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Abstract

Following our previous works on dry clays, we extend the classical Polarizable Ion Model

(PIM) to hydrated dioctahedral clays, by considering Na-, Cs-, Ca- and Sr-montmorillonites

in the mono- and bihydrated states. The parameters of the force field are determined by opti-

mizing the atomic forces and dipoles on density functional theory calculations. The simulation

results are compared with results obtained with CLAYFF force field and validated by com-

parison with experiment. The X-Ray diffraction patterns calculated from classical molecular

dynamics simulations performed with the PIM force field are in very good agreement with ex-

periments. We also demonstrate the transferablity of PIM force field to other aluminosilicates,

here a faujasite-type zeolite compensated with Na+, with a significant improvement in cation

locations compared to non-polarizable force fields.
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Introduction

Clay minerals such as montmorillonite and zeolites such as faujasite, are nanoporous aluminosil-

icate materials extensively used in industrial applications, such as catalytic activities, energy and

environmental engineering, etc. because of their remarkable properties of adsorption and reten-

tion at the mineral surface. Under several constraints (temperature, pressure, saturation conditions,

etc.) the structure of such materials may change resulting e.g. in swelling. A correct description

of the properties of water contained in these materials is crucial in order to explain and predict the

sorption and transport properties of the mobile species.

The behavior of these materials towards water strongly depends on the negative charge of the

mineral framework and the type and the location of the compensating cations. In the case of

smectite clays, it is well-known that different hydration states/layer may coexist due to structural

heterogeneities affecting the layer charge distribution and location.1,2 As a consequence, it can be

difficult to deduce the microscopic properties of the confined fluid from experiments.

Molecular simulations are a unique tool to describe these systems at the microscopic scale and

many computational studies have been performed to better understand their physicochemical prop-

erties.3–19 The benefit of combining molecular simulations with experiments is twofold: on one

hand, the detailed description of the system obtained by molecular simulations helps interpreting

the experiments; on the other hand, discrepancies between experiment and simulation data point

out problems in experimental analysis and/or molecular models used for the simulations.

For clays as for zeolites, the classical force fields used to simulate the systems give results

which are not always in quantitative agreement with experiment15,20–24 and there is room for

refinement in the description of these systems at the atomic scale. Most of the existing force

fields25–34 do not take into account the polarizability of atoms, even though an electric field exists

at the mineral surface which may influence the polarization of ions and water, as well as their

mobility through the mineral porosity. The importance of the polarizability has been shown to be

important to study the hydration of ions,35–37 and in other fields such as biochemistry,38–40 for

which successful force fields such as CHARMM or AMOEBA have been introduced.41,42 In order
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to include this important physical effect, we have recently extended the force field based on the

Polarizable Ion Model (PIM) to study clay minerals and zeolites. In addition to polarizability, the

structures of clay and zeolite are flexible, which allows the deformation of the framework under

the action of the fluid. We already demonstrated the ability of PIM to correctly describe their

microstructure in the dry state.43,44

In the present work, we extend the PIM force field to hydrated charged montmorillonite clays.

The structure of montmorillonite consists of two sheets of tetrahedra (SiO4 tetrahedra) sandwiched

to the top and bottom of a sheet of octahedra (AlO4(OH)2 octahedra). Some octahedral aluminum

Al3+ atoms are replaced by magnesium Mg2+, resulting in a negative charge of the sheet compen-

sated by counterions located in the interlayer space. We investigate trans-vacant-montmorillonite

(tv-montmorillonite) and cis-vacant-montmorillonite (cv-montmorillonite), with the counterions

Na+, Cs+, Ca2+, and Sr2+. The structures are the same as those described in detail in our previ-

ous study on dry montmorillonites.44 Two hydration states corresponding to two different relative

humidies are studied: the monohydrated state and bihydrated state, with one or two layers of wa-

ter in the interlayer space, respectively. The fluid properties obtained with the PIM force field are

then compared with the ones given by the state-of-the-art non-polarizable force field CLAYFF, and

confronted to experimental data such as X-ray diffraction for the structure and neutron scattering

for the dynamics. Then, we assess the transferability of the PIM force field to the case of hydrated

faujasite zeolite.

