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Abstract

The structure and dynamics of the interlayer galleries of clay materials are difficult to
investigate experimentally due to static and dynamic disorder, and computational methods can
provide important and otherwise unobtainable insight. This paper presents a classical molecular
dynamics (MD) and metadynamics investigation of the relationships between the structure,
energetics, and dynamics of Na-hydroxyhectorite, a swelling (smectite) clay and tests the
predictions of a model for interlayer H>O structure and dynamics for a natural mixed
fluoro/hydroxyl-hectorite based on 2H NMR spectroscopy [Bowers, G. M.; Singer, J. W.; Bish,
D. L.; Kirkpatrick, R. J. J. Phys. Chem. C 2011, 115, 23395]. The computational and
experimental results are in good agreement and indicate that water molecules undergo
simultaneous fast librational motions about the H.O C, symmetry axis and site hopping with C3
symmetry with respect to the surface normal. The computed hydration energies show the
stability of one-, one-and-one-half-, and two-water-layer hydrates, which for the composition
modeled occur at 3, 5.5, and 10 H,O/Na*, respectively. The nearest neighbor coordination of Na*
is entirely by the basal oxygen atoms of the tetrahedral sheet (Omin) at the lowest hydration
levels, and with increasing water content includes increasing numbers of water molecules
(Ow20). For the two-layer hydrate, Na* is entirely coordinated by six On20. The dipole moment of
H20 molecules is oriented nearly perpendicular with respect to the clay surface in the one-layer
hydrate, whereas the dipoles are oriented at lower angles in the two-layer hydrate, where the H>O
donates on average one hydrogen bond to surface O atoms. The H-bonding network becomes
more integrated with increasing hydration, with a maximum of three H-bonds per interlayer H.O
molecule. The metadynamics results yield activation energies for site hopping of H2O molecules

~6.0 kJ/mol for the one-layer structure and ~3.3 kJ/mol for hopping between layers in the two-



layer structure. Computed diffusion coefficients for water and Na* are substantially less than in
bulk liquid water, as expected in a nano-confined environment and are in good agreement with

previous experimental and computational results.




1. Introduction

Molecular-scale physicochemical processes occurring at mineral-water interfaces are
immediately pertinent to many geochemical, technological, and environmental issues such as
stabilization of carbon in soils,'® deep geological CO> storage,*® nutrient cycling and reactive
transport,®** and long-term nuclear waste disposal in geological formations.’>" At the heart of
these issues is the need to understand the structure, energetics, and dynamics of ions and water
molecules at mineral-water interfaces over time scales from picoseconds (ps) to millennia and
length scales from Angstroms to kilometers. Fundamental chemical processes, such as swelling
of clay layers and diffusion of aqueous species, occur on timescales of ps to ms, and
computational modeling*®*® and spectroscopic methods such as nuclear magnetic resonance
(NMR) spectroscopy®®-4® and neutron scattering have proven to be especially effective tools for
interrogating these behaviors.*’®” This paper describes a computational molecular dynamics
(MD) and metadynamics modeling study of the interaction of Na™ and H2O molecules with the
clay mineral hectorite (a smectite) that provides new insight into the structure, energetics, and
dynamics of these interactions and complements our previous ?H and 2Na NMR study of this

material.*®

Interaction of water and ions with swelling clays occurs in the interlayer galleries
between the silicate sheets (Figure 1) and on external surfaces of individual particles in the
interparticle regime.®®®® The interlayer galleries permit intercalation of water molecules,*
46,57,58,60,646567 grganic and bio-molecules,”®"t as well as organic’?” and inorganic ions.”>"* For
many clays, the interlayer species cause the clay to swell, but the molecular-scale details of the
interlayer structure, energetics, and dynamics are still not completely understood. For instance,

X-ray diffraction, neutron scattering and NMR spectroscopy data indicate water molecules in
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smectite interlayers form one- and two-layer hydrates.*4-46:57:5880.64.6567 Sty cturally, the effects of
changing hydration levels on the orientation of water molecules with respect to the surface,
coordination of the cations by H>O and the O atoms of the basal clay surface, location of the
cations and H>O molecules with respect to the Si—O hexagonal rings of the silicate layers, and
structure of the H-bonding network, and the energetics of site hopping and water libration or
rotation are open questions that benefit directly from the type of molecular-scale insight provided

by classical MD simulations,#4-46:57.58,60,64.6567

Current understanding indicates that the energetics of clay swelling reflects a tradeoff
between attractive and repulsive forces involving the charged mineral surfaces, the interlayer
cations/anions, and H.O molecules. The electrostatic components of these forces stem from the
interaction between charged clay sheets and charge-balancing interlayer and surface ions,®® the
formation of hydrogen bonds (HBs) between water molecules in the interlayer with clay atoms
and one another, and the hydration of charge-balancing ions.?*36.7>9 The most important non-
electrostatic component of the forces balancing the electrostatic attraction is the van der Waals-
type repulsive interactions at short intermolecular distances due to the finite size of the atoms
and the “excluded volume” effect pertinent to any nano-confined fluid (e. g. Abraham 1978).8°
For a given clay composition at relatively low H>O activities, hydration of the charge-balancing
counter ions is the dominant interaction leading to swelling, and differences in swelling behavior

are directly related to the differences in the cation hydration energy.”> 7781

Previous experimental studies of hectorite swelling and its interactions with cations and

water molecules have used a variety of techniques, including X-ray diffraction (XRD),*-82-9

thermogravimetric analysis (TGA),*%4691 quasi-elastic neutron scattering (QENS),5’:°8:6064.6567

and NMR spectroscopy.®404244-46 XRD is widely used and provides information about the
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effects of, for instance, relative humidity on the interlayer spacing.*>#34692-% Dye to static and
dynamic disorder in the interlayer, XRD typically does not provide the specific atomic positions
needed for detailed structural analyses, particularly with respect to the hydrogen positions, and
provides essentially no information about dynamics. NMR spectroscopy can be used to study
both structure and dynamics of both interlayer ions and H20 and has been used extensively to
study hectorite because samples with low Fe-content are readily available. Our previous NMR
studies have used 2*Na, ¥K, and *3Cs to investigate the structural and dynamical behavior of the
cations and 2H NMR to probe the water structure and dynamics at a variety of system H,O
contents.3%404246 In our recent work, we have proposed a mechanistic description of the
librational and site hopping motion of H.O molecules in two-layer hectorite hydrates between —
80°C and 50°C and hectorite pastes from -50°C to —20°C based on 2H NMR results.*® This
mechanism suggests that H.O molecules undergo fast librational motions about the H.O C;
symmetry axis and site hopping with Cs symmetry with respect to the surface normal. One
objective of the present study is use of computational modeling to evaluate this C2/Cs hopping

mechanism.

Neutron scattering also probes interlayer structure and H2O diffusion, and there have
been several recent studies of interlayer water diffusion in smectites using this
technique.>" 9860646567 Unfortunately, neutron scattering techniques have difficulty distinguishing
between the H atoms of interlayer H,O molecules and those of structural OH™ groups, and
structural OH~ groups contribute background noise and complicate data analysis.®>°"® Thus,
QENS has been used only for fluorhectorites, in which F~ substitutes fully for structural OH~
215860646567 \nhereas natural hectorites often contain nearly equal mixtures of structural OH-

and F~.



