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Grand canonical Monte Carlo calculations are employed to investigate water adsorption on kaolinite at 298
and 235 K. Both basal planes (the Al and Si surfaces) as well as two edge-like surfaces are considered. The
general force field CLAYFF is used together with the SPC/E and TIP5P-E models for water. Problems that
occur in single slab simulations due to arbitrary truncation of the point charge lattice are identified, and a
working remedy is discussed. The edges and the Al surface adsorb water at subsaturation in the atmospherically
relevant pressure range. The Si surface remains dry up to saturation. Both edges have a very strong affinity
for water and adsorb continuously up to monolayer coverage. The Al surface has a weaker affinity for water
but forms a subsaturation monolayer. On the Al surface, the monolayer is formed in an essentially sharp
transition, and strong hysteresis is observed upon desorption. This indicates collective behavior among the
water molecules which is not present for the edges. Binding energies of singly adsorbed water molecules at
10 K were determined to understand the differences in water uptake by the four kaolinite surfaces. Binding
energies (SPC/E) of -21.6, -46.4, -73.5, and -94.1 kJ/mol, were determined for the Si surface, Al surface,
unprotonated edge, and protonated edge, respectively. The water monolayer on the Al surface, particularly at
235 K, exhibits hexagonal patterns. However, the associated lattice parameters are not compatible with ice
Ih. Water density and hydrogen bonding in the monolayers at both 298 and 235 K were also determined to
better understand the structure of the adsorbed water.

I. Introduction

Mineral dust particles are abundant in the atmosphere, with
estimated total global emissions of 800-1500 Tg/year.1-5 The
components of aerosolized mineral dust found in the atmosphere
include illite, kaolinite, montmorillonite, quartz, and calcite.
Kaolinite represents a significant component, comprising ap-
proximately 5-10% of aerosolized mineral dust.6 In the
atmosphere, mineral dust particles can take up water and act as
cloud condensation nuclei or ice nuclei.7-13 Thus, mineral dust
particles can influence climate by changing the frequency and
properties of clouds.8,10,14,15 To completely understand these
processes, one must first understand the interaction of water
with mineral dust particles.

Mineral dust particles can also provide a surface on which
heterogeneous reactions can occur in the atmosphere. These
reactions could be a sink of gas-phase atmospheric species and
influence the chemical composition of the mineral dust par-
ticles.16 Examples of reactions that may occur on mineral dust
particles are the hydrolysis of N2O5 and the uptake of HNO3.
Recent studies17-23 have shown that these reactions can be
strongly influenced by the presence of water on mineral surfaces.
Hence, in order to understand these reactions under atmospheric
conditions, an understanding of the interaction of water with
mineral surfaces is also necessary.

One method of studying the interaction of water with mineral
surfaces is to use computational methods. The interaction of
water with kaolinite has been investigated in several ab initio
studies, which have confirmed the hydrophobic and hydrophilic
nature of the Si and Al surfaces, respectively.24-28 The
hydrophobicity of the Si surface refers to its rather weak

interaction with a water molecule, which, in some instances,
can lead to water clustering instead of layering.

The recent computational studies of Hu and Michaelides27,28

are of particular relevance for ice nucleation studies. These
authors have examined water on the Al surface of kaolinite by
employing density functional theory (DFT). They found that a
two-dimensional (2D) water layer with a stability comparable
to that of ice Ih could be formed on the Al surface, but they
note a mismatch between the ice Ih lattice and the 2D water
structure imposed by the substrate. Moreover, they note that
multilayers of water on the Al surface are less stable than bulk
ice.

More recently, we used grand canonical Monte Carlo
(GCMC) calculations to study water adsorption and structure
on kaolinite surfaces as a function of relative humidity (RH) at
235 K, with a focus on ice nucleation.29 We found monolayer
formation, but the lattice parameters did not match that of ice
Ih. Indeed, the strain produced on an ice embryo by the lattice
mismatch strongly suggests that an atomically smooth, defect-
free Al surface would not be a good ice nucleus, contrary to
some previous speculation.30

There have been a number of simulation studies of water on
various related surfaces, including the Al and Si surfaces of
kaolinite,31-33 CaF2 and BaF2,34 �-AgI,35-37 metals,38,39 and
model hexagonal surfaces.40 However, we note that the vast
majority of this work has employed closed systems and does
not address adsorption questions. A relevant exception is the
work of Delville,33 who focused on the Si surface.

