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ABSTRACT: The stability of adsorbed water films on mineral surfaces
has far-reaching implications in the Earth, environmental, and materials
sciences. Here, we use the basal plane of phlogopite mica, an atomically
smooth surface of a natural mineral, to investigate water film structure
and stability as a function of two features that modulate surface
hydrophilicity: the type of adsorbed counterions (Na, K, and Cs) and
the substitution of structural OH groups by F atoms. We use molecular
dynamics simulations combined with in situ high-resolution X-ray
reflectivity to examine surface hydration over a range of water loadings,
from the adsorption of isolated water molecules to the formation of
clusters and films. We identify four regimes characterized by distinct
adsorption energetics and different sensitivities to cation type and
mineral fluorination: from 0 to 0.5 monolayer film thickness, the hydration of adsorbed ions; from 0.5 to 1 monolayer, the hydration
of uncharged regions of the siloxane surface; from 1 to 1.5 monolayer, the attachment of isolated water molecules on the surface of
the first monolayer; and for >1.5 monolayer, the formation of an incipient electrical double layer at the mineral−water interface.

■ INTRODUCTION
How does the stability of thin liquid water films adsorbed at
mineral−air interfaces depend on the atomic-level structure of
the underlying solid? This question has important implications
in the Earth sciences, for example in soil hydrology,1−4 aerosol
chemistry,5−8 and the storage of CO2 and hazardous wastes in
geologic formations.9−11 It also impacts the development of
technologies, such as electrowetting devices12 and fouling-
resistant membranes.13 Closely related questions regarding the
stability of thin water films confined between solid surfaces
recur in a variety of systems, for example, in intracellular
environments,14,15 colloidal suspensions,16−18 biological chan-
nels,19 and geologic media.20,21

The question posed above persists, despite more than a half-
century of studies,22−25 mainly because of significant
experimental challenges. In particular, whereas recent advances
in synchrotron-based X-ray reflectivity (XRR), atomic force
microscopy (AFM), and other techniques now enable direct
observations of the atomic-scale structure of the hydration
layers at the mineral−bulk liquid water interfaces,26−29

equivalent characterization of water in thin adsorbed films
remains arduous, notably because of the difficulty in precisely
controlling film thickness in the presence of adventitious
carbon,30−32 formation of reactive radicals,33,34 or capillary
interactions.35−37 Consequently, knowledge of the nanoscale
properties of water in thin adsorbed films remains compara-
tively limited. The experimental database consists largely of
bulk measurements of thermodynamic properties as a function
of film thickness, notably based on adsorption isotherms and

calorimetry measurements.38−43 These are supplemented by a
small but rapidly growing number of atomic-level observations
achieved using X-ray photoelectron spectroscopy (XPS),44,45

infrared spectroscopy,6,8,10,38 sum frequency generation spec-
troscopy,22,46,47 and frequency-modulation AFM.48

Because of the experimental challenges outlined above,
existing studies of adsorbed water films on mineral surfaces
have relied extensively on computational techniques, including
density functional theory (DFT) and molecular dynamics
(MD) simulations.11,23,49−59 A subset of these studies reported
characterizations of both nanoscale structure and adsorption
energetics (e.g., free energy and/or enthalpy of water
adsorption) as required to fundamentally elucidate the
hydrophilicity of the mineral surfaces.23,49−56,59 It must be
noted, however, that this reliance on MD simulations presents
risks, as the interatomic interaction potential models used in
these simulations have only been sparsely tested for systems
that contain a thin water film adsorbed on a mineral surface.
A second reason for the persistence of the question posed

above is the relatively limited number of detailed comparisons
of water adsorption on different mineral surfaces. While many
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studies have examined water films on a single surface, including
notably on muscovite mica23,48,60 and metal or metal
oxides,44,61−64 few have systematically compared water films
on a series of surfaces with controlled differences in
composition. To the best of our knowledge, only four studies,
all relying primarily on MD simulations, have compared the
stability of adsorbed water films on different mineral surfaces
(i.e., Wang et al.;53 Rotenberg et al.;49 Phan et al.;58 and
Fernandez-Martinez et al.54). These studies examined atom-
istic-level structure and energetics in water films with thickness
up to ∼3 nm on the surfaces of brucite, gibbsite, hydrotalcite,
muscovite, talc, fluorotalc, pyrophyllite, quartz, and imogolite.
A key result of previous studies, and particularly of the four

MD simulation studies noted above, is that the first (and in
some cases, the second) water monolayers adsorbed on
mineral surfaces are highly distinct from bulk liquid water both
structurally and energetically. The properties of water in these
monolayers are strongly impacted by (i) the density and
orientation of surface OH groups, (ii) the density of mineral
surface charge, and (iii) the type of adsorbed counterions, that
is, by features that determine the polarity of the mineral
surface. These features influence the stability of adsorbed water
films through changes in the overall hydrophilicity of the
mineral surface by moderating the competition between
adhesion (favorable water−surface interactions) and cohesion
(favorable water−water interactions) in the water films on the
mineral surfaces.49 These observations of a highly distinct
structure and energetics of the first two water layers adsorbed
on mineral surfaces are reminiscent of the distinction between
the Stern and diffuse layers in classical models of adsorption
and charge screening at mineral−water interfaces, where the
Stern layer is generally associated with the first two water
monolayers, in which ions adsorb as inner- and outer-sphere
surface complexes, suggesting parallels between water
adsorption at mineral−air interfaces in unsaturated systems
(the focus of the present study) and the broader topic of ion
adsorption at mineral−water interfaces.
Here, we build upon previous MD simulation studies of

adsorbed water films on mineral surfaces by carrying out a
comparative study of film structure and energetics on various
surfaces. Our methodology diverges from those used in
previous MD simulation studies in several ways. First, we
complement our simulations with XRR measurements that
provide information at length scales that are directly
comparable to simulations at high water coverages in an effort
to establish the accuracy of our simulation predictions. Second,
we carry out additional characterization of the thermody-
namics of water adsorption, notably by calculating both the
enthalpy and free energy of adsorption, comparing several
methods of calculation of the free energy of adsorption, and
comparing our results with experimental water adsorption
isotherms. Third, rather than contrasting water adsorption on
very different minerals, as in Wang et al.53 and Phan et al.,58 we
compare water adsorption on several variants of a same
mineral, as in Rotenberg et al.49 and Fernandez-Martinez et
al.54 Specifically, we examine water films on six types of
phlogopite mica, where mineral surface hydrophilicity is
modulated by varying the identity of adsorbed counterions
(Na, K, or Cs) and of structural OH or F groups in the mineral
framework. We focus particularly on the links between
structures and energetics during the uptake of the first two
adsorbed water monolayers.