The computational MD methods we use can readily model systems with length scales of
nm over timescales of several ns and have been effectively applied to many mineral-water
systems?0:21,2427:31-33.3536.95 including fluorhectorite.®” Computational investigations of layered
material hydration have focused on montmorillonite!819:232551,55,65,69,75-77.96-117 pajdeljte, 102109113
hectorite,5567.72102109.118 jljjte 118 Kkaolinite,5®1®  muscovite,332311°  pyrophyllite,'?°
saponite, 21122 talc,26303235  yermiculite,®®  and  layered  double  hydroxides
(LDHs),212425.27:3236.78.19 Eor swelling clays (smectites), these studies find that the interlayer
spacing increases with increasing total system H.O content, HoO molecules organize into
discreet layers in the interlayer galleries until reaching the osmotic swelling regime, the
orientation of cations and H>O molecules with respect to the clay surface changes with
hydration, and the interlayer cation and H>O diffusion rates are slower than in bulk water by at

least an order of magnitude.

The identification and characterization of stable hydration states such as one- (1 WL) and
two-water-layer (2 WL) hydrates in computational studies involves use of many parameters

including intel’layer Spacing,18'19'21'23'25'36'67'69'72'75'79'96'97'99'102'104'106'108'110'112'113'116'“7'122'123 water-

to-CIay mass I’ati0,18’19’21’23’26'36'55’67'72'75’79'99‘101‘105’106‘108_113'115_117'121_123 interlayer atomic density
proﬁ|es'18,19,23,26,27,30—32,35,36,51,75,77,79,97,100,101,104,105,109,110,112—116,120,122 and hydration energy Of the
cIay/water System Versus the anhydrous system.18'19'21'23'31'32'36'76‘79'96'97'99'102'103'106’107'110'“3'123 For
smectites, 1 WL hydrates typically have 3 — 7 H,O molecules per interlayer cation (H2O/cation),
and 2 WL hydrates have 7-13 H,O/cation, depending on the number of cations/formula unit
needed for electrostatic charge neutrality.18:°56567.7275,97-99,101,104,111,116,118,122 Analysis of the
nearest neighbor coordination environments of the cations, the interlayer hydrogen bonding

network, and the orientation of H,O molecules and other intercalated species with respect to the
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clay surface allow for description of the effect of water loading level has on the structure of

SpeCieS in the interlayer galleries 19,23,24,26,27,31,32,35,36,51,72,77-79,97-101,104,106-116,118-122

Dynamical analyses typically focus on the mean square displacement of water molecules
and cations,>167.101107.108113  characterization of their diffusional mobility,30-3251:55.65,67.100-
102,104,108, 112,113 and the evolution in the interlayer atomic positions with respect to the clay surface
with time through use of atomic density contour plots,26:2730-3251,6567.79,101,102104 These studies
indicate that diffusion of species increases with increasing hydration and that movement of H>O
molecules and cations with time is dependent upon both the surface structure and the identity of
the cation. Comparisons of Li*, Na*, and K" hydration in tetrahedrally- or octahedrally-
substituted clays suggest that Na* prefers to be outer-sphere coordinated in the interlayers of
clays with octahedral substitutions while cations with lower charge density often prefer inner-
sphere coordinations with the clay surface.** Investigations of pressure and temperature effects
on the mechanical properties!®® and hydration of clays?6:3069100104117 ghow jnterlayer
compression and ensuing shortening of HBs between structural OH™ groups and basal O atoms as
well as increases in dynamical parameters such C> hopping and diffusion as pressure and

temperature are increased.

Previous computational investigations of hectorite have focused on hydration of Cs-, K-,
Li-, and Na-hydroxyhectorite;’>102109118 Na-fluorhectorite;®” and intercalation of a lanthanide
organic complex into Na-hydroxyhectorite.”> Development of the 1 WL hydrate is thought to
occur at hydration levels between 3 and 5 H,O per monovalent cation®®772118 and the 2 WL
hydrate at 10 — 11 H.O per monovalent interlayer cation, depending on the bulk clay
composition.*®® Interlayer spacings for the 1 WL hydrate range from 11.83 — 12.5 A %772 and for

the 2 WL hydrate are in the range of 15 A.}% Interlayer Li* is thought to be inner-sphere
8
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coordinated with respect to the clay surface,''® whereas Na* is outer-sphere coordinated.'%%1!8

Cs* ions are thought to be located above and off to the side of the basal Si-O hexagonal rings.'%2
Na-Owmin distances were 2.43 — 2.61 A in a MD study of Na-hydroxyhectorite with H,O/Na* =
6.72 The computed diffusion coefficients for H.O molecules in 1 WL Na-fluorhectorite are 2.71 -
6.2 x 1072° m?/s.5” These results also indicate that Cs* does not diffuse significantly at low water
content.'2 The positions of the water molecules and the sites among which they diffuse correlate

with the structure of the hectorite surface.®” Water molecules occur in reasonably well defined

layers'® and donate one HB to the surface in the 2 WL hydrate.%®

This paper discusses the results of new classical MD simulations and metadynamic
calculations of free energy probing the compositional dependence of the energetics of hectorite
hydration, which facilitate identification of stable hydrate structures, the relationship between the
interlayer HB network and the hydration energetics, and on comparison of the computed
librational and site hopping dynamics to the behavior predicted from our recent ?H NMR
experiments*®. The present study is the first full examination of the effects of hydration state on
the interlayer structure, energetics, and dynamics of Na-hydroxyhectorite. These results show

excellent agreement with our previous experiments.

2. Computational Methods

2.1. Structural Models

Hectorite is a trioctahedral 2:1 smectite clay with two tetrahedral silicate layers on either
side of an octahedral metal oxide layer containing Li* and Mg?* (TOT structure). The TOT layers

develop net negative structural charge by Li* for Mg?" substitution.?* The Si-O tetrahedra are
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arranged in hexagonal rings, and in the sample we have used experimentally, there is little Al for
Si substitution.*’ The negative layer charge is compensated by charge-balancing cations such as

Na* in the interlayer and on external surfaces,3%40:42:44-46,57.58,60,64,65,67,124

Our simulated hectorite model is based on the structure of Breu et al.* with Na* as the
counter ion and a Li*/Mg?* ratio of 1/5 to reflect the composition of the natural San Bernardino
hectorite we have used in the experimental studies.3®4424 The structural formula is
Na(MgsLi)SisO20(OH)4. For the simulations, the Li* atoms are regularly substituted for Mg?*
such that there is one Li* in each unit cell. There is no tetrahedral substitution for Si**. All of the
anion sites in the octahedral sheet are modeled as OH™ sites. The San Bernadino hectorite
contains both OH~ and F,%°4%% and the hydration of fluorhectorite has been studied
previously.4°7:5860.6567 The present study examines the structure, energetics, and dynamics of
Na-hydroxyhectorite interlayer hydration, with water loading levels varying widely from 0 to 12

H>O/Na™.

The simulation cells consisted of 60 formula units in a 5a x 4b x 3c arrangement. There
are thus 20 Li* ions per layer, and each unit cell has a (-1) charge. The initial, anhydrous
supercell dimensions were ~26 A x 36 A x 32 A. Although hectorite has C2/m symmetry,*? the
geometry of the simulation supercell is reduced to P1 to allow for full relaxation of all
crystallographic parameters during simulations with the anisotropic NPT ensemble. Because of
the offset of neighboring TOT layers in the C2/m structure, the initial Na* positions were located
above the center of a Si—O hexagonal ring on one side of the layer and off-center in a hexagonal
ring on the opposite side of the interlayer.