The present paper describes a significant extension of our
initial studies of water adsorption on kaolinite at 235 K, which
focused on ice nucleation.29 Here, we investigate in detail water
adsorption on kaolinite at both 298 and 235 K, again employing
the GCMC method, which is well-suited to address adsorption
questions. The calculations at 298 K allow us to compare
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qualitatively with recent adsorption experiments,41 and those at
235 K are motivated by ice nucleation experiments carried out
at that temperature.9,10 Four kaolinite surfaces are considered.
These include the hydrophilic Al surface, the hydrophobic Si
surface, and two so-called edge configurations (defined below).
Some of the topics addressed in the present paper that were not
included in our preliminary report are as follows.

We examine the modeling/simulation techniques employed
and identify potential problems that can arise. For example, we
note that arbitrary truncation of a kaolinite slab (a lattice of
point charges) can lead to strong unphysical fields at long
distances from the surface of interest. These fields can seriously
distort the results obtained, but we show that such effects can
be essentially eliminated by carrying out simulations with two
slabs arranged such that the long-range, truncation-dependent
fields cancel exactly. We also examine the convergence of the
Ewald sums necessary to take account of the long-range
Coulombic interactions.

We determine water adsorption isotherms at 298 and 235 K
for all four surfaces, and the results are compared with recent
laboratory studies. We study the orientation and binding energies
of single adsorbed water molecules at 10 K to understand the
differences in water uptake by the four kaolinite surfaces. This
includes determination of the binding energies and geometric
arrangements of single water molecules on the surface, as well
as water-surface hydrogen bond analyses. The water structure
in the monolayers is analyzed using density and hydrogen-bond
number profiles.

The remainder of this paper is organized into three parts. The
models and simulation issues are discussed in section II, the
results are presented and discussed in section III, and our
conclusions are summarized in section IV.

II. Model and Method

The model used for the clay lattice is CLAYFF, a general
force field developed by Cygan et al.42 In this model, the short-
range interactions of all atoms are represented by Lennard-Jones
(LJ) potentials. For the lattice oxygens, the parameters assigned
are identical to those of the single point charge (SPC) model
for water.43 Partial charges for all lattice atoms were derived
by periodic density functional theory calculations based on the
electronic structures of simple oxides and hydroxides (e.g.,
quartz (R-SiO2), corundum (R-Al2O3), boehmite (γ-AlO(OH)),
and others).42 The structure of kaolinite obtained by Bish44 was
used to improve the optimization of the interaction parameters.
The versatility of this model, mainly due to the use of a
nonbonded description for the interatomic interactions of the
lattice, gives a general force field suitable for application to a
wide variety of different clays. To keep the computational
requirements practical, we use a rigid lattice corresponding to
the most stable kaolinite configuration.44

We employ the extended single point charge SPC/E45 and
TIP5P-E46 models to represent the water-water and water-lattice
interactions. The SPC/E is a widely used three-site model with
the Coulombic interactions described by three point charges (one
for each atomic nucleus) embedded in a LJ sphere centered at
the oxygen. TIP5P-E is a recent reparameterization of the
original TIP5P model47 to better treat the long-range interactions
when using Ewald sums. It is a five-site model with positive
charges located at the hydrogen nuclei and negative charges at
“lone pair” positions, all embedded in a LJ sphere centered at
the oxygen nucleus. The water models are rigid with oxygen-
hydrogen bond lengths of 1 and 0.9572 Å, and bond angles of
109.47 and 104.52° for the SPC/E and TIP5P-E models,

respectively. For TIP5P-E, the oxygen lone pairs are located at
0.7 Å, with a bond angle of 109.47°. Both models give a
reasonably good description of water structure and properties45,48

under ambient conditions. We note that the TIP5P-E model gives
a more accurate prediction of the melting point of ice, 274
compared with 215 K for the SPC/E model.49 However, this
difference does not appear to have a significant influence on
water adsorption on kaolinite. Two different water models are
used to ensure as far as possible that model-dependent effects
are not significantly influencing our observations and conclu-
sions. It should be noted that both water models employed are
rigid point-charge models that do not allow for water dissocia-
tion. While water dissociation might play a significant role in
surface chemistry, we would not expect it to have a large
influence on the adsorption isotherms.

The configurational energy for our system, U, is given by
the sum of Coulombic and LJ interactions

where the sums are over all lattice and water interaction sites
and rij is the distance between sites i and j. The first term
represents the Coulombic interactions, where qi is the point
charge on site i, e is an elementary charge, and εo is the dielectric
permittivity of free space. The second term represents the LJ
contribution, and the energy and distance parameters for the
different site-site interactions, Do,ij and Ro,ij, respectively, are
given in ref 42. For the cross interactions, the Lorentz-Berthelot
rules, Do,12 ) (Do,11Do,22)1/2 and Ro,12 ) (Ro,11 + Ro,22)/2, are
used.

