are formed to the surface atoms or interstitial water molecules, respectively.

gen bound to =Si—O’H groups and accept protons from
=AIl—OH complexes. In Fig. 5 these molecules contribute
to a broad shoulder at 130 degrees. The angle distribution
of OH vectors in =Si—O”H and =Si—O'H groups has a
single maximum near 90 degrees. In both surface groups,
the OH bonds are preferentially elongated orthogonal to
the “y” axis of the supercell. In contrast to the (010) inter-
face the angle distribution of =A1—OH forms only a single
maximum at 48 degree. These groups are deeply located in
the solid and have only one type of conformation.

Orientation of water molecules in the zones B and C at
(110) face has certain similarities with the results for (010)
interface. The dipole angle distribution in zone B has a pro-
nounced maximum at 90 degrees with broad shoulders to
both sides. The distribution of the individual OH groups
has a sharp maximum at 120 degrees and a broad shoulder
up to 0 degrees. According to the data in Table 5 the mol-
ecules in zone B form equal number of HB to the surface
and the bulk fluid. Thus, the molecules in zone B are ori-
ented in such a way that one OH group forms one donating
and one accepting bond to the surface. The second OH vec-
tor has a broad range of conformations from an inward
configuration to an outward pointing orientation relative
to the interface. The angular distribution of molecules in
zones C and D is substantially uniform and does not allow
discriminating different configurations. According to the
statistics, molecules in zone C form only about one third
of the bonds to the surface sites. Zone D is too far separat-
ed from the interface for the HB to be formed with the
surface.

3.2.3. Water-(100) interface

The (100) interface has two structurally different
=Si—OH sites. Internal =Si—O’H sites accept 1.01
hydrogen bonds. The 0.73 hydrogen bonds are accepted
from the surface groups and only 0.28 are donated by the
water molecules. The oxygen site of the =Si—O'H group
accepts 1.40 hydrogen bonds from the water molecules
and only 0.12 from the surface sites. The =Al—OH,
groups accept 0.6 and 0.2 hydrogen bonds from the surface
sites and the water molecules, respectively. Every hydrogen

atom of the =AIl—OH, site participates in 0.49 hydrogen
bonds to water molecules and 0.68 to surface sites. The
bidentate =Al—OH—AI= group is deeply buried in
the bulk and is not involved in the hydrogen bonding.
The bridging =Si—O—AI= oxygen site forms 0.73 bonds
to the water and 0.15 to the surface groups. The
=Si—0O—Si= site is spatially far away from the interface
and therefore does not interact with water.

The probability density distribution near the (100)
interface is shown in Fig. 3. One can recognize strongly
bonded water molecules in =AIl—OH, complexes and the
surface OH groups. An unambiguous subdivision in the
separate water layer is not possible because of a strong
irregularity of the interface. This does not mean however
that water near the (100) edge is less structured then near
the (010) and (110) interfaces. Geometry of the (100) edge
is so complex that structurally different water layers over-
lap on the selected projection.

3.3. Proton exchange between edges sites

The equilibrium structure of edge sites predicted in static
calculations corresponds to the surface geometry with the
lowest possible energy at zero Kelvin. At non-zero temper-
atures, the entropy favors the thermal disorder in the sys-
tem. At ambient conditions, the average occupation on
different oxygen sites by protons should correspond to
the equilibrium protonation constants of individual surface
sites. The averaging is assumed both over ensemble and
time. The atomistic picture of thermodynamic equilibrium
implies a dynamic exchange of protons between the solu-
tion and the surface, as well as the proton exchange be-
tween different sites on the surface. The rate of proton
exchange depends on the height of the energy barrier re-
quired to break the =0—H bond. In most cases, the acti-
vation barrier for the proton transfer reaction is too high to
observe the proton exchange directly in a short MD simu-
lation. In a special case of strong hydrogen bonding, inter-
action with the molecules in solution can be sufficient to
dramatically reduce the activation barrier for the proton
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exchange. In such situation the proton hopping may occur
in conventional MD simulations.

In MD simulations of the (010) interface, a spontaneous
proton transfer among =Si—OH and =AI—OH sites was
observed after ~5 ps of the production run which was
started after more than 10 ps of equilibration. Snapshots
illustrating the mechanism of the proton exchange are
shown in Fig. 6. The reaction proceeds in two basic steps.
Initially, a water molecule near the surface dissociates, giv-
ing a proton to the surface =Al—OH group:

=AI—OH + H,0,,; — AI—OH,"* + OH_, (1)

The newly formed hydroxyl ion approaches the =Si—OH
group, and the surface donates a proton back to the fluid:

=Si—OH + OH_,; — =Si—0"~ + H,O4 (2)

The sum of these two reaction steps results in proton trans-
fer from =Si—OH to =AIl—OH surface sites:

=Al—OH + =Si—OH — =Al—OH, " + =Si—0"~ (3)