To simulate interlayer expansion at varying hydration states,?:2627.36.78.7% the model

structures were prepared with 0 — 12 water molecules per cation. In the computational models
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presented here, H,O/Na* = H,O/unit cell, and H2O/Na" = H,0O/8Si. Figure 1 shows snapshots of

some of these systems viewed parallel to the TOT layers down the b-axis.

2.2. Simulation Details

The interatomic interactions are treated with the CLAYFF force field,?> which has been
widely employed to model hydrated oxide and hydroxide systems,20:2427:30-
36,67,78,79,95,107,112,116,122,126-134 ‘jncluding fluorhectorite.®” Water molecules are described with the

flexible version®3®

of the simple point charge (SPC) potential,*3® which reproduces the bulk
properties of water well.**-1#2 Simulations are performed in the DL_POLY Classic molecular

dynamics simulation package.!#3144

To model interlayer expansion, we first build a unit cell of hectorite using atomic
positions published by Breu et al.,*?* with Na* replacing Cs* in our models. H.O molecules are
added to the unit cell to meet the desired hydration level. For each model, the c-dimension of the
unit cell was set to approximate the interlayer spacing of the hydration level to be modeled, with
the initial c-dimension 0.2 — 1.0 A greater than the anticipated interlayer spacing. We then
allowed the interlayer species to relax in a 10 ps simulation with all species except the H20 and
Na* fixed. These runs use the NVT ensemble and the Nosé-Hoover thermostat*® with a 100 fs
relaxation constant. The final configuration from these simulations was used as the initial
configuration for longer simulations in the anisotropic NPT ensemble with the Nosé-Hoover
thermostat and barostat,*> each with a 100 fs relaxation time. The pressure was 1 atm. All atoms
were permitted to move in these and all subsequent simulations for each system. These runs used
500 ps for system equilibration followed by a 500 ps production run. For the anhydrous system,

there is no initial 10 ps NVT relaxation run. To ensure consistent statistics between samples with
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146 3 final

varying hydration levels and the absence of rotational movement of the simulation cell,
NVT simulation was performed for all systems starting with the final configurations from the
NPT simulations. The NVT ensemble employs the same procedures described above, except that
the total simulation time was 1 ns, with 500 ps equilibration followed by a 500 ps production
run. The majority of results presented here are from these final 100 ps of the NVT simulations.
Interlayer spacing results are from the final 100 ps of the NPT simulations for each hydration
level, and the diffusion coefficients and atomic positions results are from the whole trajectory of

the 1 ns NVT simulation. For all simulations, periodic boundary conditions are employed, the

time step is 1.0 fs, and the temperature is 298 K.

A set of additional MD simulations employing an enhanced sampling approach (the
metadynamics method) were performed to quantify the energetics and associated time scales of
molecular processes in the hydrated Na-hectorite interlayers. These accelerated free energy
calculations were performed at two hydration levels that correspond to 1 WL and 2 WL hydrates
(H2O/Na* = 3 and 10), determined from the NPT MD simulations. The metadynamics
calculations are carried out using a model system consisting of 128 formula units (8a x 8b x 2c)
based on the structure of Breu et al.!?* with Na* as the counter ion and using the Collective
Variable Module implemented in NAMD version 2.9'4714 and the CLAYFF force field
parameters.? Two reaction coordinates are defined: (i) the angle, 8, formed by the normal to the
clay basal surface and the vector between the Na" ion and the Own2o atom of one of its
coordinating H20 molecules (SN-Na—-Ow20) and (ii) the angle, ¢, between the two vectors
connecting Onzo atoms with the Na* ion in its first coordination shell (On20—-Na—Ow20). These
angles are depicted in Figure 2. The free energy profiles are computed as a function of these

reaction coordinates from independent simulations performed under NPT conditions at 298 K
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and 1 atmosphere pressure. The calculations are 15 — 20 ns in length, during which Gaussian
hills 2° in width and 0.08 kJ/mol in height were added every 100 fs. Distance restraints are
imposed to ensure that tagged water molecules remain in the first coordination shell of a chosen

Na* ion during the entire course of the simulation.'4°

2.3. Simulation Analysis

A number of structural parameters are extracted for each sample from the MD
simulations described above. The distributions of Na*, Ow20, and Hu2o perpendicular to the plane
of the clay layers are analyzed with atomic density profiles (z-density plots), where z = 0
corresponds to the center of the interlayer plane. The orientation of the interlayer water
molecules is evaluated using the angles formed by the vector bisecting the On20 atom and its two
Hh2o atoms (H20 dipole vector) with the normal to the basal clay surface (SN-On20—HHgi), o,
and the angles formed by the normal to the clay basal surface and the vector between the Na* ion
and the Ow20 atoms of its coordinating H.O molecules (SN-Na—Ow20), 6. For each of these, the
basal clay surface closest to either Na" or O (i. €. the central atom of the angle) is used, and
Figure 2 shows the definitions of these angles. The cutoff for each vector is the base of the first
peak in the radial distribution function (RDF) between each pair of relevant atoms. The local
coordination environments of Na* by the basal oxygen atoms of the clay layers (Omin) and water
molecules (On20) are characterized by RDFs and running coordination numbers (RCNs). Surface
distributions of Na" ions and On20 atoms are evaluated from atomic density maps that plot the
locations of atoms in the xy plane parallel to the plane of the basal O atoms of the clay layer at
each saved point in the trajectory (200 points total). All Na* ions are included in the plots,
whereas only the On20 and Huzo atoms in the first RDF peak of the Omin—On20 and Omin—HHz2o0,
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respectively, are included for these species. The hydrogen bonding networks are evaluated by

using the geometric definition of H-bonding criteria®>

previously employed for hydrated layered
systems.?”%6:78.79 In this definition, the intermolecular O---O distances of an H-bonded pair of
species are less than 3.5 A, which is comparable to O---O distances in hydrated Na-

fluorhectorite,®* and the H-O---O angles are less than 30°.*° Water molecules that meet both of

these criteria are considered to be participating in a HB.

The hydration energy was calculated using the relationship:

(U W)y — (0

Al (N} =
" N )

where (U(N)) is the average potential energy of an equilibrium system containing N water
molecules and (U(0)) is the average potential energy of the equilibrated anhydrous system. The
hydration energies of smectite clays and layered double hydroxides (LDHs) have been
previously evaluated with this approach.18.19213136.78.79 pAV is negligible at ambient pressures,’”
and AUR(N) is thus a close approximation of the enthalpy of hydration.

The diffusion coefficients of Na® ions and H2O molecules are calculated for all

simulations from the mean-square displacements of these species from the relationship:

{(x2)y = 4Dt @)
where (x?) is the mean square displacement, the coefficient 4 represents 2-dimensional diffusion,
D is the diffusion coefficient, and t is the time over which the displacement is averaged. The 2-

dimensional diffusion coefficient is appropriate for the interlayer galleries because there is

minimal diffusion in the direction perpendicular to the layers.365112.113
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3. Results and Discussion
3.1. Na-Hectorite Structure

The average a- and b- unit cell parameters calculated for the Na-hectorite molecular
models are a = 5.2072 A and b = 8.9482 A, within 3% of experimental values,®**?* and the c-
axis increases with increasing water content. For all systems studied, the average unit cell angles
are a = 86.62°, # = 96.66°, and y = 90.00°, which are within 4% of experimental values.®**?* The
greatest deviations in cell parameters occur for the least and most hydrated samples, particularly
for the cell angles. Figure 1 shows cross sections of the structures with H>O/Na* = 0, 0.6, 3, 5.5,

and 10.