Kaolinite [Al2Si2O5(OH)4] is a clay mineral that has a layered
structure. These layers consist of octahedral aluminum (Al
surface) and tetrahedral silicon (Si surface). Kaolinite consists
of many of these layers attached together by hydrogen bonds
between the hydroxyl groups extending from the Al surface and
bridging oxygens on the Si surface. The large number of
hydrogen bonds connecting the layers makes them almost
inseparable. Thus, kaolinite is described as a nonexpanding or
nonswelling clay. The three-dimensional simulation cell il-
lustrated in Figure 1 is constructed such that the Al and Si
surfaces are parallel to the (001) plane. The rectangular lattices
periodically replicated in the xy plane are composed of 48

Figure 1. The simulation cell.
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kaolinite unit cells for a total of 816 atoms per surface. The x
and y dimensions of the cell are 30.921 and 35.7676 Å,
respectively.

In addition to the Al and Si surfaces, we consider two
additional surfaces that commonly occur in kaolinite samples50-52

and are sometimes called “edges”, a term that we will adopt
here. Two extreme edge cases are considered, one which has
“bare” oxygens exposed (unprotonated edge) and another where
all oxygens are protonated (protonated edge). The unprotonated
edge is constructed by cleaving the Al surface along the (100)
plane such as to have oxygen atoms exposed (see Figure 1).
The surface is then rotated 90° counterclockwise to bring the
exposed oxygens into the (001) plane and expanded to have x
and y dimensions of 29.524 and 35.76764 Å, respectively, and
contain 816 atoms. A protonated edge is constructed by placing
hydrogen atoms (a total of 64), each with a charge of 0.4250e,
1 Å above every bare oxygen atom. To counterbalance this extra
charge and maintain a neutral surface, an opposing negative
charge is equally distributed on all sites below the first layer of
Al and Si atoms. Specifically, a negative charge of 0.05e is
placed on all 544 sites below the surface. This procedure is
obviously somewhat arbitrary, but changing the surface thick-
ness (thus reducing the charge per subsurface site) does not have
any significant effect on the results obtained. We remark that
many “edge” surfaces could be constructed by cleaving kaolinite
along different planes. The particular edges considered here have
been discussed by previous authors50-52 and are believed to make
a significant contribution to the surface area of kaolinite samples.

Care must be taken in simulating slabs that are periodically
infinite in two dimensions (x and y) but arbitrarily truncated in
the third (z). Although our samples are overall electrically
neutral, arbitrary truncation of the discrete point charge lattice
can induce local charge imbalance at the resulting surface and
significant net polarization. This can create unphysical fields
that depend strongly on the slab thickness and can act at large
distances from the surface. Such effects would not occur for an
infinitely thick sample because charges in neighboring layers
preserve local charge neutrality. As an illustration of the
problem, the interaction energy of a water molecule (arbitrary
orientation) with a single surface is shown in Figure 2 (top).
We note that the interaction energy does not decay quickly and
is about -3 kJ/mol at a distance of 25 Å from the surface. This

unphysical interaction strongly depends on the slab thickness,
is different for different surfaces, and can significantly influence
the results obtained. For example, for the Al and Si surfaces,
one can observe small isolated water “towers” on the surface,
such as those previously reported by Delville33 for the Si surface.
We believe that such effects are artifacts of the long-range,
unphysical field resulting from truncation of the charge lattice.
One way to solve this problem is to add an opposing surface
having the same size and layer structure (see Figure 1), such
that the unphysical fields produced by truncation simply cancel.
We note that this technique was previously employed by Warne
and Cosgrove31 for similar reasons. Results for a single water
molecule in a two-slab arrangement are also shown in Figure
2, and we see that the interaction now approaches 0 at about
10 Å from the surface. The strong dependence on slab thickness
(not shown) found for a single slab vanishes when two slabs
are used. Furthermore, unusual structures such as isolated water
towers without any obvious physical explanation no longer
occur.

The configurational energies were obtained using a method
previously applied to slab geometries with long-range electro-
static interactions.53,54 We wish to calculate the long-range
interactions in a slab of finite thickness. One way to do this is
to periodically repeat the cell shown in Figure 1 in three
dimensions and apply the usual 3D Ewald method55 but leave
enough empty space to prevent the undesired images in the z
direction from having a significant physical influence.53,54 For
our systems, an empty gap of 107 Å was found to be sufficient
for this purpose, and increasing the gap further had no noticeable
effect. Comparing adsorption results, it was judged sufficient
to employ 6858 wave vectors in the Ewald sums as no
significant change was observed with larger numbers. The other
Ewald parameters employed were R ) 0.175 Å-1 and a
reciprocal space cutoff of 2.0 Å-1. The LJ and real space
interactions were cut off at half of the length of the x side of
the simulation cell.