Method

The Polarizable Ion Model

The total potential (VTotal) of the Polarizable Ion Model (PIM) is composed of four terms:

VTotal = VCharge +VDispersion +VRepulsion +VPolarization. (1)
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The first term (VCharge) represents the coulombic interactions between atomic charges. The second

term (VDispersion) accounts for the instantaneous correlations of density fluctuations between the

electronic clouds:45–47

VDispersion =−∑
i< j

[
f i j
6 (ri j)

Ci j
6

(ri j)6 + f i j
8 (ri j)

Ci j
8

(ri j)8

]
, (2)

where ri j is the distance between atom i and atom j, and Ci j
6 and Ci j

8 are the dipole-dipole and

dipole-quadrupole dispersion coefficients. The Tang-Toennies damping functions f i j
n are used to

correct the short-range interaction:48

f i j
n (ri j) = 1− e−bi j

n ri j
n

∑
k=0

(bi j
n ri j)

k

k!
. (3)

The repulsion term in Eq. (1) is given by

VRepulsion = ∑
i< j

Ai je−Bi jri j . (4)

Finally, the polarization term in Eq. (1) is defined as:

VPolarization =∑
i<j

[
qirij · µµµ j

r3
ij

gij
4(rij)−

µµµ i · rijqj

r3
ij

gji
4(rij)+

µµµ i · µµµ j

r3
ij
−

3
(
rij · µµµ i

)(
rij · µµµ j

)
r5
ij

]
(5)

+∑
i

|µµµ i|2

2α i ,

where α i is the polarizability of ion i and µµµ i and µµµ j are the induced dipoles. It takes into account

three different contributions: the charge-dipole and the dipole-dipole interactions as well as the

energy cost to deform the electronic atomic cloud. gi j is the short-range correction to the multipolar

expansion by the Tang-Toennies damping function:

gi j
4 (ri j) = 1− ci je−bi j

Dri j
4

∑
k=0

(bi j
Dri j)

k

k!
. (6)
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The dipoles are calculated at each Molecular Dynamics (MD) simulation step in order to min-

imize the polarization energy.

Force field parametrization

Some of the potential parameters are already known:

• Coulombic interaction: it was shown previously from density functional theory (DFT) cal-

culations on pyrophyllite that the Wannier centers, which provide a picture of the electronic

density around each nucleus, are all localized around oxygen atoms. As a consequence, for-

mal charges can be attributed to the atoms of the system: -2 for O, +4 for Si, +3 for Al and

+2 for Mg. Only hydroxyl groups carry partial charges: O(2−δ )−
OH and H(1−δ )+

OH in order to

take into account the shift of the Wannier center along the OH bond due to the presence of

the dipole. In our previous work the transferred charged was evaluated to: δ =+0.8983.43

• Dispersion interaction: the parameters of the dispersion term for the cation-oxygen inter-

actions were taken equal to the X-oxygen ones (where X=Al3+, Mg2+ or Si4+) determined

elsewhere.49 The dispersion interactions between cations were neglected because they are

negligible with respect to the strong electrostatic repulsion.

Morever, in our previous works on dry clays,44 we already determined the parameters Ai j, Bi j

of the repulsive potential and ci j and bi j
D of the polarizable term, for the interactions between all

the montmorillonite atoms and between counterions (Na+, Cs+, Ca2+, Sr2+) and montmorillonite

atoms. In the case of hydrated montmorillonites, the parameters between water and the rest of the

system must be determined.

In 2012, Tazi et al.36 parametrized a PIM for aqueous ions. They used the polarizable Dang

Chang model for water.50 This water model is a rigid four-sites model, with an additional virtual

site along the symmetry axis of the molecule which carries the negative partial charge and the

induced dipole. This model is represented in Figure 1 and its characteristics are given in Table 1.
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The PIM model was found to reproduce very well the free energies of hydration and the diffusion

coefficients of the cations in water. The same water model was used in the present work.

Therefore the only parameters which remain to be parametrized are the repulsion and polariza-

tion parameters Ai j, Bi j, ci j and bi j
D between water and the clay atoms. The other parameters are

reported in the supporting information. The parametrization of the force field is done by minimiz-

ing the error made in the classical calculation of atomic forces and dipoles with respect to DFT

calculations. The procedure is not detailed in the present paper but can be found elsewhere.43,44

Figure 1: Structure of the water model.

The montmorillonite simulation boxes used for the parametrization contained two clay layers of

lateral dimensions 20.72× 17.96 Å
2
, corresponding to 8 unit cells of formula X0.75/nSi8Al3.25Mg0.75O20(OH)4

per layer (where X = Na+, Ca2+, Sr2+ or Cs+ and n is the formal charge of counterions). The Mg2+

cations were placed randomly in the octahedral sheet, with an exclusion rule preventing two substi-

tutions to be adjacent. The layer-to-layer distances were, respectively, fixed to 12.5 Å and 15.5 Å

for the Na-, Ca-, Sr- and Cs-montmorillonites in the monohydrated and the bihydrated state. The

number of water molecules per unit cell was, respectively, fixed to 4.5 and 9 in the monohydrated

and the bihydrated state.