3.2. Identifying One-, One-and-One-Half-, and Two-Layer Hydrates

The samples with H>O/Na" ratios of 0, 0.6, 3, 5.5, and 10 illustrated in Figure 1 represent
the most important hydration levels. The 0 and 0.6 H.O/Na* samples are the computationally dry
and equivalent moisture content to the “dry” samples from our previous spectroscopic study,
respectively. TGA experiments for Na-hectorite samples held over P,Os yield H,O/Na* = 0.6.%
The 3, 5.5, and 10 H2O/Na* samples correspond to the one- (1 WL), one-and-one-half- (1.5 WL),
and two-water-layer (2 WL) hydrates, respectively, as shown by the calculated hydration
energies (Figure 3), the atomic density profiles (z-density plots; Figure 4), and computed
interlayer spacing (Figure 5).

Previous investigations of interlayer hydration use several tools to identify one- and two-
layer hydrates, including relative humidity (RH), mn2o/mmarteriaL, d-spacing, atomic density
plots, hydration energy, and orientation of H.O molecules with respect to the clay

surface.19'21'25'36'42'46'51'57'58'60'65'67'68'75'77'79'96'97'99'100'104'110'112'114'116'117'121'123'151'153 Of these, the
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computational tools that provide the most informative results are the hydration energy curves as
a function of the water content and the atomic density profiles. Minima in the hydration energy
correspond to thermodynamically stable states. Although these energies neglect entropic
contributions, these are expected to be small at ambient temperatures.’®’” Atomic density profiles

complement the analysis based on hydration energy.8195%.75.77,96,104,105,110,112,113,116,122

The computed hydration energies for our Na-hectorite model (Figure 3) show a large
range of values. The 0 H,O/Na" sample is higher in energy than the bulk SPC value (-40.10
kJ/mol),** which indicates a hydrophobic environment.®> At all higher hydration levels,
however, the hydration energy is more negative than for bulk SPC water, consistent with the
known swelling behavior of Na-hectorite.*® Minima are located at 3, 5.5, and 8.5 — 10 H.O/Na".
The minimum at 3 H>O/Na* corresponds to the 1 WL structure, the minimum at 5.5 H>O/Na" to
the 1.5 WL structure, and the minimum at 8.5 — 10 H,O/Na" to the 2 WL structure. Recent TGA
experiments and structural refinement analyses of Na-fluorhectorite hydration indicated the
H>O/Na" compositions of 3.2 and 5.6 (H20/8Si = 4.5 and 7.8) for the 1 WL and 2 WL hydrates,
respectively.®* While the first value is in good agreement with our 1 WL composition, the second
one would appear to correspond to 1.5 WL in our nomenclature. In our simulations, however, the
hectorite layer charge and thus the number of interlayer cations required for charge balance is
30% lower than in the samples used experimentally by Kalo, et al.: 0.5 vs 0.7 Na per formula
unit, respectively.®* Thus, our systems require more H2O molecules per interlayer cation to fill
the interlayer space. The broad minimum in the 2 WL region of the hydration curve is expected

because samples with basal spacing similar to this structure are stable over a broad range of

RHs 39,40,57,58,60,68,77,105,110,122,151-153
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The z-density plots (Figure 4) are especially important for characterizing the 2 WL
structure because of the broad hydration energy minimum in this region. We choose the 10
H>O/Na* sample shown in Figure 4 to represent this hydration state because there is a single Na*
layer located in the center of the interlayer, two well-defined Ow20 layers on either side of the
Na* layer, and two well-defined Hn2o maxima for each Ow2o layer in our RDFs. However, the
structure does not change greatly in this compositional range. The snapshot of the 2 WL hydrate
in Figure 1 along with the z-density plot in Figure 4 are comparable to the structural features in
the 2 WL for Na-fluorhectorite in recent experiments® and Na-montmorillonite in recent
simulations.””*0 In all these studies, Na* ions are located in the center of the interlayer, and the
organization of water layers is characterized by the presence of a single On20 peak for each water
layer.”"91110 One additional possibility as to why our water contents for the 2 WL differ from
those of Kalo et al. is that experimentally there may be vacancies in the water layers,®* whereas

our model does not have vacancies (Figure 1).

The computed relationship between interlayer (basal) spacing and hydration level for our
Na-hectorite (Figure 5) shows multiple steps and is generally similar to previous results for other
Smectite phases.18'19'21'25'45'68'75'81'99'101'105'106'108'110'112'113'116'121'123'152 The Computationally dry and
experimentally dry samples have basal spacings of 9.4 and 9.7 A, in good agreement with the
experimental value of 9.7 + 0.2 A for San Bernandino hectorite with 0.6 H,O/Na*.“® Thus, using
all OH™ groups in our simulation instead of partial substitution by F~ does not have a significant
effect on the agreement between the observed and computed basal spacing values. At higher
hydration levels, plateau regions at 2 — 5 H,O/Na* and 7.5 — 10 H>O/Na* correspond to the

hydration energy minima for the 1 WL and 2 WL hydrates, respectively. The computed basal
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spacings of 11.8 and 15.2 A are remarkably close to experimental values of 11.8 — 12.6 and 15.0

—15.1 A for those hydration states.*6:%

The 1.5 WL hydrate with an energy minimum at H,O/Na* = 5.5 does not correspond to a
plateau in the basal spacing/hydration relationship, and the existence of a stable structure at this
hydration level has been controversial. An experimental study of Li-fluorhectorite*® and a
computational study of Li-montmorillonite identified 1.5 WL hydrates for these minerals,!*
whereas experimental XRD data suggest that a 1.5 WL hydrate does not occur for Na-
fluorhectorite.*® This study, however, examined Na-fluorhectorite hydration at greater hydration
intervals than for Li-fluorhectorite, and development of a 1.5 WL sample may have been missed.
Moreover, oscillation between 1 WL and 2 WL hydrates occurred in early Monte Carlo
simulations of montmorillonite hydration for H.O/Li* = 6.5 and H.O/Na* = 8.1® As discussed
above, the stability of an interlayer gallery structure is controlled by the tradeoffs among many
interactions, and deeper understanding of the physicochemical controls of the stability of 1.5 WL
smectite hydrates is needed. In our simulations of the 5.5 H,O/Na" sample, neither the Na* ions
nor the H20 molecules (On20 and Hr2o) occur in well-defined planes in the interlayers (Figures
1d and 4), but as described in detail below, this structure is characterized by a well-defined 5-
coordinate nearest neighbor Na* environment with 4 Onzo and 1 Omin and is near a maximum in
the number of H-bonds/water molecule. Thus, the tendency towards stability of the 1.5 WL
structure appears to be driven by cation coordination and the development of a well defined HB

network.