The simulations were carried out employing the GCMC
method.55 This method allows the equilibrium properties of an
open system to be obtained at fixed chemical potential, µ,
volume, and temperature. In the present calculations, the number
of water molecules, NW, fluctuates. A Monte Carlo step is
defined as an attempted insertion, deletion, or displacement
(rotation or translation) of a water molecule, and all three
possibilities were attempted with equal probability. The ac-
ceptance rate for insertion (deletion) moves was ∼0.01%, which
is comparable to that found in GCMC simulations of bulk
water;56 the maximum size of the displacement moves was
adjusted to give an acceptance rate of ∼50%. To ensure
convergence, the systems were equilibrated for at least 5 × 107

Monte Carlo (MC) steps. Following equilibration, averages were
collected for 2 × 108 or more MC steps and include energy,
water content, density profile, and hydrogen-bond number. This
procedure was repeated for a wide range of chemical potentials
and at different temperatures to produce adsorption isotherms
and related properties for all four surfaces.

For the two-slab geometry discussed above (Figure 1), the
number of layers included in each kaolinite slab did not
significantly influence the results, and a single layer (constructed
as described above) was sufficient for this investigation.
However, since we are interested in modeling adsorption on
single surfaces rather than in slits of finite width, care must be
taken to place the slabs sufficiently far apart such that the water
adsorption on each slab is not influenced by the presence of
the other. Most simulations were carried out with the slabs

Figure 2. The surface-water interaction energy of a single, randomly
oriented, SPC/E water molecule as a function of the perpendicular
distance from the center of the highest hydroxyl hydrogen atom on the
Al surface. The top and bottom panels show the results obtained for
simulation cells with one and two slabs, respectively. The blue (circles),
red (squares), and green (triangles) lines correspond to 6858, 15624,
and 226980 k-space wave vectors, respectively.
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separated by 30 Å, but some test runs were performed with a
separation of 60 Å. These confirmed that, at least before the
filling transition at saturation (bulk condensation of the vapor),
the surfaces adsorbed independently. The results reported were
obtained by averaging values for both surfaces, which improves
the statistics. Some simulations were also performed by varying
the x and y cell dimensions by factors of 0.5 and 1.5, and again,
these tests revealed no significant system size dependence.

III. Results and Discussion

A. Water Adsorption at 298 and 235 K. Adsorption
isotherms for all four surfaces obtained at 298 K are displayed
in Figure 3 as a function of chemical potential. The water
coverage plotted on the vertical axis is the average number of
water molecules adsorbed on a single surface. For atmospheric
comparisons, it is often useful to convert the chemical potential
scale into pressure/saturated vapor pressure (P/Po). Since the
saturated vapor pressure of water at 298 and 235 K is low (<0.1
atm), the vapor pressures can be estimated using the ideal gas
relationship, P ) e�µtr/�Λ3, where µtr is the translational
contribution to the chemical potential and Λ is the thermal de
Broglie wavelength. The saturated vapor pressure Po for our
models can be found by setting P/Po ) 1 at the filling transitions
observed in the simulations. Some P/Po estimates are given
below. In contrast to the Al surface and the edges, for both
water models considered, the Si surface remains completely dry
up to the filling transition. For this reason, no further adsorption
results are presented for the Si surface.

Qualitatively similar adsorption behavior is observed for both
water models. Both edges adsorb readily even at low chemical
potentials (vapor pressures), the protonated edge having the
greatest affinity for water. Adsorption begins at very low
chemical potentials for these surfaces, that is, below µ ≈ -75.0
(P/Po ≈ 9.6 × 10-4) and -90.0 kJ/mol (P/Po ≈ 2.3 × 10-6)
for the unprotonated and protonated edges, respectively. As the
chemical potential is increased, the water uptake increases
slowly, partially covering the surface at well-defined binding
sites (see discussion below) until a monolayer is obtained at µ
≈ -63.0 kJ/mol (P/Po ≈ 0.12)(SPC/E). The film then thickens,
and finally, a transition to a completely filled state occurs. The
strong water affinity of the edges demonstrates that they can

make an important contribution to water uptake and could well
play an important role in heterogeneous surface chemistry that
involves water.