■ MATERIALS AND METHODS
Mineral Structure. Phlogopite, KMg3(Si3Al)O10(F,OH)2,

is the Mg end-member of trioctahedral mica (biotite). This
mineral has a 2:1 phyllosilicate structure consisting of a sheet
of MgO6 octahedra sandwiched between two sheets of SiO4
tetrahedra (Figure 1a) with all three octahedral sites occupied

by Mg (trioctahedral). In comparison, the more extensively
examined muscovite mica has Al in two-thirds of the
octahedral sites (dioctahedral). In the ideal structure, 1/4 of
the Si atoms in the tetrahedral sheets are substituted by Al,
resulting in a net negative charge within the layer that is
compensated by interlayer K+ ions.
The phyllosilicate basal surface examined here is common to

the micas and clay minerals and has been extensively examined
as a reference surface in the Earth and interfacial
sciences.27,65−70 It exposes an atomically smooth plane of
siloxane O atoms formed by the bases of corner-sharing SiO4
tetrahedra. A notable feature of this surface is the existence of
distorted hexagonal (more precisely, ditrigonal) cavities
formed by rings of six surface O atoms. On phlogopite mica,
these cavities are more closely hexagonal (i.e., less distorted)
than on muscovite,71,72 with potential subtle impacts on the

Figure 1. (a) Structure models of phlogopite without and with
fluorine substitution (yellow, purple, and cyan polyhedra: SiO4, AlO4,
and MgO6; red, white, and light green spheres: O, H, and F atoms).
(b) Simulation snapshot showing adsorbed water films (red and white
sticks) with a thickness of three water monolayers (3 ML) on the
basal surfaces of a 6 nm thick slab of Na-bearing OH phlogopite (pink
and dark blue spheres: charge-balancing K ions in the interlayers and
Na ions on the external basal surfaces, respectively). (c) Snapshots of
the simulation of Na-bearing OH phlogopite at various hydration
states. Phlogopite−water interaction was studied over a total of 26
hydration states from dry to 9 ML.
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adsorption of exchangeable cations as inner sphere surface
complexes above these cavities. A second notable feature of
phlogopite (and other micas) is that the random distribution
of isomorphic substitutions of Si by Al near the mineral surface
causes a non-uniform surface charge distribution: half of the
surface O atoms carry more negative charge due to nearby
isomorphic substitutions, and surface hexagonal cavities are
bordered by either 0, 1, 2, or 3 isomorphic substitutions.
Here, we examine the sensitivity of adsorbed water on

phlogopite mica to two features that influence the hydro-
philicity of the siloxane surface. The first is the identity of the
exchangeable cations that balance the mica surface charge.
More specifically, we examine the influence of three different
alkali metals (Na, K, and Cs) with increasing radius and
decreasing hydration energy. The second is the presence of
substitutions of OH by F within the mica structure, directly
below the hexagonal cavities of the basal surface. This
substitution is common in phyllosilicates73,74 and is known
to modulate wetting properties,49,75,76 mineral stability,73,77,78

and electrical conductivity.79 The present study considers the
two end members: fully hydroxylated or fully fluorinated
phlogopite, referred to hereafter as OH or F phlogopite,
respectively (Figure 1a).

Molecular Dynamics Simulations. Simulated systems
consisted of a 60 Å thick phlogopite slab without or with
fluorine subst i tut ion�KMg3(AlSi3O10)(OH)2 and
KMg3(AlSi3O10)F2, respectively�in a 63.84 × 55.26 × 120
to 160 Å3 simulation cell with periodic boundary conditions.
Both mica basal surfaces were coated with an adsorbed water
film with a thickness of 0 to 9 monolayers (ML) (Figure 1b,c).
One monolayer was defined as 5.25 water molecules per unit
cell surface area (48.997 Å2) based on the bulk water density.
The simulation cell size in the z direction was selected such
that the two water films did not interact with each other.
Isomorphic substitutions of Si by Al were randomly distributed
within each tetrahedral layer while avoiding neighboring
substitutions. This generated on average 8.3, 39.9, 45.3, and
6.5% of cavities bordered by 0, 1, 2, or 3 isomorphic
substitutions, respectively, and this same structure was used for
the entire work. For both OH and F phlogopite, three systems
were simulated with K, Na, and Cs counterions compensating
the surface charge of the mineral (i.e., one cation per unit cell
surface area), yielding a total of 6 systems. Each system was
studied for a total of 26 hydration states generated with a fixed
number of counterions as required for charge balance. First,
each system was equilibrated at hydration states of 3, 6, and 9
ML for 1.5 ns in the NVT ensemble (including 250 ps of
annealing at 343 K to facilitate the establishment of a well-
equilibrated counterion distribution), followed by a short (50
ps) structure relaxation (x−y directions) in the NPT ensemble
and finally by 0.5 ns of equilibration in the NVT ensemble.
Then, hydration states below 3 ML were generated by
removing randomly selected water molecules from the 3 ML
system, with each water removal being followed by 0.5 ns of
equilibration and 0.5 ns of simulation before the next water
removal step. Finally, each state was simulated for an
additional 2.5 ns in the NVT ensemble for data production.
All simulations were carried out at 298 K using a Nose−́
Hoover thermostat. Equations of motion were solved using the
Verlet algorithm with a 1 fs time step for all atoms except for a
single plane of interlayer K ions at the mid-plane of the
phlogopite slab that was kept immobile and water molecules
kept rigid using the SHAKE algorithm.80 For calculations of

water chemical potential and relative humidity (refer to
following paragraphs), a selected set of states was simulated
for 40 ns.
Interatomic interactions were modeled using the SPC model

for water molecules,81 the CLAYFF model for phlogopite,82

and the Dang model for alkali metal ions.83 As the CLAYFF
model does not include parameters for fluorine in phyllosilicate
minerals, we modeled structural F atoms using a strategy by
Marry, Rotenberg, and co-workers49,84 whereby a charge equal
to that of the OH group (−0.525 eV) is assigned to F with
Lennard−Jones parameters of the fluoride ion.85 Although the
SPC/E water model has been more extensively validated in
conjunction with the CLAYFF model in studies of
phyllosilicate minerals,28,84,86,87 the SPC model was used
here both because it was initially used in the development of
the CLAYFF model and because it predicts a more accurate
vapor pressure at 298 K,88,89 which enabled a more precise
determination of the relationship between relative humidity
and water film thickness. Interatomic interactions were
resolved in real space up to 12 Å. Long-range Coulomb
interactions beyond 12 Å were resolved in reciprocal space
using the particle−particle/particle−mesh (PPPM) technique
with an accuracy of 99.99%. Simulations were carried out on
the Cori supercomputer at the National Energy Research
Scientific Computing Center (NERSC) using the code
LAMMPS.90