The interaction parameters between water oxygen atoms OW or the virtual site MW which car-

ries the instantaneous water dipole and the clay atoms were initially taken to be equal to the ones
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between oxygen atoms of the hydroxyl groups OOH and other clay atoms. First classical molecu-

lar dynamics trajectories were generated with the CP2K simulation package.51 Periodic boundary

conditions were used in the three directions of space. The temperature T = 300 K was controlled

via a Martyna et al. thermostat52 with a time constant equal to 1 ps. Electrostatic interactions

were computed using dipolar Ewald summation,53,54 with a tolerance of 10−7. The timestep was

0.5 fs. After a phase of equilibration of 700 ps, three independent equilibrium configurations were

sampled from the trajectory separated from each other by 150 ps. Then for each counterion, the

parametrization of the force field was achieved using Nconf = 6 representative configurations per

montmorillonite: 3 configurations of tv-X-montmorillonite and 3 cv-X-montmorillonite configura-

tions with X = Na+, Ca2+, Sr2+ or Cs+. We tried to use more configurations when adjusting the

parameters, and we observed that it did not influence further the values of the parameters.

DFT calculations were performed on the same configurations with the PBE55 functional for

all the systems. Goedecker-Teter-Hutter56–58 pseudopotentials were used with the DZVP plane-

wave basis sets59 and an energy cutoff of at least 400 Ry. After determining the ground-state

wavefunctions, the forces acting on each atom were computed and the dipoles were calculated

from the Maximally Localized Wannier Functions58,60,61 (MLWFs). All these calculations were

performed with the CP2K simulation package.51

The numerical minimization of the differences between classical and DFT dipoles and forces

were performed with the Minuit library.62 During subsequent iterations of the minimization proce-

dure, new configurations used for the dipole- and force-matching were generated using PIM with

the current values of these parameters.

Force Field Parameters

Figure 2 and Figure 3 illustrate the comparison between the forces and the dipoles and for one of

the montmorillonite configurations in the bihydrated state, calculated with the classical force field

after minimization and from the DFT calculations.

The corresponding error functions, χ2
Dipoles and χ2

Forces are shown in Table 2.
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Figure 2: Forces for each atom for one of the montmorillonite configurations in the bihydrated
state. The predictions of the classical force field (black lines) for the force components (Fx, Fy
and Fz) are compared to the DFT results (red lines). The atom indices are grouped by atom types:
counterion, cations (Al, Si, Mg), clay oxygen atoms (O), clay oxygen atoms in hydroxyl groups
(OH), water oxygen atoms. The groups are delimited by the vertical dashed lines.

Table 2: χ2 for the dipoles and the forces for hydrated charged clays.

Systems χ2
Dipoles χ2

Forces

Montmorillonite 0.073 1.253
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Figure 3: Dipoles for each atom for one of the montmorillonite configurations in the bihydrated
state. The predictions of the classical force field (black lines) for the dipole components (µx, µy
and µz) are compared to the DFT results (red lines).The atom indices are grouped by atom types:
counterion, cations (Al, Si, Mg), clay oxygen atoms (O), clay oxygen atoms in hydroxyl groups
(OH), water oxygen atoms. The groups are delimited by the vertical dashed lines.
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Most of the errors on the forces come from the forces exerted on the aluminum, silicon, mag-

nesium and apical oxygen atoms. All errors observed on the dipoles come from the oxygen atoms

of the hydroxyl groups. χ2
Dipoles and χ2

Forces obtained for the hydrated charged clays are larger than

those for the neutral clays43 and dry charged clays44 from previous works. Most of these relative

errors are due to very small values of forces and dipoles. All the parameters determined in the

present work are summarized in Table 3 and Table 4.

Results and discussion

In this section, we study structural and dynamical properties obtained with PIM and validate the

force field by comparing them with experimental data. In parallel, simulations are performed

with the state-of-the-art non-polarizable force field CLAYFF.32 CLAYFF has been developed to

simulate hydrated and multicomponent minerals (oxides, hydroxides, oxyhydroxides) and their

interfaces with aqueous solutions. It is a partial charge model with no bonded interactions except

for hydroxyls (like with PIM): it is a fully flexible model which allows for exchange of momentum

and energy among all species. It has proved to offer a satisfactory description of these systems and

is currently the most used force field among the clay community. In the following, the differences

between PIM and CLAYFF results are highlighted.