In contrast, adsorption on the Al surface occurs over a much
narrower range of chemical potentials (which is slightly larger
for TIP5P-E), suggesting a weaker water affinity on that surface.
On the chemical potential scale shown in Figure 3, it is only
just prior to filling, at µ ≈ -59.2 (SPC/E) and -56.5 kJ/mol
(TIP5P-E), that monolayer coverage is achieved. Note that we
take monolayer coverage to be a density of one water molecule
per 9 Å2 of surface area (assuming a smooth surface) or about
100 molecules on a single surface in our simulation cell. In
terms of the relative vapor pressure, P/Po, the adsorption range
on the Al surface is of atmospheric relevance. The P/Po range
over which adsorption occurs is approximately 0.55-1 at 298
K, and 0.2-1 at 235 K, which covers the range of interest for
atmospheric science.14

For all surfaces considered, adsorption isotherms at 235 K
exhibit trends similar to those described above for 298 K. A
comparison is made in Figure 4, where results obtained at 298
and 235 K are plotted for both edges and the Al surface. For
all three surfaces, the overall shape of the adsorption isotherms
is similar at both temperatures. As noted above, the Al surface
takes up water just before filling occurs, and both edges adsorb
water readily at low chemical potentials. The thickness achieved
by the water films before filling does show some variation with
temperature, particularly for the SPC/E model. At 235 K, the
edges acquire slightly thicker films before the filling transition
occurs, at µ ≈ -54.0 kJ/mol for SPC/E and µ ≈ -49.0 kJ/mol
for TIP5P-E. On the Al surface, there is a significant difference
between the SPC/E and TIP5P-E models. The TIP5P-E model
shows no increase in film thickness before filling when the
temperature is reduced from 298 to 235 K. However, the SPC/E
model exhibits an increase in thickness, forming essentially a
bilayer just prior to filling. To check that this increased thickness
is not associated with the two-slab geometry, simulations were
performed with the Al surfaces separated by 60 Å. The results
obtained are also shown in Figure 4 (bottom panel) and verify
that the additional thickening observed at 235 K is not related
to interactions with the second surface.

Figure 3. Adsorption isotherms at 298 K for the four surfaces
considered, obtained with a slab separation of 30 Å. Results for the
SPC/E (left) and TIP5P-E (right) models are shown. The black (circles),
red (squares), green (diamonds), and blue (triangles) curves correspond
to the unprotonated edge, protonated edge, Al surface, and Si surface,
respectively.

Figure 4. Adsorption isotherms obtained for the unprotonated edge
(top panel), the protonated edge (middle panel), and the Al surface
(bottom panel) using SPC/E (left) and TIP5P-E (right) models at 298
(black curves with filled circles) and 235 K (red curves with filled
squares). The green curve with empty squares was obtained at 235 K
with a slab separation of 60 Å. All other curves were obtained with a
slab separation of 30 Å. The blue and yellow dashed curves are
desorption isotherms.
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Some associated desorption isotherms for the SPC/E model
are also plotted in Figure 4. These were obtained by carrying
out simulations at decreasing chemical potentials, starting with
an initial configuration obtained at a chemical potential that is
just below the filling transition on the adsorption curve.
Simulations were carried out at decreasing chemical potentials
until all water molecules evaporated. We noted above that
adsorption on the edges is relatively smooth before the filling
transition. This, together with the fact that the desorption curves
reveal relatively little hysteresis, suggests that water adsorption
on the edges is essentially a continuous process, dominated by
water-surface interactions. In contrast, water adsorption on the
Al surface is not smooth and “jumps” rather sharply from
essentially nothing to monolayer coverage. Additionally, the
desorption curves show a large hysteresis at both temperatures.
These observations indicate that water adsorption on the Al
surface has strong “first-order” characteristics, with important
collective behavior among the water molecules.

Recently, Schuttlefield et al.41 investigated water uptake on
kaolinite minerals using ATR-FTIR spectroscopy coupled with
quartz crystal microbalance measurements at 296 K. The data
show that kaolinite particles take up water continuously from 0
to 90% RH (P/Po × 100). At a RH of 50%, they observed
approximately 6-25 monolayers of water uptake, and at 80%
RH, they observed approximately 10-40 monolayers of water
uptake, depending on the source of the kaolinite. This is in
contrast to our simulations at 298 K, where we do not observe
more than approximately monolayer coverage below 100% RH
for any of the surfaces considered. The simulations suggest that
the water uptake observed in the laboratory experiments cannot
be explained by water uptake on defect-free surfaces.