After a short time (about 0.25ps) the proton on the
=Al—OH," group was transferred back to the =Si—O~
site following the same reaction mechanism and the initial
surface configuration was recovered. The presence of aque-
ous solution near the interface is essential for the success of
the reaction and the stability of the reaction products. Mol-
ecules in the solution act as a transport medium for the
protons. When the proton is successfully transferred, water
molecules in the fluid rearrange to screen the charge redis-
tributed on the surface. The average coordination number

of =Si—OH by hydrogen atoms from the solution is 0.95
(Table 4). After the proton transfer, the =Si—O" site is
coordinated by 2.96 hydrogen atoms of water molecules
(Table 4) with very short hydrogen bonds of about 1.5 A
(see Fig. 2). The proton transfer induces significant rear-
rangements in the water structure near the deprotonated
sites. The efficient screening of charged =Si—O~ sites
makes it possible to stabilize the newly formed meta-stable
surface configuration. The presence of solution substantial-
ly reduces the energy of reaction products and the activa-
tion barrier compared to the same process in gas phase.

Another type of proton exchange was observed between
=AI—OH, and =AI—OH sites (Fig. 7). The composition
of the surface before and after the proton transfer remains
unchanged (same surface concentration of =AIl—OH, and
=AI—OH groups). The newly formed configurations differ
only by the long-range arrangements of the surface sites.
The energy difference of the products and reactants is
expected to be small. Essential preconditioning for this
type of proton transfer is the formation of a chain of
hydrogen bonds connecting the surface sites. The reaction
takes place by the mechanism:

=AI'-OH..-H'OH ... H"OH - .- H"HO—AI"'=
— =AlI'-OHH'..-OHH" ... OHH"™ ... HO—Al'=
4)

Three protons are transferred simultaneously which even-
tually results in an exchange of the proton between
=AI'-OH and =AI"—0OH, groups.

Fig. 6. Example of the proton transfer reaction on the (010) edge of pyrophyllite obtained by first principle molecular dynamics simulations at 300 K.
(a) Pyrophyllite surface with =Al—OH and =Si—OH groups. (b) Dissociation of the water molecule in solution and proton sorption on the =Al1—OH
site. (¢) Formation of a solvated OH group and a =AI—OH, surface complex. (d) The =Si—OH surface complex donates the proton to the solvated OH
group. (e) Finally, the surface consists of the =Si—0O and =AIl—OH, complexes. The color legend is given in Fig. 1.

Fig. 7. Proton transfer reaction between =Al—OH, and =AI—OH surface groups on the (010) edge of pyrophyllite. Left and right slides are the initial
and final state of the system. The middle slide shows the transition states of the simultaneous transfer of the protons between water molecules in the fluid

and two surface groups. The color legend is given in Fig. 1.
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Experimental studies of different smectites showed the
ion conductivity to have substantial protonic contribution
(Poinsignon, 1997; Aliouane et al., 2002). Proton transfer
reactions observed in our simulation may be an important
component of the ion conductivity in compacted clays.
Although the simulation time is not sufficient to derive
the proton diffusion coefficients the insight on the mecha-
nism of surface proton diffusion can still be gained from
the single proton transfer events. More accurate results
on the proton diffusion kinetics could be obtained using
with more advanced techniques like thermodynamic inte-
gration (Trout and Parrinello, 1999) or metadynamics (Ian-
nuzzi et al., 2003; Churakov et al., 2004). Such simulations
are beyond the scope of this study.

One of the basic questions of diffusion kinetics is the
nature of the reaction-limiting step. Mechanisms of the
proton diffusion in water have been discussed in details
(Agmon, 1995). In the bulk water, the kinetics of proton
diffusion is limited by the reorganization of solvent mole-
cules. For proton transfer reactions observed in our simu-
lations the structural arrangements of the molecules are an
essential part of the reaction mechanism. The proton trans-
fer itself occurs at a significantly shorter time scale. There-
fore one can argue that the kinetics of surface diffusion of
protons on edges of pyrophyllite is limited by the structural
arrangements of solvent molecules at the interface.

3.4. Proton affinity of surface sites and the composition of
edges

In the previous work, the composition of edges of pyro-
phyllite was obtained based on the static optimization of
the surface exposed to the vacuum (Churakov, 2006).
The proton affinity of sites was estimated using enthalpy
of (de)protonation in gas phase, effective charges on oxy-
gen atoms, and the Fukui function formalism. It is impor-
tant to test whether the predictions of static calculations
agree with results of MD simulations for liquid-solid inter-
faces. The coordination number of oxygen sites and the
average length of hydrogen bonds can be considered as
an indicator of the proton affinity of surface oxygen sites.
Large coordination numbers and short hydrogen bond dis-
tances indicate a higher proton affinity of the test site. For
weakly bonded protons, the stretching of OH bonds in the
solution relative to the gas phase should be stronger. The
=AI—OH groups on the (010) edge have higher coordina-
tion numbers than =Si—OH sites (Table 4). One can also
see that the lengthening of the OH groups in the presence
of interlayer water is much stronger for =Si—OH and
=AI—OH, sites at the (010) interface than that
for =Al—OH groups (Table 3). Static calculations predict-
ed =Si—OH and =AIl—OH, to be proton donors and
the =AIl—OH sites to act as proton acceptors. This picture
is also in agreement with the mechanism of proton transfer
reactions observed in the simulations. In both cases,
=AIl—OH sites accepted a proton either from the
=Si—OH or the =AIl—OH, sites.