Simulation details

Most of the fluid properties were obtained with montmorillonite simulation boxes containing cis-

and trans-vacant clay layers of lateral dimensions 41.44 × 35.88 Å
2
, corresponding to 32 unit

cells. Layer-to-layer distances of 12.5 Å and 15.5 Å were chosen for all the montmorillonites in

the mono- and the bihydrated states, respectively, corresponding to a water content of 4.5 and 9

water molecules per unit cell. These distances and water contents are in the range of the usual

experimental values obtained with montmorillonites.63–68 Only the monohydrated state was simu-

lated in the case of Cs-montmorillonite since the bihydrated state is not seen experimentally.69
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Table 4: Atomic polarizabilities

species O OH Na Cs Ca Sr MW

polarizability
(Å3) 0.907 2.39 0.180 2.02 0.440 0.810 1.44

In parallel, other simulations were performed for a direct comparison with existing experimen-

tal XRD patterns.68 Only bihydrated states of montmorillonite were considered as the monohy-

drated state would not be enough discriminating.23,70 For these simulations, a cis-vacant structure

of the clay layer was chosen in agreement with the structure of the natural montmorillonite used.71

Note, however, that preliminary tests with computed interlayer organization considering trans-

vacant clay layer would lead to similar results. The layer-to-layer distance h was extracted from

experimental XRD data.68 The dimensions of the simulated clay layers used for this comparison

are given in the supporting information.

For simulations with CLAYFF, the TIP4P/2005 model was chosen because it is one of the best

models to reproduce bulk water properties, such as the phase diagram or the diffusion coefficients

over a large domain of temperatures.72–75 The characteristics of this model are reported in Table 1.

As in the original CLAYFF model, the Lennard-Jones parameters for the interactions of fluid atoms

with surface oxygen atoms were taken to be the same as with water oxygen atoms. The Lennard-

Jones parameters for Na+, Cs+ and Ca2+ were taken from the original CLAYFF paper,32 the ones

for Sr2+ were taken from Ref. 76. Lorentz-Berthelot combination rules were used.

Molecular dynamics simulations were performed in the NVT ensemble with a timestep of

1 fs, starting from realistic configurations obtained with a home made Monte Carlo code. The

simulations were performed with CP2K.51 The temperature, T = 300 K, was controlled by an

extension of the Nosé-Hoover thermostat developed by Martyna et al52 with a time constant equal

to 1 ps. Electrostatic interactions were computed using dipolar Ewald summation,53,54 with a

tolerance of 10−7. Trajectories over 1 ns were generated but averaged atomic density profiles and

diffusion coefficients were extracted from the last 500 ps only. Diffusion coefficients parallel to the
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clay layers were calculated from the slope of the parallel mean-squared displacement as a function

of time in the time region [50-250] ps for water and [50-150] ps for counterions.

Interlayer structure

We now proceed to the validation of the new PIM force field against existing XRD data on natural

cis-vacant- Na-, Ca- and Sr-montmorillonites.67,68 Both XRD and molecular simulations probe the

organization of matter at the same length scale and their combination has been shown to provide

discriminating constraints on the simulated interlayer organization and associated force field used

to model clay-water interaction.23,70,77

Comparison between experimental and generated XRD profiles using either PIM or CLAYFF

is performed on the basis of existing XRD calculation routine (see ref. 68 for details) and the

methodology detailed in Ferrage.77 In short, the interlayer atomic density profiles derived from

simulations are divided into a series of individual atomic planes (separated by distance of∼0.05 Å

along h) containing O, H, or cation (Na+, Ca2+, or Sr2+) as neutral atoms with no additional

positional disorder related to temperature. The XRD pattern for 00l reflections is then generated

and compared to experimental data. The comparison between experimental and calculated profiles

in Figure 4 shows that a fair agreement for the whole 00l reflections series is obtained using PIM.

When using CLAYFF, even though a satisfactory fit is received for Ca-montmorillonite, notice-

able misfits are noticed for other samples. These misfits mainly concern the 002, 003, and 005

reflections for Na- and Sr-montmorillonite. As previously shown for bihydrated smectites, these

reflections are highly sensitive to the z-position of the oxygen atoms.23,68 For instance, Ferrage

et al.23 showed that by slightly repelling water molecules from the clay surface it was possible to

obtain a better reproduction of experimental intensities of 00l reflections.

A similar enhanced repulsion of water molecules from the clay surface when using PIM com-

pared to CLAYFF model is observed on all the atomic distributions. It is illustrated on Figure 5

in the case of the bihydrated cv-Na-montmorillonite: with PIM the main distribution peaks are

located at 6.5 Å from the center of their adjacent clay layer, further than the peaks obtained with
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Figure 4: Experimental (black crosses)68 and calculated (red lines) intensities of 00l reflections
for Na-, Ca-, and Sr-montmorillonite using PIM (left) or CLAYFF (right) models. Presence of ac-
cessory quartz reflections is indicated by a *. Difference plots are shown at the bottom of the figure.
The vertical gray bars indicate a modified scale factor for the high-angle regions as compared to
the low-angle part of the patterns. Solid arrows indicate a significant misfit between experimental
and calculated patterns. 00l reflections are indexed on the top part of the figure.
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CLAYFF, located at a distance of 6.1 Å. This property is likely at the origin of the better agree-

ment with experiments obtained with PIM. This comparison between simulation and experimental

diffraction method thus provides evidences that PIM model allows for a satisfactorily reproduction

of interlayer organizational properties of water and cations.