Two energetic properties were computed for each hydration
state: the differential enthalpy ΔHads(N) and free energy
ΔGads(N) associated with the adsorption of a single water
molecule to a surface at a given hydration state N. The
adsorption enthalpy was determined from the potential energy
of the system under the assumption that internal energy U is
mostly due to intermolecular potential energies and that the
PΔV term is negligibly small at near-ambient pressures,53 such
that ΔHads(N) ≈ dEpot/dN at any water content N, where Epot
is the total potential energy due to intermolecular interactions
predicted by our simulations. Reported ΔHads values were
calculated from the slopes obtained by linear regression using
the nearest three potential energy data points. For ΔGads,
reported values were calculated based on observations of water
evaporation during 40 ns simulations carried out at selected
film thicknesses. More precisely, adsorption free energy was
calculated as ΔGads(N) ≈ ΔFads(N) = RTln(ρvoid/ρ0), where R
is the ideal gas constant, T is the temperature in K, and ρvoid
and ρ0 are average water densities in the vapor phase (i.e., in
the void region) and in bulk liquid water. The small difference
between Gibbs (G) and Helmholtz (F) free energies is
negligible at near-ambient pressure. The differential adsorption
free energy ΔGads(N) was used to determine the relative
humidity of each simulated system using the relation RH(N) =
exp[(ΔGads(N) − ΔG0)/RT], where ΔG0 is the free energy of
condensation of water obtained by simulating a system
containing a slab of bulk-liquid-like water (with 1800 water
molecules) in contact with water vapor for 120 ns in a 30 × 30
× 90 Å3 periodic simulation cell (ΔHads for bulk liquid water
was also obtained from this separate simulation). At low
surface coverages, the number of evaporation events observed
during 40 ns of simulation was too low to precisely determine
ρvoid. To circumvent this challenge and to cross-validate our
calculations, hybrid Grand Canonical Monte Carlo and MD
(GCMC+MD) simulations were conducted at 2 and 5% RH to
determine the equilibrium surface water coverage at a fixed
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water chemical potential (refer to the Supporting Informa-
tion).
Finally, we performed a bond valence (BV) analysis91 of ion

coordination as a function of film thickness. The BV approach,
initially developed for studies of crystal structures, defines a
semi-empirical BV associated with all pair-wise coordination
interactions based on the empirical function sij(r) = exp((r0 −
rij)/B), where rij is the distance between a pair of atoms i and j
and r0 and B are empirical parameters, specific to a given pair,
obtained by fitting to a large number of mineral structures.92

Specifically, we followed the approach of Bickmore et al.,93

whereby the BV sij associated with the average coordination of
atoms of type i by all atoms of type j is evaluated from the
corresponding radial distribution function gij(r)

=s g r s r r r( ) ( ) 4 dij

r

ij ij j0

21

where r1 is the first minimum of gij(r) and ρj is the number
density of atom j in the simulation cell. We used B = 0.37 and
r0 values by Brown and Altermatt

92 for all cation−anion pairs.

X-ray Reflectivity Experiments. In order to validate our
choice of interaction parameters for structural F atoms in the
simulation, XRR measurements were conducted at the 33-ID-
D beamline at the Advanced Photon Source (Argonne
National Laboratory, USA). A synthetic F phlogopite crystal
[KMg3(AlSi3)O10F2; H.C. Materials corporation, IL, USA] was
cleaved using tape in ultrapure water to minimize the splitting
force. The freshly cleaved crystal was then mounted in an X-ray
thin-film cell where aqueous solutions (9 mM MCl, with M =
Na, K, or Cs) were injected and allowed to react for at least 30
min. The excess solution was drained, and a several
micrometer thick solution film was maintained on top of the
sample. The sample cell was mounted in a Newport 6-circle
diffractometer for X-ray experiments. A monochromatic X-ray
beam (at 14.0 keV) reflected from the sample surface was
collected using a Pilatus 100 K area detector as a function of
momentum transfer q, defined as q = 4π sin(2θ/2)/λ, where
2θ is the angle between the incident and reflected X-ray beams
and λ is the wavelength of the X-rays (0.886 Å).

Figure 2. Water O atom and counterion (Na, K, or Cs) density profiles as a function of distance from the mica surface (more precisely, as a
function of distance from the average z coordinate of siloxane surface O atoms) for selected surface water coverages from 0.1 to 9 monolayers
(ML). Numbers indicate the different density peaks or shoulders in the first, second, third, and fourth water layers and the different species of
adsorbed ions (see text).
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The experimental and data analysis methodologies have
been described in previous studies.28,94 Briefly, XRR data were
analyzed using a structural model consisting of the phlogopite
mica structure with the top three 2:1 layers (∼30 Å in depth)
allowed to relax vertically, the interfacial solution profile, and
bulk water. The bulk mica structure was obtained from the
single-crystal X-ray diffraction analysis of the F phlogopite
(data obtained at Diamond I19). A mica model with structural
relaxation allowed in the top four 2:1 layers was also tested but
showed no substantial improvement in the quality of fit based
on the χ2 criterion defined in the next paragraph. In addition,
the vertical relaxation remained small and mostly limited to the
topmost 2:1 layer (Figure S2) as expected from the less
distorted hexagonal cavities in phlogopite mica (trioctahedral)
as compared to muscovite mica (dioctahedral).28,71,72,95 The
initial interfacial solution structure was derived from the MD
simulation for each system at the highest water loading (i.e., 9
ML). A parameter ΔzMD (Table S1) was used to express the
vertical displacement of the MD-derived profile from the
average position of the surface oxygen atoms from which
height z is defined. This interfacial solution structure was
further optimized by including multiple Gaussian peaks with
varying occupancy factors (either positive or negative), heights,
and rms widths (≥0.2 Å, where the minimum was set to
prevent convergence to unreasonably small values) as a
simplistic approach, where the summation of the peaks
provides the difference in total electron density between the
MD-derived profile and best-fit model. The derived differential
electron density profile expressed the electron density that was
under- or over-estimated by the simulations. The statistical
uncertainty of the differential profile was calculated using error
propagation (see the Supporting Information for details). The
resulting profiles were statistically well constrained (i.e., within
the level of the 2-σ uncertainty that was mostly smaller than
∼20% of the solution density; Figure S3) even when some
parameters of the Gaussian peaks were determined with a
strong negative covariance (i.e., >99%). The individual profiles
are reported as a separate supporting document. The bulk
water structure was expressed using an error function.
Model parameters were optimized using least-squares fitting.