B. Orientations and Binding Energies of Singly Adsorbed
Water Molecules. The differences in water uptake by the four
kaolinite surfaces can be largely understood by considering the
low-temperature water-surface binding energies. Results ob-
tained in NVT Monte Carlo simulations at 10 K involving only
a single water molecule are summarized in Table 1. The standard
deviations included in Table 1 were obtained by dividing Monte
Carlo runs of 106 steps into 10 equal blocks and assuming that
the block averages are independent estimates of the water-surface
interaction energy. Other error estimates using widely spaced
single configuration energies gave similar values. We note that
the average water-surface energies obtained for the SPC/E and
TIP5P-E models are in good agreement, except for the proto-
nated edge, where the SPC/E interaction is more attractive by
∼15.6 kJ/mol. For both models, the single water molecule
binding energies correlate well with the water adsorption curves
shown in Figures 3 and 4. The weakest interaction is obtained
for the Si surface which does not adsorb water before the
chemical potential reaches bulk saturation, and the strongest
interactions are for the edges which adsorb at very low chemical
potentials (vapor pressures). In this case, the very strong
water-surface interactions can support very low coverages both
at 298 and 235 K. For the Al surface, which adsorbs near bulk

saturation but in the atmospherically relevant range, the interac-
tion energy lies between the two extremes. For the Al surface,
the direct water-surface interaction is not strong enough for
significant submonolayer coverage, and collective water-water
interactions are necessary to stabilize the monolayer. This
explains the relative sharpness of the transitions on this surface
(Figures 3 and 4) and the hysteresis noted above.

It is instructive to consider the surface-single-water-molecule
interactions in more detail. The geometric arrangements obtained
at 10 K are shown in Figure 5, indicating clearly the clay atoms
that form hydrogen bonds with the water molecule. We define
a hydrogen bond using geometric criteria similar to those applied
in earlier work.57,58 Specifically, a water-water hydrogen bond
is said to exist if and only if the water-oxygen-water-oxygen
distance is less than 3.41 Å, the water-hydrogen-water-oxygen
distance is less than 2.38 Å, and the O-O-H angle is less than
35°. This definition can be generalized to water-surface
hydrogen bonds in an obvious manner. The lengths and angle
chosen are clearly arbitrary to some extent, and using different
parameters might, in some cases, influence the number of
hydrogen bonds counted. In the present case, the number of
water-surface hydrogen bonds is somewhat sensitive to the
angle used, but 35° appears to be a reasonable choice yielding
hydrogen-bond numbers consistent with those previously re-
ported for the Al surface (see below).

We first consider the Si surface which has the weakest
interaction with water. We note that the energies obtained for
both water models are very similar despite the differing
orientations (Figure 5a and b). For the SPC/E model (Figure
5a), there is a strong hydrogen bond between the water hydrogen
and the closest bridging oxygen of the surface. The water
hydrogens also have strong attractive interactions with other
neighboring bridging oxygens. However, the structure shown
in Figure 5a leads to highly repulsive interactions between the
water hydrogens and silicon atoms of the surface, leading to a
net attraction that is relatively weak. For the TIP5P-E model,
the most attractive and repulsive interactions are modified and
come from the lone pair charges interacting with surface silicon
and oxygen atoms, respectively. This gives the structure shown
in Figure 5b, where both water hydrogens lie flat in the xy plane
and there are no hydrogen bonds with the surface. As noted
above, somewhat surprisingly given the structural differences,
both water models give essentially the same binding energy.

A water molecule binds much more strongly to the Al surface,
and the energies that we obtain (Table 1) compare well with
previous DFT calculations.28 Note that when the zero-point
energy (not present in our classical model) is removed, the DFT
binding energy is ∼-43.4 kJ/mol, which is close to our values
(-46.4 kJ/mol for SPC/E and -45.6 kJ/mol for TIP5P-E). The
SPC/E model promotes a very attractive interaction between a
downward-pointing water hydrogen and a hydroxyl oxygen
forming a donor hydrogen bond (Figure 5c). Two additional
acceptor hydrogen bonds are formed between the water oxygen
and two surface hydroxyl hydrogens, giving a total of three.

TABLE 1: Binding Energies and Hydrogen-Bond Numbers for Single Water Molecules Obtained Using NVT Monte Carlo
Simulations at 10 Ka

surface type water-surface hydrogen bonds 〈Uwater-surface〉 (kJ/mol)

water model SPC/E TIP5P-E SPC/E TIP5P-E

Si surface 1 0 -21.64(0.03) -21.03(0.04)
Al surface 3 1 -46.36(0.04) -45.64(0.02)
unprotonated edge 1 1 -73.45(0.02) -71.42(0.03)
protonated edge 2 2 -94.14(0.02) -78.51(0.04)

a The numbers in brackets represent one standard deviation.
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The number of hydrogen bonds and the structure shown in
Figure 5c are in agreement with the DFT results reported by
Hu and Michaelides.28 The TIP5P-E model gives a somewhat
different structure, with the strongest attractive interactions again
coming through the lone pair charges. One lone pair forms an
acceptor hydrogen bond with a hydroxyl hydrogen and interacts
favorably with neighboring underlying aluminum atoms. This
gives a structure with the water hydrogens lying flat in the xy
plane, as shown in Figure 5d. We note that, despite the
orientational differences, both models give similar net binding
energies. Also, the monolayer structures obtained at higher
temperatures, which are clearly influenced by water-water as
well as water-surface interactions, are very similar (see Figure
6d). Both low-temperature structures (Figure 5c and d) actually
occur in the monolayers obtained at 298 and 235 K, for both
water models. However, we note that it is only for the TIP5P-E
model that the water-surface interaction is attractive for both
configurations, likely explaining the slightly larger adsorption
range observed for TIP5P-E.