Figure 5: Atomic distributions in the direction perpendicular to the clay layer in bihydrated Na-
montmorillonites. The red, black and green curves are respectively the atomic distribution of the
water molecule hydrogen atoms, the water molecule oxygen atoms and the sodium cations.

In bihydrated states, the atomic distributions show that the cations are fully hydrated. However,

when comparing PIM and CLAYFF in more detail, we observe that the localization of the cations

with respect to the surfaces differs in the monohydrated states. As it can been seen on the sodium

distributions of Figure 6a, Figure 6b, Figure 6c, and Figure 6d the presence of two peaks in the

case of CLAYFF (instead of one in the case of PIM) comes from the fact that sodium cations come

slightly closer to the surface in the case of CLAYFF. This is also observed on the radial distribution

function gNa−OS(r) given on Figure 7 which shows a small peak on the CLAYFF gNa−OS(r) at a

distance of 2.5 Å, which is not present with PIM. Let us note however that at a distance of 3.4 Å

from the cation, which can be considered as the first hydration shell radius, the global number of

surface oxygen atoms surrounding the cations is the same as seen on coordination number curves.

In fact, Figure 8 shows that the cations exhibit rather different diffusion mechanisms along the

surfaces: Na+ remain above hexagonal cavities with PIM whereas they diffuse closer to surface

oxygen atoms with CLAYFF.
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Figure 6: Atomic distributions in the direction perpendicular to the clay layer in monohydrated
Na-montmorillonites. The graph a and b are obtained with the PIM force field. The graph c
and d are obtained with the CLAYFF force field. The graph a and c are obtained with a cv-Na-
montmorillonite. The graph b and d are obtained with a tv-Na-montmorillonites. The red, black
and green curves are respectively the atomic distribution of the water molecule hydrogen atoms,
the water molecule oxygen atoms and the sodium cations.
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Figure 7: Cation-oxygen radial distribution functions and coordination numbers in monohydrated
Na-montmorillonite. OW and OS atoms are, respectively, the water and the surface oxygen atoms.
The black and red curves were, respectively, obtained with PIM and CLAYFF force fields.

19



Figure 8: Snapshots obtained in monohydrated Na-montmorillonites with PIM and CLAYFF.
Only surface silicium and oxygen atoms are represented. Red and blue atoms differentiate the two
opposite surfaces. The orange atoms show Na trajectories over some picoseconds. During this
period, clay layer atoms vibrate around their equilibrium position but the layer remain globally
fixed. For the sake of clarity only one configuration of the clay layers is represented.
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Similar remarks can be done on montmorillonites compensated with divalent cations (see Fig-

ure 9a, Figure 9b, Figure 9c, and Figure 9d for Sr-montmorillonite in the monohydrated state; The

results obtained with Ca2+ lead to the same conclusions and are provided in the supporting infor-

mation). In this case however, two small peaks on each side of the OW distribution are observed

in the case of CLAYFF, besides the splitting of the cation distribution: A water molecule can come

and hydrate the cation by being located in between the cation and the opposite surface. This is con-

firmed by the radial distribution functions (see Figure 10) which show that there are more water

molecules in the first hydration shell of the cation with CLAYFF than with PIM.

Figure 9: Atomic distributions in the direction perpendicular to the clay layer in monohydrated
Sr-montmorillonites. Panels a and b (resp. c and d) are obtained with the PIM (resp. CLAYFF)
force field. Panels a and c (resp. b and d) correspond to cv-Sr-montmorillonite (resp. tv-Sr-
montmorillonites). The red, black and green curves are respectively the atomic distribution of the
water molecule hydrogen atoms, the water molecule oxygen atoms and the strontium cations.

Let us note that the structural differences between the two force fields are much less pronounced
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Figure 10: Cation-oxygen radial distribution functions and coordination numbers in monohydrated
Sr-montmorillonite. OW and OS atoms are, respectively, the water and the surface oxygen atoms.
The black and red curves were, respectively, obtained with PIM and CLAYFF force fields.
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in the case of monohydrated cv-Cs-montmorillonite (see supporting information). It may be sur-

prising that a non-polarizable force field and a polarizable one lead to similar properties despite the

rather large value of Cs+ polarizability. However, in the monohydrated state, Cs+ is very confined

in the center of the interlayer space, therefore symmetrically influenced by the surfaces. The role

of induced dipoles could be much more important when studying the behavior of Cs+ in contact

with one surface only, as it is the case in interparticle pores. Finally, very little differences are seen

between the trans and cis organization of the clay layers. This is also true for the dynamics (see

next section). This is not surprising considering the subtle influence that can have the location of

the hydroxyl groups on the siloxane surface in direct contact with the fluid.