The best-fit model was selected based on the smallest χ2 (=
Σk[(Ik − Icalc,k)/σk]2/(N − Np), where Ik and Icalc,k are the
measured and calculated intensities, respectively, σk is the
measured uncertainty of the kth data point, and N and Np are
the numbers of data points and parameters used in the model-
fit, respectively). The R-factor (=Σk(|Ik − Icalc,k|/Ik)/N) of the
best-fit was also reported for comparison.

■ RESULTS AND DISCUSSION
Water Density Profiles. Figure 2 presents MD simulation

predictions of the density profiles of water O atoms as a
function of distance from the surface of OH or F phlogopite
with Na, K, or Cs exchangeable cations (hereafter referred to
as M-OH/F phlogopite, where M = Na, K, or Cs). Predicted
density profiles at the highest water coverage (9 ML) are
broadly consistent with previous observations of water in
contact with OH muscovite mica.28,53,96−98 Water density
peaks corresponding to the first, second, third, and fourth
water monolayers are located at z = 2.66 ± 0.04, 6.17 ± 0.35,
9.13 ± 0.05, and 11.81 ± 0.03 Å relative to the plane of surface
O atoms (95% confidence intervals calculated across all
systems at 9 ML water coverage). The extent (12 Å) and
periodicity (3 Å) of the water density layering are also

consistent with previous studies.97,99,100 Water density in the
first monolayer is subdivided into three features�a peak or
shoulder at z = 1.74 ± 0.05 (denoted 1a in Figure 2), a main
peak at z = 2.66 ± 0.04 (1b), and a peak or shoulder at z =
3.78 ± 0.24 Å (1c)�that reflect first-layer water molecules
that donate either two, one, or zero hydrogen bonds to surface
O atoms, respectively.28,101 Water density in the second
monolayer shows evidence of subdivision into two features,
most obviously in the Na- and K-OH phlogopite systems,
where water molecules have preferred locations at z = 5.2 ±
0.17 and 6.29 ± 0.22 Å (Figure 2a,b), perhaps reflecting the
fact that only half of the surface hexagonal cavities carry an
adsorbed counterion. In the Cs-OH and Cs-F systems, the first
subcomponent appears to be connected more to the third
feature in the first monolayer rather than to the second
subcomponent in the second monolayer. Subdivision is least
obvious for Na- and K-F phlogopite systems.
Comparison of the different simulated systems at the highest

water coverage reveals that structural OH/F and adsorbed
cations significantly impact water density distribution in the
first two monolayers. In particular, the main density peak at 2.7
Å (1b) is strongly attenuated in the presence of either
structural F or with the larger counterions (Figures 2 and S4),
while the shoulder at 1.7 Å (1a) becomes enhanced and the
shoulder or peak at ∼3.8 Å (1c) becomes enhanced and shifted
to higher z coordinates under these conditions. This sensitivity
of water density layering to surface structure is observed only
for the two water layers closest to the mineral surface, in
agreement with studies indicating that the impacts of solutes or
surfaces on water coordination and reorientational dynamics
are generally discernible over distances of no more than two
water layers.100,102,103 Our results imply that the Stern layer is
not simply a passive locus of ion adsorption; instead, the
structure of water in this layer is significantly impacted by the
identity of the adsorbed cation.
We note, in passing, that the peak or shoulder at 1.7 Å (1a),

which corresponds to water molecules located above the
hexagonal cavities of the siloxane surface and donating
hydrogen bonds to two surface O atoms, is a sensitive
indicator of the presence and orientation of structural OH
groups within the cavities. Based on Figure 2 and our previous
results for muscovite mica,28 the intensity of this peak
progressively increases from OH phlogopite (where structural
OH groups are oriented nearly normal to the surface) to OH
muscovite (where structural OH groups are oriented at a ∼30°
angle to the surface) to F phlogopite (where structural OH
groups are absent), that is, it varies inversely with the
magnitude of the dipole moment of the OH groups in the
direction normal to the surface (z). Dipole−dipole repulsive
interaction likely frustrates the adsorption of these particular
water molecules donating two hydrogen bonds in the presence
of the structural OH groups.
Results at lower hydration levels in Figure 2 reveal that the

growth of the adsorbed water film proceeds initially through
the adsorption of water molecules that donate either one or
two hydrogen bonds to surface O atoms (peak 1b and shoulder
1a at 0.1 and 0.3 ML in Figure 2). The growth of the main
density peak is initially more rapid in the case of larger and less
strongly hydrated counterions (Cs > K > Na at 0.3 ML),
particularly in the OH phlogopite system. As hydration
increases from 0.3 to 1 ML, additional first layer water
molecules are predominantly added to peak 1b on Na-
phlogopite, whereas they are more significantly added to peak
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1c on K- or Cs-phlogopite. Because of this difference, the order
of first peak heights undergoes a reversal (to Na > K > Cs) as
hydration increases from 0.3 to 1 ML. Beyond the first water
monolayer, adsorption of additional water monolayers
proceeds in a layer-by-layer manner with the adsorption of
each additional layer having little or no influence on the
structure of previously adsorbed water layers. The only
significant exception is the adsorption of the second water
layer, which causes a minor redistribution of first layer water
from peak 1b to shoulder 1a.