3.3. Na™-H20 Interlayer Structure
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RDFs and RCNs for Na-Owmin and Na—Owzo (Figure 6) show large changes in the Na*
coordination environment that parallel the changes in hydration energy and basal spacing.
Overall, Na" coordination by Owm is greater than On20 up to about 2.5 H,O/Na* and is less than
Onzo at higher values. In the 0 H,O/Na* sample, the mean Na—Owmin distance is 3.23 A, which is
comparable to the experimental value of 3.290 — 3.319 A.1%* Na* is coordinated by 5.5 Omn, and
the Na* ions are located on one side of the interlayer or the other (Figure 1a and Figure 4). For
the 0.6 H2O/Na" sample, Na* is coordinated by 7.4 Omin and 0.5 Ow2o, the mean Na—-Owmin
distance is 3.48 A, and the mean Na-Owo distance is 2.68 A. MD simulation of aqueous NaCl
solution yielded a mean Na—On0 distance of 2.33 A.1%* The slightly larger value for Na-hectorite
probably reflects the structural restrictions imposed by the basal O atoms on either side of the
interlayer. As for the 0 On20/Na* composition, the Na* ions are coordinated by Omin on both

sides of the interlayer.

For the 1 WL structure, Na* is coordinated on average by 1.8 Omin and 3.5 Owz0, and the
mean Na-Owmin and Na-Opo distances are 3.03 and 3.38 A, respectively. The partial
coordination of Na* by both Omin and Owzo is expected for Na-hectorite.®? In the 1.5 WL sample,
Na* is coordinated by 1.2 Omin and 4.0 Ow0, the mean Na—Omin distance is 2.98 A, and the
mean Na—Owzo distance is 3.18 A. For the 2 WL structure, Na* is in outer-sphere coordination by
on average 6.0 Onzo and 0 Omin With a mean Na—Opo distance of 3.18 A(Figure 6). The mean
Na-Owmin distance of 5.28 A at the minimum following the first RDF peak reflects the outer-
sphere coordination. The Na—Ow20 coordination compares well to 6.0 CN for Na—On2o in recent
experiments of Na-fluorhectorite hydration,®® 5.8 in recent simulations of aqueous NaCl

solutions, 1% and to 6.0 in simulations of the 2 WL hydrate in Na-montmorillonite.”” Na—Oz0
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distances of 3.15 — 3.2 A occur for the 2 WL hydrate of Na-montmorillonite.””'® Quter-sphere

coordination of Na* ions is expected for clays with octahedral substitution,0%118

H-bonding is important in stabilizing hydrated interlayer galleries, and for smectite
interlayers, the HB structure can be characterized by the total number of HBs/H>O, which
includes the number of H-bonds donated to the Omin as well as the number of H-bonds donated
to and accepted from other H20 molecules, and the fraction of H.O molecules with different
numbers of HBs (Figure 7). By the definition of an HB that we use, there are no HBs donated to
the Own2o by the OH™ groups of the TOT octahedral layer, in accord with MD simulation of
montmorillonite hydration.>* Overall, as hydration level increases, the number of HBs/H.O
increases from approximately 1.2 in the experimentally dry sample to approximately 2.9 for the 2
WL hydrate, slightly less than the bulk value of 3.5 for bulk SPC water,?” and the majority of
H>0 molecules have 2, 3, or 4 HBs at the highest hydration levels. For the experimentally dry
composition of 0.6 H.O/Na*", H,O molecules donate 1.2 HBs to Omin and due to the large
separation between water molecules donate and accept 0.0 to/from one another. As the hydration
level increases, the number of HBs donated to Omin decreases, and the number donated/accepted
to/from other H>O molecules increases. For the 1 WL structure, HB donation is still principally
to Omin. The total number of HBs/H20 is 1.7, with each water molecule donating on average 1.5
HBs to the Omin, accepting 0.1 from other water molecules, and donating 0.1 to other water
molecules. Because the On2o do not accept HBs from other species, the latter two values must
always be identical. At hydration levels greater than 3 H,O/Na*, the number of HBs among H>O
molecules increases, and for the 1.5 WL structure at 5.5 H>O/Na*, the number of HBs donated to
Owmin (0.9) and donated/accepted to/from Ow2o (0.9 each) are approximately equal. The total

number of HBs/H-0 is 2.6, very close to the value of 2.9 for the 2 WL structure at 10 H.O/Na",
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indicating that this relatively well integrated HB network plays an important role in stabilizing
this structure. Similar HB networks comprised of HBs donated to Omin atoms and
donated/accepted to/from other H2O molecules also occurs for Na-fluorhectorite and Na-saponite
at this range of hydration states.®>'?! At hydration levels greater than 5.5 H.O/Na"*, the number of
HBs/H>O donated/accepted to/from other H.O molecules exceeds those donated to Omin. In the
relatively well-developed HB network of the 2 WL hydrate, each H,O donates and accepts 1.1

HB to/from other H,O molecules and donates about 0.7 to the Omin atoms.

The fraction of H>O molecules having a given total number of HBs also varies
systematically and is related to the hydration energy. In the 0.6 H.O/Na* sample, the majority of
H>0 molecules have 1 or 2 HBs, with a smaller fraction having 0 HBs. Similarly, for the 1 WL
sample, most H2O molecules have 1 or 2 HBs, with smaller fractions having 0 or 3 HBs. At 5.5
H>O/Na" (the 1.5 WL sample), the interlayer HB network is reasonably well integrated, the
majority of H.O molecules have 2, 3, or 4 HBs, and there is less change with increasing water
content than at lower hydration levels. These results point to the development of an interlayer

HB network as an important contributor to stabilizing the 1.5 WL hydrate.

The structure of smectite interlayer galleries is also characterized by the orientation of
Na* and H20 molecules with respect to the basal clay surface (see Figure 2). The coordination of
Na* by H2O is described by the angle between the clay surface normal (SN) and the nearest
neighbor Na—Ow20 vector. The orientation of H2O molecules with respect to the clay surface is
described by the angle between the SN and the vector bisecting the H-O-H angle of H.O
molecules (their molecular dipole vector). This latter quantity can be compared directly to the
angles determined by ?H NMR results for Na-hectorite.** The mean SN-Na—Owo values

reported here reflect averaging over all nearest neighbor Na* coordination shells across the last
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100 ps of the final NVT MD trajectory. The mean computed SN-Ow20—Hrgi angle is the average
for all H2,O molecules over the last 100 ps of the final NVT trajectory. The experimentally
determined SN-Ownz0—-Hwgi angle reflects time averaging over the T2" time of the NMR free
induction decay, which is in the ms range. Table 1 presents the computed averages of these
angles for each composition modeled, and Figure 8 shows the computed distributions of these

angles for 0, 0.6, 3, 5.5, and 10 H>O/Na".

As hydration level increases, the average SN-On2o—Hwgi angle decreases (Table 1),
reflecting the change in orientation of the water molecules as HB donation to the Omin decreases
and HB donation among the H20 molecules increases. For HoO/Na* values from 7.5 to 12, which
include the range of hydration states with energies comparable to that for the best-defined 2 WL
structure, this angle varies from 51° to 53°. This value is in excellent agreement with the
experimental results for a 2 WL sample of ?H;O-exchanged San Bernandino hectorite.*®
Simulation of the 2H NMR resonance of this sample yields a value of either 51° or 59°, since the
line widths and residual splitting are symmetric with respect to the octahedral angle of 54.7°. The
agreement between the computed value and the observed value of 51° to 53° supports the smaller
of these two angles. This orientation results from the H.O molecules typically having one —-OH
group donating a HB to an Omin (the Hh2o peak closest to the surface in Figure 4) and the other —
OH group donating a HB to another water molecule (the Hx2o peak at nearly the same position
as the Omzo peak in Figure 4), which occurs for hydrated montmorillonite as well.*® This
orientation is observable in the snapshot in Figure le. At the lowest hydration level of 0.6
H>O/Na", the dipole is oriented 71° toward the surface, reflecting the close association of the
H>0 molecules to the surface. For the 1 WL hydrate, the SN-On20—Hngi angle is 78°, reflecting

the large number of HBs donated to Omin and the development of a well-defined H>O + Na*
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layer in the center of the interlayer. Similar results occur in Monte Carlo simulations of hydrated
montmorillonite *® and NMR experiments with Na-fluorhectorite.** For the 1.5 WL hydrate
sample, the SN-On20—HHgi angle is 60°, reflecting the increased HB donation among the water
molecules. The changes in the distribution of the SN-Own20—Hwhgi angles with increasing
hydration indicate the structural reorientation of H>O molecules in the interlayer as more
molecules are added to the interlayer galleries. For H,O/Na® = 0.6 and 3.0, the maxima are at
90°, with tails to lower angles. At HoO/Na" = 5.5 and 10, there are well-defined maxima at lower

values and many fewer large values.