Interlayer dynamics

Simulated diffusion coefficients D are reported in Table 5 and Table 6, together with experimental

values of water diffusion coefficients obtained with QuasiElastic Neutron Scattering techniques

(QENS) and coming from other simulation works of the literature. The experimental values depend

on the QENS technique and on the model used to fit the data. For example, in the case of natural

montmorillonites, interstratification occurs, which means that several hydrated states are measured

at the same time, and water is also present between clay particles. As a consequence, the reported

diffusion coefficients are averages over several types of water. Moreover the resolution of the

Time-Of-Flight (TOF) apparatus can hide the slowest water molecules78 and then overestimate

the dynamics. That is why the diffusion coefficients obtained with Neutron Spin Echo (NSE) and

time-of-flight on the same samples can differ.78,79

Discrepancies in computed D values are noticed between the different force fields used but also

between simulations based on the same force field (see Table 6). In particular diffusion coefficients

can be very sensitive to layer-to-layer distances and water contents used in the simulation,22,84,95

but also to the layer charge and its distribution (random or well-ordered). Moreover, diffusion

coefficients can be calculated from 3D or 2D mean-squared displacements (MSD). The analysis

of 3D mean-squared displacements is complicated by the fact that the displacement is bounded
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Table 5: Diffusion coefficient values of cations for the mononhydrated (mono) and bihydrated (bi)
montmorillonites. The value of the diffusion coefficients is given in×10−10 m2 · s−1. The standard
deviation is calculated from the average error per block method.80,81 The standard deviation (in
parenthesis) applies to the last digit of diffusion coefficients values.

Counterion Values PIM Values CLAYFF

Hydration state tv-Mmt cv-Mmt tv-Mmt cv-Mmt

Na+ mono 0.6 (3) 0.6 (2) 1.4 (9) 1.1 (7)

Ca2+ mono 0.4 (3) 0.4 (3) 0.3 (2) 0.3 (1)

Sr2+ mono 0.3 (3) 0.4 (2) 0.3 (1) 0.4 (2)

Cs+ mono 0.08 (6) 0.09 (4) 0.3 (3) 0.3 (3)

Na+ bi 2.8 (5) 2.6 (3) 2.6 (2) 2.4 (1)

Ca2+ bi 0.8 (6) 0.6 (4) 0.5 (4) 0.4 (2)

Sr2+ bi 0.6 (6) 0.3 (3) 0.7 (3) 0.3 (2)

along the direction perpendicular to the clay layers: At short times, the diffusion can be seen as

three dimensional, but the perpendicular mean-squared displacement tends to a constant when time

increases, leading to a global two dimensional diffusion. As a consequence the evolution of the

3D mean-squared displacement is not linear: Calculating the diffusion coefficient from a slope

taken at small times leads to higher values of D than from a slope taken at higher times. In the

monohydrated state, however, the perpendicular diffusion is rapidly bounded because of the strong

confinement, and the obtained 3D diffusion coefficient taken from the slope of the 3D MSD can

be viewed as equal to 2/3 of the 2D diffusion coefficient along the clay layers. This is also the case

with experimental values which are obtained with randomly oriented powder samples and then are

averaged over all directions.

We first note that the PIM force field gives diffusion coefficients in the range of the D values

given by previous simulation works. As in previous works, no correction was applied to account

for the finite size of the simulation box because in this case it was shown to have a very small

influence of diffusion coefficient,84 contrary to bulk water simulations.75,96,97 Indeed the presence
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of the confinement leads to different corrections to apply to D compared to the bulk conditions.98

Taking the lowest experimental values of diffusion coefficients as the most realistic for the reasons

explained above, experimental water diffusion coefficients parallel to the clay layers are in the

range 2-4×10−10 m2 · s−1 and 5-7.5×10−10 m2 · s−1 in the mono- and bihydrated states, respec-

tively. The PIM force field is then in good agreement with experiments, except for the bihydrated

Na-montmorillonite, for which it slightly overestimates the diffusion coefficients (by ∼20%).

In all cases however, CLAYFF with the TIP4P/2005 model gives always larger water diffusion

coefficient than PIM, although in the bulk the Dang-Chang model has a bulk diffusion coefficient

about 10% larger than TIP4P/2005.75 The differences between PIM and CLAYFF are even more

pronounced in the monohydrated state. Indeed, the water dynamics may be more influenced by the

presence of the surfaces in the case of PIM than in the case of CLAYFF, because of a larger surface

roughness due to the deformation of the hexagonal cavities and/or because water molecules are

more repelled from the surface, and then diffuse in a more confined space. The influence of the

cation on water dynamics is also important: In monohydrated Na-montmorillonite for example, the

slowing down of the mobile species from CLAYFF to PIM is the same for Na+ and water (factor

of 2), although it is less important for water (factor of 1.5) than for the cations (factor of 3) in the

case of Cs-montmorillonite. It can be explained by the fact that in the monohydrated state, almost

all the water molecules are localized in the first hydration shell of the cations, but Cs+ being less

strongly hydrated than Na+, water molecules are less influenced by their interactions with Cs+

than with Na+.