Counterion Density Profiles. In addition to the water O
atomic density profiles, Figure 2 also presents the density
profiles of Na, K, and Cs counterions on OH and F phlogopite.
In agreement with previous studies of muscovite mica, our
results indicate that exchangeable cations adsorb predom-
inantly as two distinct types of inner-sphere (IS) surface
complexes.28,104 The first density peak (IS1), located at z =
0.54 to 0.75 Å for Na, 1.27 to 1.29 Å for K, and 1.74 to 1.80 Å
for Cs at 9 ML water coverage on OH and F phlogopite,
corresponds to cations located above hexagonal cavities of the
siloxane surface. The second peak (IS2), at z = 2.03 to 2.10 Å
for Na, 2.35 to 2.37 Å for K, and absent for Cs, corresponds to
cations located above “triads” of surface O atoms that
coordinate an isomorphic substitution. In addition to these
inner sphere surface complexes, the results presented in Figure
2 demonstrate the existence of a small population of outer
sphere (OS) surface complexes, visible notably in the Na
density peak at z = 4.26 to 4.29 Å, and a faint diffuse ion swarm
(DIS), that is, non-zero counterion density beyond the second
water layer (Figure 2a inset, also discernible in the fourth panel

in Figure 1c) in agreement with classical theories of ion
adsorption at charged interfaces105,106 and with previous
observations for a variety of surfaces.28,107,108

Comparison of the cation density profiles at the highest
water coverage indicates that the IS1 complex is the
predominant species for all cations. The relative importance
of the IS2 complex increases in the order Cs < K < Na and F <
OH. The dependence on cation size is consistent with that
observed for muscovite mica, where large ions (K, Rb, and Cs)
predominantly form IS1 species whereas small ions (Li and
Na) prefer IS2 and the z-coordinates of the IS species increase
with the ionic radius.28,104 The main difference relative to
previous observations for muscovite is the generally greater
importance of IS1 for phlogopite, that is, cations are more
predominantly adsorbed within the hexagonal cavities of the
siloxane surface. This difference may be related to the larger
effective radius of these cavities on phlogopite (where the
cavities are more hexagonal) than on muscovite (where they
adopt a distinctly ditrigonal shape).71,72 In the case of F
phlogopite, the absence of structural OH groups can further
facilitate cation adsorption in the cavity sites by reducing steric
(and presumably electrostatic as discussed above) hindrance
between the hydrogen and the adsorbed cation. This is
particularly clear for Na ions on F phlogopite, for which the
presence of the OS species is negligible compared to those on
the OH phlogopite (Figure S4b). Similarly, K ions on F
phlogopite form no IS2 species, unlike those on the OH
phlogopite.
Finally, Figure 2 reveals the evolution of counterion density

profiles as a function of water film thickness, which, to the best

Figure 3. (a−c) In situ XRR data at the F-phlogopite (001)−9 mM alkali metal chloride solution interfaces. Reflectivity data are shown in red,
calculated intensities using MD-derived solution profiles as dashed blue lines, and the best-fit models of the corresponding XRR data as solid black
lines. Each analysis includes duplicate data sets (plotted together) measured on different spots on the same crystal surface. (d−f) Comparison of
electron density profiles derived from MD simulations (dashed blue lines) and from the best-fit models of the XRR data (solid black lines).
Electron density differences between these two profiles are highlighted as shaded pink or green areas to indicate where the best-fit model has a
higher or lower electron density than the MD-derived profile, respectively. The electron-density profile of the top oxygen plane of the mica is
shown as a dashed orange line. The electron density is normalized to that of bulk water so that the density of water is equal to 1.
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of our knowledge, has rarely been reported in the literature.55

In the K and Cs systems, water film thickness has little impact
on adsorbed cation speciation (which is consistently
dominated by the IS1 species), but the IS1 density peak
becomes broader and shifts away from the surface (by 0.22 ±
0.03 Å) with increasing film thickness. In contrast, on Na-
exchanged phlogopite, the location of the cation density peaks
varies minimally with water film thickness, but the speciation
shows a significant shift from IS1 toward IS2 and OS species
with increasing film thickness. While the peak shift observed
for the K system is in qualitative agreement with Adapa et al.,55

their predictions for the Na-ion densities indicate significant
peak shifts and do not exhibit different surface species.

Comparison between MD and XRR Results. The
validity of the interfacial solution structures obtained by MD
simulations was tested by comparing experimental XRR data
with the patterns calculated from the MD-derived profiles
(Figure 3). The calculation was conducted for the Na, K, and
Cs systems determined using the highest water loading (9
ML). The experimental data were collected with F phlogopite
(001) in 9 mM alkali metal chloride solutions.
The comparison between the measured and calculated XRR

data shows a generally good agreement, indicating that the
MD-derived profiles well represent the overall solution
structure in the experimental systems, including the location
of adsorbed cations and primary hydration layers. This
validates the overall accuracy of the force-field parameters
used for the F atoms in the simulation. However, statistically
significant deviations are observed around the q values where
the reflectivities are the lowest, that is, where the data are most
sensitive to small differences in the interfacial structure (Figure
3). These differences imply that the predicted interfacial
structure is less accurate in fine details. For the Na-F
phlogopite system, the direct MD−XRR comparison yields a
moderate agreement (χ2 = 27.6 and R-factor = 16%) where the

largest discrepancy was observed for data in q = 4.5−4.9 Å−1

(Figure 3a). The optimization of the structure by considering
under- or over-estimated electron densities in the interfacial
solution structure improved the agreement (χ2 = 5.7 and R-
factor = 8%) and shows that the difference is mostly due to the
underestimation of the degree of ordering of the interfacial
hydration layers (Figure 3d). For example, the electron density
of the adsorbed water layers at ∼1.4, 2.6 and ∼4.9 Å is less
pronounced in the MD-derived profile. A similar tendency is
observed for the K-F phlogopite system. The agreement
between MD and XRR is significantly improved (i.e., χ2 from
27.8 to 7.3 and R-factor from 15 to 9%) by incorporating
additional electron density at ∼2.7 and 5.0 Å. At the same
time, the MD simulation slightly overestimates the electron
density at ∼3.5 Å and between 5.5 and 10 Å (Figure 3e). For
the Cs-F phlogopite system, the difference is largely due to the
hydration layers at ∼1 and 5 Å, consideration of which
significantly improves the agreement (i.e., χ2 from 23.8 to 6.1
and R-factor from 13 to 8%.) This analysis also shows
additional electron density at ∼2.4 Å, which matches the
adsorption height of Cs. Based on the difference in the
integrated electron density, we estimate that the coverage of Cs
was somewhat higher (by ∼17%) than the value (=1) assumed
in the simulation.
While the direct comparison between MD simulations and