For both edges, the low-energy water structures occur near
the junction between the Si and Al surfaces (Figure 5e and f).
For the unprotonated edge, a very favorable interaction is formed
between the water oxygen (SPC/E) or lone pairs (TIP5P-E) and
a hydroxyl hydrogen from the Al surface, thus forming an
acceptor hydrogen bond with both models. Note that, although
there are a large number of bare oxygen atoms exposed on the
unprotonated edge, no donor hydrogen bonds are observed.

For the protonated edge, the most attractive interactions are
formed between the water hydrogens and hydroxyl and bridging
oxygens, leading to two donor hydrogen bonds for both models
(Figure 5g and h). For both types of edge, the delocalization of
the partial negative charge from the center of the water oxygen
nucleus (SPC/E) to the lone pair locations (TIP5P-E) has
minimal impact on the structures obtained. However, it does
give a significant change in the binding energy on the protonated
edge, increasing from -94.1 (SPC/E) to -78.5 kJ/mol (TIP5P-
E), whereas the energies obtained for the unprotonated edge
are very similar. For the protonated edge, the difference is
explained by the fact that for the TIP5P-E model, the

water-surface interaction is more sensitive to the presence of
neighboring, non-hydrogen-bonding surface atoms.

C. Water Structure at Monolayer and Submonolayer
Coverage. Snapshots obtained for submonolayer coverage on
both edges and for monolayer coverage on the unprotonated

Figure 5. Snapshots of a water molecule at 10 K for the Si surface (a, b), Al surface (c, d), unprotonated edge (e, f), and protonated edge (g, h)
using the SPC/E (a, c, e, g) and TIP5P-E (b, d, f, h) water models. The water oxygens are blue, lattice oxygens are red, hydrogens are white,
aluminums are gray, silicons are brown, lone pairs are orange, and the surface atoms involved in hydrogen bonding with the water molecule are
indicated in green.

Figure 6. Snapshots obtained at 235 K using the TIP5P-E model for
low water coverage on the unprotonated edge (a) and the protonated
edge (b) and for monolayer coverage on the unprotonated edge (c) and
the Al surface (d). The water oxygens and hydrogens are blue and white,
respectively.
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edge and the Al surface are shown in Figure 6. These results
were obtained for the TIP5P-E model at 235 K. Images obtained
for the SPC/E model at 235 K, and for both models at 298 K,
are very similar to those given in Figure 6 and hence are not
shown. It is evident from Figure 6a and b that, at low coverage,
water molecules adsorb on the edges at well-defined binding
sites and with particular orientations (as described above).

We note that for both edges and the Al surface, at monolayer
coverage, the adsorbed water layer exhibits little order, and no
long-range patterns are discernible (Figure 6c and d). A detailed
analysis of the nature of the monolayer on the Al surface, and
its possible relevance to ice nucleation under atmospheric
conditions, was given in a previous communication.29 To briefly
summarize, although some hexagonal structures do form on the
Al surface (Figure 6d), the relevant lattice parameter is
considerably larger than that required to match ice Ih. Structure
factors calculated for the surface layer employing reciprocal
lattice vectors appropriate for hexagonal ice59,60 are close to 0.
The expected strain on the ice embryo due to this mismatch
would depress the nucleation temperature to well below the
atmospherically relevant range.29,61 Therefore, our results do not
support the theory that kaolinite serves as a good ice nucleus
because the crystallographic properties of kaolinite are such that
the Al surface is particularly hospitable to water structures that
closely match hexagonal ice.

D. Water Density and Hydrogen Bonding at Monolayer
Coverage. Water density profiles, F(z), (in g/cm3) and hydrogen-
bond numbers (as functions of z) for monolayer coverage on
the Al surface and both edges are plotted in Figure 7. In this
figure, z ) 0 corresponds to the center of the highest surface
hydroxyl hydrogen for the Al surface and to the center of the
lowest exposed oxygen atom for the edges. We note that the
density is quite high near the surfaces, indicating a rather
compact layer, and shows some structural features associated
with the atomic granularity of the surface.