In the case of montmorillonite compensated with divalent cations, the diffusion coefficients of

the cations are similar for both force fields in the two hydrated states. In both states however, water

molecules diffuse about 40% more slowly with PIM than with CLAYFF. Contrary to monovalent

cations and despite the strong hydration of divalent cations, part of the water molecules is not

involved in the hydration shells of the cations because the number of cations is divided by two. As

a consequence, this slowing down can be attributed to a stronger interaction between water and the

surfaces in the case of PIM, even stronger than in Na-montmorillonite.
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To conclude, the differences observed between the force fields can have several reasons, which

can have a physical origin, such as the role of the polarizability or the deformation of the cavities,

or can come from the force field parameters, just as differences can also be observed between two

non-polarizable force fields. In order to discriminate, systematic studies with different force fields

can be imagined: for example, the use of CLAYFF with and without constrained deformed cavities

could help to elucidate the influence of the surface rugosity and the size of the hexagonal cavities

on fluid properties.

Transferability of PIM force field towards zeolites

Unlike two-dimensional phyllosilicates such as clays, zeolites display a three-dimensional frame-

work, consisting only of tetrahedral units, with a diversity of topologies for their assembly.99

Subsitutions of Si4+ by Al3+ ions result as for clays in a negative charge compensated by counteri-

ons. Multivalent counterions may deform locally the mineral framework, which in turn impacts the

distribution of the cations among the crystallographic sites where they can reside. In our previous

study, we had shown the transferability of the PIM developed for dry charged clays to the case

of zeolites, provided that the parameters used to describe tetrahedral Al3+ in zeolite were taken

as those of the tetrahedral Si4+ in clays (except, of course, for the formal charge). Specifically,

for dry Na X- and Y-faujasite (which differ by their Al/Si ratio) as well as Ca- and Sr-exchanged

faujasites, the PIM satisfactorily predicted the framework structure and the distribution of the extra-

framework cations among the various cationic sites.

The development of a classical force fields able to accurately describe the flexibility of the

framework100 is of particular relevance to capture the ion-induced deformation of the framework

since standard force fields typically consider the latter as rigid.29,33,101–104 This implies in addition

the knowledge of the structure from prior experiments. As a further test of the transferability of the

PIM to zeolites, we consider here the distribution of extra-framework cations in hydrated Na58Y

faujasite. Faujasite (FAU) is one of the most widely studied zeolite types,99 with well-known

crystal structure and corresponding cationic sites, even though the precise position and occupancy

27



of these sites can differ depending on the cations nature and content.105

Simulation Details

The cubic simulation box contained one unit cell (space group Fd3m) of composition Na58Si134Al58O384

(see Figure 11), corresponding to a Si/Al ratio of 2.3. The distribution of susbstitutions complied

with Loewenstein’s rule (-Al-O-Al- sequences are prohibited) and random location since it was

shown that there is no preferential T-sites in faujasite zeolite.106 Simulations were performed in

the NV T ensemble with a box size of 24.679 Å, corresponding to the (experimental) unit cell at

20◦C. Initial configurations with the desired number of water molecules were first generated at

700 K, using Monte Carlo simulation with the non-polarizable force field of Jaramillo et al.29 as

described in Ref.101 Then, we used these initial configurations (at least two configurations per

system to check that the final results were independent of the initial configuration) for molecular

dynamics simulations with the PIM force field, equilibrating the system via simulated annealing.

Starting from 300 K, we progressively increased the temperature in steps at 500, 700 and 1000 K

to decorrelate the microscopic configuration, in particular the cation distribution, from the initial

state. For each step, 100 ps of dynamics were performed and the cation distribution was monitored

for the last 50 ps. After heating, the same steps were followed to bring the system back to 300 K,

at which the equilibrium cation distributions were sampled. Molecular dynamics simulations with

the PIM force field were performed using the CP2K package, using a time step of 0.5 fs and a

Nose-Hoover thermostat chain with a time constant of 100 fs.

Distribution of Extraframework Cations

The extraframework cations may be found in various sites, indicated in Figure 11a. The faujasite

structure used for molecular simulations is represented in Figure 11b. The description of the dif-

ferent sites (labelled I, I’, II, II’ or III) can be found elsewhere, e.g. in our previous work on PIM

in the dehydrated case.44 In order to assign a given cation to a type of site, we use a new method

that we introduced recently.101 Contrary to standard approaches, which require the knowledge of
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Figure 11: a) Framework structure of faujasite zeolites.107 There are 4 nonequivalent oxygen atom
types. Extraframework cationic sites are labelled I, I’, II, II’ and III. b) Snapshot of faujasite
structure used for molecular simulations.44
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the precise location of the crystallographic sites from experiments, this method also applies to the

case of flexible structures, as it is based on the local environment of the cation (coordination by the

different types of oxygen atoms, see Figure 11a).