XRR data validates the general agreement of the interfacial
structures determined by the simulations and the experiments,
the apparent discrepancies highlight the need for under-
standing structural differences on finer scales. For all systems,
the simulations underestimate the degree and vertical
extension of the interfacial ordering of the hydration layers.
In particular, distinct electron density layers are observed at ∼5
Å from the mica surface in the optimized structure for all three
systems. This underestimated water structure may be related to
the difference in the ion concentration between the simulation

Figure 4. Energetics of water adsorption as a function of film thickness. (a,b) Differential free energy (ΔGads), and its enthalpic and entropic
components (ΔHads, −TΔSads), associated with the addition of a single water molecule on Na-, K-, and Cs-bearing OH and F phlogopite surfaces
with n-monolayer coverage (0 < n ≤ 3). Horizontal dotted lines indicate values obtained for bulk liquid water using our MD simulation
methodology (−26.68, −41.03, and 14.35 kJ mol−1, respectively). Open and filled circles are free energies computed from MD or GCMC
simulations, respectively. (c) Relationship between film thickness and relative humidity. Open and filled symbols (squares or diamonds) were
obtained from MD or GCMC results, respectively. Filled black circles (with dashed line to guide the eye) show RH values averaged across the six
systems with confidence intervals of two standard errors. Gray circles show analogous RH values averaged across all six systems derived from our
ΔHads values for film thicknesses >1.9 ML, based on the approximation that −TΔSads is the same as in pure bulk liquid water. Shaded areas in both
(a,c) show experimental results reported by Cantrell and Ewing38 (gray*) and Balmer et al.40 (green**) for K-muscovite mica. Symbols I to IV
refer to the four water adsorption regimes identified in the text.
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and experiment. For example, the experimental solution
contains hydronium, which can compete against the alkali
metals for adsorption sites on the mica surface. This effect is
likely most significant for Na+, which is reported to adsorb
least strongly to the mica surface among the studied
cations.28,109 This competition effect appears to be less
significant for less strongly hydrated cations and mostly
negligible for Cs adsorption on the mica surface. The observed
structural difference may also be related to the difference in the
magnitude and distribution of the negative charge at the mica
surface. For example, the comparison for the Cs system
indicates that the coverage of Cs may be underestimated,
implying that the surface charge of the mica could be higher for
the experiment. This inferred difference in the surface charge
can stem from the simplistic parameterization assigned to the F
atoms in the simulation or from a difference in the isomorphic
substitutions between the simulated structure and the sample
and may explain the observed fine differences in the hydration
structure and adsorbed cation speciation.

Energetics of Water Adsorption. Figure 4 shows the
computed change in the differential enthalpy (ΔHads), free
energy (ΔGads), and entropy (−TΔSads, calculated as the
difference between ΔGads and ΔHads) of adsorption associated
with the addition of a single water molecule on Na-, K-, and
Cs-bearing OH and F phlogopite covered with n monolayers of
water (0 < n < 3). For comparison, the average potential
energy associated with individual water−water hydrogen bonds
in bulk liquid water is about −20 kJ mol−1.110 The results on
ΔGads versus film thickness presented in Figure 4a,b are also
expressed in Figure 4c as a relationship between film thickness
and relative humidity. Shaded areas in Figure 4a,c indicate
experimental values reported for K-muscovite mica.38,40

As a general trend for all six surfaces, ΔHads values associated
with the addition of a single water molecule on the phlogopite
surface are most negative in the dry state and rapidly approach
the value for bulk liquid water (horizontal dashed line at −41.0
kJ mol−1, obtained in a separate simulation as described in
Materials and Methods) with increasing film thickness.
Predictions of ΔHads versus film thickness reveal the existence
of four distinct hydration regimes. In the first regime, from 0 to
0.5 ML water coverage, water uptake from pure bulk liquid
water is highly exothermic (by −10 to −40 kJ mol−1). This
exothermic nature is sensitive to cation type and increases in
the order of Na < K < Cs (i.e., the opposite of the order of
hydration energies of the cations in bulk liquid water).111 In
the second regime, from 0.5 to 1 ML, water uptake remains
exothermic relative to bulk liquid water (by up to −10 kJ
mol−1) but becomes almost invariant with the cation type. In
the third regime, from 1 to 1.5 ML, water uptake from bulk
water is slightly exothermic on OH phlogopite but becomes
slightly endothermic on F phlogopite (ΔHads = −1.0 ± 0.1,
−0.1 ± 0.1, and −0.2 ± 0.1 kJ mol−1 on Na-, K-, and Cs-OH
phlogopite; 0.6 ± 0.1, 1.4 ± 0.2, and 0.8 ± 0.2 kJ mol−1 on
Na-, K-, and Cs-F phlogopite). Finally, at film thicknesses >1.5
ML (the fourth adsorption regime), water uptake from bulk
liquid water is slightly exothermic in all systems (ΔHads =
−0.94 ± 0.03, −0.52 ± 0.07, and −0.37 ± 0.07 kJ mol−1 on
Na-, K-, and Cs-OH phlogopite; −0.93 ± 0.03, −0.66 ± 0.05,
and −0.48 ± 0.06 kJ mol−1 on Na-, K-, and Cs-F phlogopite).
In the last regime, the small yet statistically significant
exothermic character of water uptake increases in the order
of Cs < K < Na (i.e., in the same order as the hydration
energies of the cations in bulk liquid water), indicating a

transition toward bulk-liquid-water-like behavior. Our results
further indicate that the energetics of water adsorption remain
distinctly influenced by the phlogopite surface even at a film
thickness of 3 ML or more. These distinct regimes in
undersaturated conditions suggest that hygroscopic surfaces
provided by minerals such as mica, as examined here, can
significantly impact heterogeneous reactivity and photo-
chemistry in conditions relevant to atmospheric scien-
ces.5,112−115 Finally, we note that the predicted trends in
ΔHads versus film thickness described above deviate from the
only existing experimental data set on the enthalpy of
adsorption of water on mica (for the muscovite mica system),
where a broad minimum in ΔHads was reported near 1 ML.