The changes in the SN-Na-On2o angles also reflect the changes in the interlayer
structure. For the experimentally dry sample at HO/Na* = 0.6, the SN-Na—Ow20 angle is 54°,
due to the Na* ions and the H>.O molecules being at approximately the same level in the
interlayer and the HB donation to the Omin. For the 1 WL sample at H,O/Na* = 3, this angle
increases to 83°, reflecting the presence of the Na* ions and the H2O molecules in the center of
the interlayer and the large number of HBs donated to the Owmin. For the 1.5 WL sample at
H>O/Na* = 5.5, this angle decreases to 71°, reflecting increased HB donation among the water
molecules. For the 2 WL sample at H,O/Na* = 10, the value is 55°, essentially equal to the value
of 54.7° for ideal octahedral coordination and reflecting Na* coordination by only water
molecules. At higher hydrations of 11 and 12 H>O/Na*, this angle increases, but we have not
investigated higher hydration states leading to osmotic swelling that would shed light on these

changes.

3.4. Na* lons and H20 Positions Parallel to the Clay Surface
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For the most dehydrated samples, the Na* ions lie at the center of Si—O hexagonal rings
on the sheet to which they are closest and, for the H.O/Na* = 0.6 sample, are generally
coordinated by one or two basal Omin atoms of the opposite sheet (Figure 9). Na™ ions remain
relatively immobile in these positions and do not undergo diffusion out of their hexagonal ring.
In the computationally dry sample, (H.O/Na" = 0) Na* ions hop from one side of the interlayer to
the other, resulting in the pairs of Na* points in Figure 9 (such as forx =0 A andy = 7.5 A). This
behavior does not occur in the experimentally dry sample (H2O/Na® = 0.6). As hydration
increases, the Na* ions begin to diffuse (Table 2), and their location at specific sites becomes less
well-defined. In the 1 WL hydrate, Na* ions move from their positions at the center of Si-O
hexagonal rings but remain primarily within the vicinity of these sites. Previous experiments for
the 1 WL hydrate of Na-fluorhectrotie®® and MD simulation of the 1 WL hydrate of Na-
montomorillonite show a similar behavior for interlayer Na* and highlight the importance of
considering Omin atoms on both sides of the interlayer.!®® For the 1.5 and 2 WL hydrates,
diffusion of the Na* ions is evident by the increased distribution of the atom positions (Figure 9),

and location at specific sites within the Si—O hexagonal rings is poorly defined.

The H20 molecules in the experimentally dry (H2O/Na® = 0.6) sample are relatively
stationary in the center of the Si—O hexagonal rings (Figure 9b and c), similar to H,O molecules
in the interlayers of the 10 A phase.?® For this composition, Figure 9b shows Owzo and Huzo
atoms within 3.28 A and 2.78 A of the basal O atoms, respectively. The preferential location of
H>0 molecules on one side of the interlayer (Figure 4) as well as the small basal spacing (Figure
5) allow H2O molecules to donate HBs to Omin atoms on either side of the interlayer, and the
HBs from H.O are donated entirely to the basal O atoms at this hydration level (Figure 7). The

majority of HBs are between H2O molecules and Omin atoms on the same side of the interlayer.
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In the 1 WL sample (H2O/Na* = 3), the position of On2o atoms in the center of the interlayer
plane (Figure 4) enables them to donate HBs to a nearly equal number of Omin atoms on either
side of the interlayer. Figure 9 shows Owzo and Huzo atoms within 3.88 A and 2.38 A of basal O
atoms, respectively. The 1.5 WL hydrate shows a poorly organized arrangement of H.O
molecules (Figure 4) as shown by the disordered atomic position map (Figure 9b and c) that plots
Onzo and Hizo atoms within 2.98 A and 2.28 A of basal O atoms, respectively. For the 2 WL
layer hydrate, the orientation of H.O molecules enables a water molecule to donate HBs to the
Owmin atoms on one side of the interlayer and to other H.O molecules (Figure 4 and Figure 7). For
this sample, Figure 9 shows Orzo and Hizo atoms within 3.03 A and 2.33 A of basal O atoms on
the clay surface such that the positions of the Hn2o atoms reflect the HB network (Figure 9).
There are strong correlations between the Hu2o and Omin atomic positions in recent MD
simulation of 2 WL hydrates for several layered materials, due to the well-developed HB

networks.2"51.67

3.5. Dynamics of Na™ lons and H.O Molecules in Interlayer Galleries

Two-dimensional diffusion coefficients for Na* ions and H>O molecules calculated for
the 1, 1.5, and 2 WL hydrates increase with increasing hydration, as expected, and the values for
H.O are systematically larger than for Na* (Table 2). Similar trends have been observed for other
swelling clays both experimentally®”%%6485 and computationally,®” and our values are generally in
good agreement with the published values. Two-dimensional diffusion is appropriate for clay
interlayers, because diffusion is effectively limited to be parallel to the clay layers. Previous
experimental studies of H>O diffusion in the interlayers of Na-fluorhectorite measured two-
dimensional diffusion coefficients of 2.8 + 0.4 x 1071° m?/s for the 1 WL hydrate®"®° and 3.5 —
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8.7 x 1071° m?/s for the 2 WL hydrate.>"%8%0 A recent computational study gave two-dimensional
H,O diffusion coefficients of 2.71 — 6.2 x 107 m%s for the 1 WL hydrate for Na-
fluorhectorite.®” These values are similar to recent experimental studies of H2O diffusion in Na-
montmorillonite, which showed values 2.5 x 1071° m?/s and 8.0 x 1071° m?/s for the 1 WL hydrate
and 5.0 x 107 m?s and 10.0 x 1071 m?/s for the 2 WL hydrate.®® In addition, a recent
computational investigation of the same systems gave values of 2.5 x 107° m?/s and 3.8 x107%°
m?/s for the 1 WL and 8.1 x1072° m?/s and 10.0 x107'° m?/s for the 2 WL hydrates.®® Many other
studies have measured or calculated diffusion coefficients for interlayer water, but they either

report values for 3D diffusion or do not specify which type the value represents.