Considering =Si—O'H and =Si—O’H sites at the
(100) and (110) interfaces some discrepancies can be
found. According to the static calculations =Si—O'H sites
have the higher deprotonation enthalpy than =Si—O’H
groups (Churakov, 2006). On the other hand in the pres-
ence of solution, the OH bonds on =Si—O'H sites are
much more elongated compared to those in vacuum. The
=Si—O'H and the =Si—O’H sites on the (110) interface
have the same number of hydrogen bonds. On the (100)
edge =Si—O'H sites have higher coordination numbers
than =Si—O?H groups. This would mean that =Si—O'H
groups can be deprotonated more easily than =Si—O°H
sites in contradiction to the static calculation. The source
of these discrepancies might be in the geometrical irregular-
ity of the (110) and (100) interfaces. The =Si—O*H
groups are located far from the interface and therefore
marginally affected by the presence of solution. The
=Si—O’H site accepts hydrogen bonds from the surface
OH groups so that the effect of solvation is partially includ-
ed in static calculations. In contrast, =Si—O'H sites form
hydrogen bonds exclusively to the molecules in solution.
This explains the minor response of the OH groups to
the presence of the interlayer solution.

3.5. Comparison with the structure of the bulk water

In order to compare the hydrogen bonding network
near edges of pyrophyllite with the bulk fluid a short MD
simulation of ab initio water has been performed at ambi-
ent conditions with the same exchange-correlation func-
tional and pseudopotentials as for the interface
calculations. In bulk water, molecules form on average
3.7 hydrogen bonds (calculated using simple distance
criteria). Average length of hydrogen bonds corresponding
to the maxima on the OH radial distribution function is
1.8 A.

The average statistics of hydrogen bonds in different lay-
ers of confined water (Table 5) match the value for the bulk
fluid. The pronounced difference is observed in the average
length of the hydrogen bonds formed to the surface groups
(Table 4). The length of hydrogen bonds formed to the sur-
face groups is shorter by 0.1-0.2 A than in the bulk. The
strong hydrogen bonding to the surface undoubtedly indi-
cates a hydrophilic character of the interface.

4. Conclusions

Geometries of the (010), (110) and (100) /Tc pyrophyl-
lite-water interfaces obtained by first principle molecular
dynamic simulations are in qualitative agreement with the
predictions of static structure optimizations of the edge fac-
ets exposed to vacuum. The response of the surface to the
hydration is manifested by the elongation of surface OH
groups by 2-3% and contraction of Al—O bonds. All sur-
faces studied show a strong hydrophilic character which re-
sults in a high degree of ordering of water molecules near
the interface. The orientation of molecules at the surface



1142 S.V. Churakov 71 (2007) 1130—1144

is similar to that obtained on the idealized surface of
hydrated silica (Lee and Rossky, 1994). The OH bonds
of water molecules near the interface are oriented parallel
to the interface so that at least two hydrogen bonds are
formed to the surface.

The simulations give an interesting insight on the mech-
anism of proton exchange on the hydrated edge sites of the
clays. Solution at the interface plays the role of transport
medium for the hopping of protons between the surface
sites. Kinetics of the proton surface diffusion is limited by
the dynamics of the structural rearrangement of the solu-
tion molecules near the interface. Water molecules near
the interface rearrange to stabilize the products of the pro-
ton transfer reactions and lower the activation barrier re-
quired for the proton exchange. The directions of the
observed proton transfer reactions are in agreement with
the relative acidities of the surface sites.

At present, available experimental techniques are not
capable of directly probing a given water edge-interface
in clay minerals. The thermodynamics studies and AFM
spectroscopy confirm the importance of the edges for the
stability and the growth of clay particles but does not pro-
vide the direct information on the atomistic scale. X-ray
absorption spectroscopy, recently applied to study the
bulk/vapor water interface and the surface structure of
ice (Wilson et al., 2002; Nordlund et al., 2004) is a partic-
ularly promising tool for probing the structure of interfac-
es. Such method focused on the water saturated clays could
provide direct evidence for the structural changes in the
water—clay interface that can be confronted with the results
of the present ab initio simulations. Up to now the simula-
tions remain the only tool to access the structure of the
water—clay interface on the atomistic scale.
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