38

Our prediction of a minimum in ΔHads near 0 ML film
thickness, however, is consistent with previous simulation
results for mica53 and with experimental and simulation results
for other surfaces.41,116,117

In line with the values of ΔHads presented above, our
predicted values of ΔGads are most negative in the case of the
dry surface and increase toward the value for bulk water
(−26.7 kJ mol−1, obtained in a separate simulation as
described in Materials and Methods) with increasing film
thickness. Results on ΔGads were not obtained at water
coverages below 0.3 ML, where evaporation events were too
infrequent to precisely quantify the average density of water
vapor. At higher water coverages, error bars are too large to
determine whether counterion type or structural F/OH groups
impact ΔGads. Within the precision of the calculated values,
however, our predicted ΔGads and ΔHads values show similar
variations with film thickness, suggesting that the hygroscopic
nature of phlogopite is determined primarily by the differential
enthalpy of adsorption of water. A notable exception to this
finding is presented by the adsorption of water to the surface of
F phlogopite at 1 to 1.5 ML coverage (the third adsorption
regime), where an energetic barrier to water uptake (relative to
pure bulk liquid water) is observed in ΔHads but not in ΔGads,
suggesting that entropic effects facilitate the incipient
formation of the second water monolayer. The corresponding
predictions of water film thickness as a function of relative
humidity (RH) yield identical trends for all systems within the
precision of our results (Figure 4c). Our results on RH versus
film thickness averaged across all six systems yield RH = 53 ±
9, 85 ± 7, and 97 ± 5% at water coverages of 1, 2, and 3 ML,
respectively. Despite the non-negligible uncertainties, our
simulation predictions are in excellent agreement with the
experimental results of Cantrell and Ewing38 and Balmer et
al.40 (shaded gray and green areas in Figure 4c, respectively) at
RH > 60%, where these two studies reported identical results.
At RH < 60%, where the two experimental datasets diverge,
our results match those of Balmer et al.40 Finally, at film
thicknesses ≥2 ML, we also report in Figure 4c a prediction of
RH versus film thickness, averaged across all six systems,
estimated from the ΔHads values reported in Figure 4a,b (i.e., a
prediction that neglects the influence of entropy on the uptake
of water from pure bulk liquid water to the adsorbed water
film). Comparison of the gray and black circles in Figure 4c
reveals that the growth of >2 ML thick adsorbed water films on
mica in systems that contain pure bulk liquid water is driven by
enthalpy and somewhat inhibited by entropic effects,
suggesting that water molecules on the surface of the thin
film have less configurational freedom than water molecules of
the surface of pure liquid water.
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Additional insights into the role of entropy are provided by
our values of −TΔSads, calculated as the difference between
ΔGads and ΔHads (Figure 4a,b). Our results show that when the
surface is only partially covered (<0.9 ML), adsorption of
water molecules is entropically disadvantageous relative to bulk
liquid water, by 0.22 to 5 kJ mol−1. This trend is particularly
evident for the F phlogopite surface. Above 1 ML, −TΔSads is
close to the value for bulk liquid water in the case of OH
phlogopite, whereas for F systems the entropic contribution
shows a small yet significant dip at 1 to 1.5 ML coverage,
suggesting an entropic favorability to transferring water from
bulk liquid water to the adsorbed water film. In the next
section, we examine the local coordination of water molecules
and counterions to shed light on the structural basis of the
trends in energetics identified here.

Water Coordination in the Thin Film. The energetics
presented in Figure 4 suggest the existence of four distinct
water adsorption regimes as a function of film thickness. These
four regimes are examined below from the perspective of the
molecular-level coordination of water (this section) and
counterions (next section) in the thin film.
In Figure 5, we present snapshots of the simulated systems

for small portions of four representative surfaces (Na-F, Na-

OH, K-OH, and Cs-OH phlogopite) at film thicknesses
characteristic of the first adsorption regime (0.15 ML), where
energetics presented above indicate that water adsorption is
strongly influenced by the identity of the counterions.
Snapshots of the entire surface are shown in Figure S5. At
this low coverage, water molecules are adsorbed mostly as
single molecules or small clusters. A key feature that emerges
from these snapshots is that Na ions strongly orient the water
dipole moment away from the cation, whereas K and Cs ions
do not, as also observed in studies of ions in bulk liquid
water.118 This orientational constraint of water molecules on
Na-bearing surfaces inhibits the formation of hydrogen bonds
between water molecules or with surface O atoms as
illustrated, for example, by the existence of chains of
hydrogen-bonded water molecules on Cs-mica but not on
Na-mica in Figure 5. This difference likely gives rise to the
stronger hygroscopicity of Cs than K or Na-mica at <0.5 ML
water coverage.

Additional evidence of the phenomenon identified above is
presented in Figure 6, where the number of hydrogen bonds

received per surface O atom is reported as a function of film
thickness. Results are further broken down into the
contribution from regular siloxane O atoms (Ob) versus
siloxane O atoms that coordinate an isomorphic substitution
site (Obts). These two types of O atoms are equally abundant
on the siloxane surface, but the Obts atoms carry about 11%
more negative charge than Ob atoms on the CLAYFF model.
At film thicknesses characteristic of the first adsorption regime,
from 0 to 0.5 ML, Figure 6 shows that adsorbed water
molecules form significantly more hydrogen bonds with surface
O atoms on Cs-bearing mica than on K- or Na-bearing mica
(again suggesting a greater orientational freedom of water
molecules on Cs-mica) and that these bonds are predom-
inantly donated to Obts. The strong sensitivity of water
coordination (and of adsorption energetics) to the identity of
the exchangeable cations is consistent with observations that
the siloxane surface of smectite clay minerals (isostructural to
that of mica) is inherently hydrophobic in the absence of
counterions, that is, surface hydrophobicity primarily stems
from the adsorbed counterions.119,120 A significant difference,

Figure 5. Snapshots of the adsorbed water film at 0.15 ML coverage
on the surface of Na-F, Na-OH, K-OH, and Cs-OH phlogopite
viewed from the side and the top. Hydrogen bonds are identified with
an O···O distance cutoff of 3.5 Å and an H−O···O angle cutoff of 30°.
Larger scale views are presented in Figure S5.