Comparison between our results and those of previous studies of hectorites shows that
although the systems in the different studies have different HoO/Na* and Na*/unit cell ratios, the
diffusion coefficients of the nano-confined Na* ions and H2O molecules are not significantly
different for similar hydration structures. Our 1 and 2 WL hydrates have 3 and 10 H>0/8Si (= 3
and 10 H>O/Na"), respectively. Recent experimental and computational studies of Na-
fluorhectorite hydration identified 1 WL hydrates with HO/8Si = 2.9 — 3.2 and 3.2 — 4 (H2O/Na*
= 3.6 — 4.1 and 4 — 5), respectively.>"%57 A previous experimental study of Na-fluorhectorite
hydration identified a 2 WL hydrate with 5.7 — 5.9 H,0/8Si (H.O/Na* = 7.1 — 7.4).%7
Nonetheless, our calculated diffusion coefficient for the 2 WL hydrate (H.O/8Si = 10) compares

well with previous experimental values.>"8%0

All of the diffusion coefficients in the present work as well as those from previous studies
indicate that nano-confined water in smectite interlayers diffuses more slowly than in the bulk.

Previous experimental studies of self-diffusion of bulk water utilizing the diaphragm cell

157 and NMR pulse-gradient spin echo approaches*® at 298 K gave values of 2.3 x 10~°
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m?/s. Computational studies employing the original, refined, and flexible versions of the SPC
water potential give values of 3.6 — 5.3 x 107° m?/s,'%° 4.20 + 0.08 x 107° m?/s,'%° and 6.1 + 0.2 x
107 m?/s,** respectively. Thus, the diffusion of H,O molecules in the 2 WL hydrate of Na-
hectorite is approximately 4 to 5 times slower than the bulk solution, in accord with suggestions
of previous authors,57:60.67.102.109.115
3.6. Geometric and Energetic Environments in the Na* Coordination Shell

The free energy profiles, F(6), associated with the SN-Na—-Ow20 angle, 8, computed from
metadynamics calculations for the 1 WL and 2 WL systems(H2O/Na* = 3 and 10, respectively;
Figure 10) are consistent with the MD results and provide a quantitative energy landscape for
diffusional motion. The possible values of & range from 0° — 180°. # = 0° and 6 = 180°
correspond to the parallel and anti-parallel orientations of the Na—Own20 bond vector with respect
to the SN, respectively. In these orientations, the tagged H2O molecule lies closer to the clay
surface than the Na* ion. # = 90° indicates that the tagged On20 and the Na* ion lie on a plane
parallel to the clay surface. The free energy profile for the 3 H,O/Na* sample consists of a single
minimum at & =90°, consistent with the 1 WL structure with Na* ions and Ow2o lying in a single
plane parallel to the clay surface. At this hydration level, the free energy increases with deviation
of 6 from 90° leading to the angular states with & > 135° and 6 < 45° that are ~19.0 kJ/mol
higher in energy than the minimum at # = 90°. This value is the activation energy for a H>.O

molecule to approach the clay surface from the Na'—HO layer.

In contrast to the 1 WL structure, for the 2 WL system at 10 H,O/Na*, the computed free
energy profile has two minima: one at 8 = 46° and the other at & = 124°. These minima are nearly
iso-energetic and correspond to the two layers of H.0 molecules formed at this composition. The
activation energies for a H.O molecule to jump between two WLs and between a WL and the
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nearest clay surface are ~3.3 kJ/mol and ~11 — 12 kJ/mol, respectively. The thermal energy at
room temperature (~2.5 kd/mol) is sufficient to overcome the activation barrier for movement
between the two WLs. Thus, such hopping is likely to be one of the fast dynamical (out-of-
plane) processes occurring in the clay interlayer galleries. The relaxation time estimated using
transition state theory'®! is 0.42 ps, consistent with the fast motion limit for site hopping

predicted by out 2H NMR results.*®

The free energy profiles, F(¢p), associated with the On20—Na—Own2o angle for the 1 and 2
WL (H20/Na" = 3 and 10) systems provide energetic insights in to the first hydration shell
structure around Na* ions and the energy penalty for H,O molecules to rearrange within this shell
(Figure 11). The reaction coordinate ¢ is defined by a selected pair of H.O molecules in the first
coordination shell of a tagged Na* ion. The free energy profile for the 10 H>O/Na" system
consists of two minima: one at ¢ = 80° and the other at ¢ = 165°. The minimum at ¢ = 165° is

~3.0 kd/mol is less stable than the state at ¢ = 80°.

The first hydration shell of a Na* ion in bulk NaCl solution adopts an octahedral
geometry with two equatorial and four axial On2o atoms.*882 |n this ideal octahedral geometry,
@ can be either 90°, here referred to as the orthogonal- or O-state, or 180°, referred to as the anti-
or A-state. There are three possible combinations of On20—Na—Ow2o angles for the A-state and
twelve for the O-state. That is, the population of O-state is four times that of the A-state. Using
these populations and Boltzmann statistics, the difference in energy between these two states can
be estimated to be ~3.3 kJ/mol. This value is almost equal to the difference in energy between
the states with ¢ = 80° and ¢ =165° for the 10 H>O/Na* system. However, the values of ¢
corresponding to the minima deviate significantly from those expected for an ideal octahedral

structure. This deviation and the breadth of the free-energy wells indicate that the first solvation
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shell around a Na* ion adopts a distorted (compressed) octahedral structure in the interlayer,
which is tilted with respect to the surface normal. The distortion from the ideal octahedral
geometry can be attributed to the interactions of the cations and water molecules with the clay
surfaces. F(p) for the 3 H.O/Na* system (Figure 11b) also exhibits two minima: one at ¢ = 80°
and the other at ¢ = 168°. The difference in energy between these two states is ~2.5 kJ/mol. If the
first solvation shell around Na*™ were square-planar in geometry, F(¢) would show minima at ¢ =
90° for the O-state and ¢ = 180° for the A-state. Since there are two possible combinations of
Orn20—-Na—On2o angles for the A-state and four for the O-state in a symmetric square-planar
geometry, the A-state is expected to be ~1.7 kJ/mol less stable than the O-state, based on
Boltzmann statistics. This is consistent with the difference in energy between states with ¢ = 80°
and ¢ = 168°. The difference between these angles and the ideal ones is a measure of the site

distortion related to nano-confinement.

4. Conclusions

The interlayer hydration of Na-hydroxyhectorite is investigated via classical MD
simulations and metadynamics calculations over a wide range of hydration states from
completely dry hectorite (no H.O molecules) to greater than that needed to produce a two-water-
layer hydrate. Minima in the hydration energy indicate stability of 1, 1.5, and 2 WL hydrates at
H.O/Na* = 3, 5.5, and 10, respectively. This is the first computational investigation to identify a
stable 1.5 WL hydrate for Na-hectorite. In the 1 WL hydrate, Na* ions are partially coordinated
by both Omin and Owzo, the HB network is not entirely formed for H.O molecules in the
interlayer, and Na* ions and H>O molecules move only slightly from their initial positions in the
simulations. The development of an extended HB network between H>O molecules and Omin
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atoms within the interlayer continues as hydration increases, such that in the 2 WL hydrate Na*
ions are coordinated by 6.0 H2O, as in bulk solution. The orientation of H.O molecules with
respect to the clay surface and the H20 and Na* diffusion coefficients also change systematically
with increasing hydration. The calculated basal spacings and the calculated orientation of the
H>O molecules with respect to the clay layers are in excellent agreement with the values
determined from X-ray diffraction analyses and ?H NMR spectroscopy, respectively. The
orientations support the dynamical model involving simultaneous fast librational motion with C;
symmetry and site hopping with Cz symmetry. Metadynamics calculations yield activation
energies for site interlayer hopping and show that the correlation times for site hopping in the 2

WL hydrate are also consistent with this method.
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Table 1: Average SN-Na-Owzo (6,°) and SN-On2o-HHsi (p,°) angles as a function of

hydration level.