For each surface, the average total number of hydrogen bonds
per water molecule is shown together with the water-surface

and water-water contributions. Generally, we see that near the
surface, in the most compact region of the layer, water molecules
tend to have about four hydrogen bonds, as one would expect,
but the number can be a little higher or lower depending on the
surface and the particular location. Also, not unexpectedly, there
are fewer hydrogen bonds in the outer fringes of the layer.
Comparing the average number of water-surface hydrogen
bonds in the monolayer with the numbers given in Table 1 for
a single water molecule, some differences are noticeable. These
differences arise because in the monolayer, interactions with
neighboring water molecules strongly influence the geometrical
arrangements. This tends to reduce the differences between the
water models, giving qualitatively similar monolayer structures,
as noted above.

A density and hydrogen bond analysis was also carried out
at 298 K. The results obtained were similar to those discussed
above, except that the structural features tended to be a little
broader and less sharp than those observed at 235 K. This is
consistent with the larger fluctuations expected at the higher
temperature.

IV. Summary and Conclusions

GCMC simulations have been employed to examine water
uptake and structure on the Al surface, the Si surface, and two
edge-like surfaces of kaolinite. Simulations were carried out
for a range of chemical potentials (vapor pressures) at the
atmospherically relevant temperatures, 298 and 235 K. Two
water models, the SPC/E and TIP5P-E, were considered. At
low temperature (10 K), these models prefer different orienta-
tions on some surfaces, but the single-molecule binding energies
are in good agreement and, for the Al surface, compare well
with earlier DFT calculations.28 At 298 and 235 K, both models
gave similar adsorption isotherms and monolayer structures.

From a modeling perspective, we found that arbitrary truncation
of a kaolinite slab along the axis perpendicular to the surface of
interest (the z axis in this paper) can lead to unphysical fields far
from the surface. These fields can lead to spurious results that
strongly depend on where the slab is truncated. We show that this
problem can be overcome by simply including two slabs in the
simulation cell, oriented such that the unphysical, long-range fields
cancel exactly. With this simulation arrangement, the results
obtained become quite insensitive to slab thickness.

As previously known,33 the Si surface is relatively hydro-
phobic, and at both temperatures considered, we find no
significant water adsorption before saturation. The Al surface
and both edges take up water and form monolayers before
saturation at atmospherically relevant pressures. The edges have
by far the greatest affinity for water, adsorbing at very low
chemical potentials and up to monolayer coverage. This, together
with the fact that edge-like surfaces account for a significant
fraction of the total surface area of kaolinite particles,50,51

suggests that edges might play an important role in heteroge-
neous surface chemistry, where water is needed for hydrolysis.

The mechanism of water uptake on the edges is distinctly
different from that of the Al surface. Adsorption on the edges
appears to be driven mainly by strong water-surface interac-
tions. On the edges, water molecules initially adsorb at well-
defined periodic binding sites, and the coverage grows essen-
tially continuously with chemical potential until a monolayer
is achieved. In contrast, on the Al surface, there is practically
no submonolayer adsorption, and monolayer formation appears
as a fairly sharp transition. This indicates that collective behavior
associated with water-water interactions is essential to mono-
layer formation on the Al surface. Further evidence for this is

Figure 7. The water density (g/cm3) profile (topmost panel) and the
average number of hydrogen bonds per water molecule at 235 K,
obtained for monolayer coverage using the SPC/E (left) and TIP5P-E
(right) models. The dashed (black), dotted-dashed (red), and solid
(green) lines in the density plot correspond to the unprotonated edge,
protonated edge, and Al surface, respectively. The lower three panels
give the hydrogen-bond numbers for the Al surface (bottom), protonated
edge (middle), and unprotonated edge (top). In these panels, the solid
(black), dotted-dashed (blue), and dashed (orange) curves represent
water-surface bonds, water-water bonds, and total number, respectively.
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given by the large hysteresis observed on water desorption from
the Al surface. Very little hysteresis is observed for the edges.

The monolayer structure on the Al surface and that on both
edges was analyzed through density and hydrogen-bond number
profiles. The density profiles F(z) reached a maximum of 3-5
g/cm3, depending on the surface, indicating that the monolayers
are rather dense. In the dense regions of the monolayers, a water
molecule tends to form about four hydrogen bonds, some with
the surface and some with other water molecules of the
monolayer. The details of the density and hydrogen-bond
number profiles do show some variation with the water model
employed, but overall, the monolayer structures are very similar.

Finally, we note that for all surfaces considered, at 298 K,
we observe only monolayer coverage before saturation (bulk
condensation of the vapor). This contrasts with recent experi-
mental results for kaolinite particles,41 where much higher
coverages are reported for relative humidities well below 100%.
Our simulations suggest that the experimental observations
cannot be explained with atomistically smooth surfaces and that
surface roughness likely plays a very important role in water
adsorption by kaolinite particles.
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