Figure 6. Number of hydrogen bonds formed per siloxane oxygen as a
function of film thickness. Results are subdivided into the
contributions of surface Ob and Obts atoms. The number of H-
bonds reported here is evaluated approximately by integrating the
radial distribution function between surface O and water O atoms to
its first minimum. Symbols I to IV refer to the four water adsorption
regimes identified in the text.
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however, is that most smectites carry predominantly Ob (and
relatively few Obts) atoms on their basal surfaces due to their
lower fraction of tetrahedral versus octahedral substitutions.
A second key feature that emerges from our observations of

coordination structure in the water film is that water molecules
adsorbed from 0 to 0.5 ML preferentially donate hydrogen
bonds to siloxane O atoms located near isomorphic
substitutions (Obts) whereas water molecules adsorbed from
0.5 to 1 ML (the second adsorption regime) preferentially
donate hydrogen bonds to regular siloxane O atoms (Ob). The
relative abundance of this latter type of hydrogen bond in the
second adsorption regime is particularly sensitive to the
identity of the adsorbed counterion (in the order Cs < K <
Na) and to the degree of fluorination of the mica structure (in
the order F < OH). Interestingly, the much greater tendency of
Ob atoms on certain mica surfaces (notably, Na-OH mica)
than on other mica surfaces (K- or Cs-exchanged and/or
fluorinated mica) to receive hydrogen bonds from water,
established between 0.5 and 1 ML water coverage (the second
adsorption regime), persists at higher water coverages, as
shown in Figure 6. This phenomenon is further illustrated by
the existence of persistently dehydrated patches on the surface
of Na-F mica but not on Na-OH mica at 1.2 ML water
coverage, as demonstrated in Figure 7.

Ion Coordination in the Thin Film. In Figure 8, we
illustrate the local configuration of adsorbed cations and its
change with increasing film thickness based on two measures:
coordination number (CN) and bond-valence (BV), shown in
the left and right columns, respectively. While the former
simply describes the number of closest neighbors, here
corresponding to water oxygens (Ow) and surface siloxane
oxygens (Ob and Obts), the latter is a semi-empirical measure
of coordination “strength” obtained by assigning higher
strength to shorter ranged interactions, as described in
Materials and Methods. One notable feature in the former
representation is that the CN values for K and Cs are
practically invariant with a film thickness of above 1 ML,
whereas the CN values for Na continue to vary with a film
thickness up to at least 3 ML. This is consistent with the
progressive growth of the IS2 and OS peaks with increasing
film thickness up to at least 3 ML in the Na systems (Figure
2a), that is, with the formation of an incipient electrical double
layer on Na-mica. We also note that in the K and Cs systems,
as film thickness increases from 0 to 1 ML, the BV shared by
the cation with surface O atoms decreases even though the CN
is constant. This implies that the cations maintain the same

overall configuration but move away from the surface, in
agreement with our observations based on Figure 2.

■ CONCLUSIONS
This study addresses the challenge associated with detailed
characterization of thin adsorbed water films and mechanistic

Figure 7. Top-view snapshots of the adsorbed water film at 10 ps intervals on the surface of (a) Na-OH and (b) Na-F phlogopite at a film thickness
of 1.2 ML. First and second adsorbed water monolayers are displayed as three-dimensional surfaces in pink and cyan, respectively. The figure shows
the existence of persistent dewetted spots (where ditrigonal cavities can be seen) on the Na-F surface.

Figure 8. Two measures of surface counterion local configuration on
(a) Na-, (b) K-, and (c) Cs-OH phlogopite. CN (left column) and
BV (right column) for respective counterions with respect to water
oxygen (Ow), surface bridging oxygens (Ob), and surface bridging
oxygens with isomorphic substitutions (Obts) as a function of film
thickness. Shaded areas (left) indicate hydration numbers reported in
the literature and horizontal dotted lines (right) indicate the expected
BV sum for monovalent cations (+1). Symbols I to IV refer to the
four water adsorption regimes identified in the text.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c04751
J. Phys. Chem. C 2022, 126, 16447−16460

16456

https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04751?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04751?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04751?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04751?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04751?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04751?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04751?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04751?fig=fig8&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c04751?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


understanding of their stability using atomistic simulations
complemented by experimental determination of the interfacial
structure using in situ XRR. We modulate two variables that
are expected to impact surface hygroscopicity (adsorbed
counterions and structural F/OH composition) and examine
the resulting impacts on the process of surface hydration as a
function of film thickness from a perspective of single water
molecules to clusters and thin films. We find that, while the
basal surface of mica minerals is generally considered highly
hydrophilic, adsorption energetics and local coordination in
the thin film differ significantly between the different mica
surfaces, especially when the surfaces are unsaturated. More
specifically, we identify four distinct regimes of surface
hydration. The first regime, corresponding to film thickness
below 0.5 ML, is highly sensitive to counterion type and is
characterized by ΔH values that become more negative in the
order of Na < K < Cs (opposite of the order of the hydration
enthalpy of the ions in bulk liquid water). This suggests that
Cs-mica is more hygroscopic than K- and Na-micas in this
regime and is consistent with the increasing height of the first
water density peaks at 0.3 ML in the order Na < K < Cs. The
second regime, corresponding to film thickness from 0.5 to 1
ML, is mainly controlled by the hydration of the uncharged
regions of the siloxane surface. While the adsorption energetics
for different surfaces show little difference, water clusters
exhibit distinct local configurations depending on exchangeable
cation type and structural fluorination. In particular, water
clusters on Na-mica show a greater tendency to coat the entire
surface as compared with K- or Cs-mica. The third regime,
corresponding to film thickness from ∼1 to 1.5 ML, entails an
enthalpic barrier for fluorinated systems. Our results in this
regime also show evidence of persistently dewetted patches,
particularly on F-phlogopite surfaces, that may serve as
preferential sites for hydrophobic adsorption and heteroge-
neous nucleation of non-aqueous phases despite the overall
hygroscopic nature of the mica surface. The final regime above
1.5 ML is characterized by the formation of an incipient
electrical double layer at the mineral−water interface,
particularly in the case of Na-OH phlogopite, such that
water adsorption remains energetically more favorable with
respect to the bulk liquid water surface up to film thickness of
at least 3 ML. In this last regime, hygroscopicity increases in
the order Cs < K < Na, the opposite of the order observed at
lower water coverages, reflecting the transition from isolated
water molecules (below 0.5 ML) to a collective water network
(above 1.5 ML) combined with the tendency of different ions
to enhance (in the case of Na) or inhibit (in the case of Cs)
the cooperativity of the water hydrogen bond network. These
results show that the hygroscopicity of natural mineral surfaces
has a complex dependence on film thickness, counterion type,
structural fluorination, and their spatial location on the surface.
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