H.O/Na* Average SN-Na-Own20 Angle (°) Average SN-Ownzo—Husi Angle (°)
0.6 54 71
1 82 80
2 76 73
2.5 79 76
3 83 78
35 81 75
4 77 69
4.5 75 67
5 73 61
5.5 71 60
6 68 60
6.5 66 59
7 67 58
7.5 67 53
8 58 52
8.5 57 52
9 56 52
9.5 95 ol
10 55 53
11 67 52
12 63 51
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Table 2: Diffusion coefficients (m?/s) for Na* ions and H20 in the interlayers of the 3, 5.5,

and 10 H2O/Na* Na-hydroxyhectorite samples.

Sample Na* Diffusion (x1071° m?/s) H20 Diffusion (x1071° m?%/s)
3 H2O/Na* 0.120 0.222

5.5 H,O/Na* 0.465 1.23

10 HoO/Na* 1.47 4.84
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Figure captions

Figure 1: Snapshots of Na-hectorite with (a) 0 H.O/Na*, (b) 0.6 H2O/Na*, (c) 3 H.O/Na", (d)
5.5 H2O/Na", and (e) 10 HoO/Na" samples viewed parallel to the clay layers down the
b-axis. Mg octahedra are yellow, Li octahedra lilac, Si tetrahedra green, O atoms red,

H atoms white, and Na ions cyan.

Figure 2: Schematic diagrams of (a) SN-Na—Ow20, 6, (b) SN-On20—HHgi, @, and (c) On20—Na—
On20, @, angles, illustrating the geometry of the Na* ion octahedra and the orientation

of the H.O molecules. The color scheme is the same as Figure 1.

Figure 3: Hydration energy of Na-hectorite versus hydration level (H2O/Na*), where the
dehydrated sample was used as the reference state and values were calculated
according to Equation 1. The hydration energy (-40 kJ/mol) of bulk water with the

SPC potential is shown as the dashed black line.

Figure 3: Hydration energy of Na-hectorite versus hydration level (H2O/Na*), where the
dehydrated sample was used as the reference state and values were calculated
according to Equation 1. The hydration energy (-40 kJ/mol) of bulk water with the

SPC potential is shown as the dashed black line.
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Figure 4: Atomic density profiles of Na* ions, Onz0 atoms, and Hxzo atoms in the interlayers of
the Na-hectorite samples. The positions of the basal O atoms are vertical black dashed

lines. Na" ions are green lines, On20 atoms red, and Huzo atoms blue.

Figure 5: Interlayer spacing (A) versus hydration level (H.O/Na*) for interlayer Na-hectorite

samples.

Figure 6: Radial distribution functions (solid lines) and coordination numbers (dashed lines) for

(@) Na—Omin and (b) Na—On2o for Na* ions in the interlayers of Na-hectorite.

Figure 7: (a) Number of hydrogen bonds per water molecule (HBs/H20) as a function of
H.O/Na*. (b) Fraction of water molecules with given number of HBs as a function of

H>O/Na".

Figure 8: Distribution of (a) SN-Na—-Owz0 (°) and (b) SN-Own20—HHgi (°) angles as a function of

hydration level.

Figure 9: Atomic positions of the (a) Na* ions, (b) On2o atoms, and (c) Hu2o atoms in the 0
H20/Na*, 0.6 H.O/Na*, 3 H.O/Na*, 5.5 H.O/Na*, and 10 H.O/Na* samples. Si atoms
are closed circles, Omin atoms open circles, Na* ions turquoise plus signs, Owzo atoms
red plus signs, and Hn2o atoms blue plus signs. Solid and dashed lines mark Si-O

hexagonal rings of the top and bottom sides of the interlayer, respectively.
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Figure 10: Free energies for the SN-Na-Ownzo angles, 6, from metadynamics calculations,

showing the energy minima (kJ/mol) for the (a) 1 WL and (b) 2 WL samples.

Figure 11: Free energies for the On20—Na-Owzo angles, ¢, from metadynamics calculations,

showing the energy minima (kJ/mol) for the (a) 1 WL and (b) 2 WL samples.
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Figure 1: Snapshots of Na-hectorite with (a) 0 H.O/Na*, (b) 0.6 H20/Na*, (c) 3 H.0/Na*, (d) 5.5 H20/Na*, and (e) 10 H.O/Na* samples viewed parallel to the clay layers down
the b-axis. Mg octahedra are yellow, Li octahedra lilac, Si tetrahedra green, O atoms red, H atoms white, and Na ions cyan.

(a) (b) (c) (d) (e)
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Figure 2: Schematic diagrams of (a) SN-Na—-Onzo, 0, (b) SN-On20—HHsi, w, and (c) On20-Na—Ownzo, ¢, angles, illustrating the
geometry of the Na* ion octahedra and the orientation of the H20 molecules. The color scheme is the same as Figure 1.

(a) (b) (c)
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Figure 3: Hydration energy of Na-hectorite versus hydration level (H20/Na*), where the dehydrated sample was used as the
reference state and values were calculated according to Equation 1. The hydration energy (-40 kJ/mol) of bulk water with the
SPC potential is shown as the dashed black line.

AW
o o
| T T |
_____...--""‘-‘.

rd
»

{
4

Hydration Energy (kJ/mol)
-

o
N
IS
(o))
00
o
o

48



Figure 4: Atomic density profiles of Na* ions, On2o atoms, and Huzo atoms in the interlayers of the Na-hectorite samples. The positions of the basal O atoms are vertical black
dashed lines. Na* ions are green lines, Onz20 atoms red, and Huzo atoms blue.
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Figure 5: Interlayer spacing (A) versus hydration level (H20/Na*) for interlayer Na-hectorite samples.
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Figure 6: Radial distribution functions (solid lines) and coordination numbers (dashed lines) for (a) Na—Omin and (b) Na—Owrzo

for Na* ions in the interlayers of Na-hectorite.
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Figure 7: (a) Number of hydrogen bonds per water molecule (HBs/H20) as a function of H2O/Na*. (b) Fraction of water
molecules with given number of HBs as a function of H.O/Na*.
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Figure 8: Distribution of (a) SN—-Na—Onzo (°) and (b) SN-Onz0—HHgi (°) angles as a function of hydration level.
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Figure 9: Atomic positions of the (a) Na* ions, (b) Onzo atoms, and (€) Huzo atoms in the 0 H20/Na*, 0.6 H20/Na*, 3 H20/Na*,
5.5 H20/Na*, and 10 H20/Na* samples. Si atoms are closed circles, Omin atoms open circles, Na* ions turquoise plus signs, Onzo
atoms red plus signs, and Huzo atoms blue plus signs. Solid and dashed lines mark Si-O hexagonal rings of the top and bottom

sides of the interlayer, respectively.
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Figure 10: Free energies for the SN-Na—Ownz0 angles, 6, from metadynamics calculations, showing the energy minima (kJ/mol)
for the () 1 WL and (b) 2 WL samples.
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Figure 11: Free energies for the On20—Na—Ownzo angles, ¢, from metadynamics calculations, showing the energy minima (kJ/mol)
for the (a) 1 WL and (b) 2 WL samples.
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