Our objective is not to discuss in detail the migration of cations between the various sites

during the hydration process, but rather to compare the predictions of the PIM force field to the

experimental results. The experimental localization of cations as a function of water content is a

challenging task. We compare our simulation results for Na58Y faujasite to those from a recent

neutron diffraction study which allowed to jointly quantify the water content and the cation distri-

bution among the various sites.101 For highly hydrated states with a number of water molecules

per unit cell Nw > 100, the experimental literature (Refs.108–112) reports results which are not in

quantitative agreement with each other. This may be due to several factors such as the sample

preparation or the difficulty to localize cations in the presence of water, in particular low symmetry

sites (III, III’), which explains that the sum over all sites is not equal to the total number of cations

per unit cell. In addition, the exact water content is not known accurately. While such a disagree-

ment within the experimental literature does not allow a quantitative validation of the PIM in this

regime, we still compare our simulation results to the range of reported values.

Figure 12 reports the number of cations per unit cell in the various sites (I, I’, II and III) as

a function of the number of water molecules per unit cell, Nw. For each site, we compare the

present simulation results with the PIM, also summarized in Table 7, to the experimental results of

Ref.,101 as well as the simulation results of the same reference using a non-polarizable force field

and a rigid framework. While the agreement with the experiments is not quantitative for all water

contents, the PIM results are within 50% of the experimental value and display the same trends with

increasing Nw. The values for the largest water content fall within the range of experimental values

for all sites.108–112 This shows that the present PIM developed for hydrated clays is transferable

to faujasite zeolites, with the same slight modification introduced for dry zeolites, namely using

the short-range parameters of silicon for tetrahedral aluminum. Beyond the mere transferability

of the PIM to zeolites, the present work, shows that it provides a significant improvement for the
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Figure 12: Number of cations per unit cell in the various sites (I, I’, II and III) as a function of
the number of water molecules per unit cell, Nw. For each site, we compare the present simulation
results with the PIM (solid lines) to the experimental results of Ref. 101 (circles), as well as the
simulation results of the same reference using a non-polarizable force field and a rigid framework
(dashed lines). For the most hydrated states, the experimental water content is not known accu-
rately and we report all the results on the right axis under the label (Nw > 100) (diamonds). The
corresponding experimental data are taken from Refs. 108–112, while our simulation results with
the PIM are summarized in Table 7

31



prediction of the occupancy of sites II and III, compared to the previously available non-polarizable

force field (which in addition required to treat the framework as rigid). Indeed, it correctly captures

the experimental decrease in occupancy of sites II upon hydration (which the previous model failed

to reproduce) as well as the larger increase in the number of occupied sites III with increasing water

content.

Table 7: Number of sites per unit cell occupied by sodium cations in Na58Y faujasite as a function
of the number of water molecules per unit cell, Nw. The total number of sites I, I’, II and III per
unit cell are 16, 32, 32 and 48, respectively.

Nw I I’ II III
0 9.2(0.6) 14.2(1.2) 31(0.8) 1.6(0.5)

31 8.9(0.4) 12(0.6) 25.4(0.9) 10.6(0.9)
62 11.5(0.7) 9.7(1.1) 23.7(1.4) 11.2(1.1)

123 10.2(0.8) 9.4(1.1) 19.7(1.5) 16.5(1.5)
163 7.9(0.4) 12.4(1.2) 20.9(1.8) 14.9(2.1)

Conclusion and perspectives

We have extended the PIM polarizable force field to hydrated montmorillonite clays. Following

our previous work, we parametrized this model on DFT calculations, thereby avoiding the resort

to experimental data in this process – unlike other force fields. Experimental data is then only used

for validation purposes. Specifically, the distribution of ions and water in the interlayer predicted

by this force field is in very good agreement with experimental XRD patterns, even better than

the state-of-the-art non-polarizable model CLAYFF. This improvement can be traced back to the

stronger repulsion of water from the surfaces in the PIM case, as well as to the better description of

the distortion of the mineral layers due to the presence of the cations (as for dry montmorillonite).

Similarly, we obtain a good agreement between the water diffusion coefficients predicted with

the PIM and the experimental estimates from QENS. Here again, the predictions of CLAYFF are

slightly different, in terms of water diffusion coefficients and diffusion pathways for cations. Such

an agreement with experimental results is remarkable given that no experimental data was used in
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the parametrization process. Finally, we further illustrated the power of the newly developed PIM

by showing its transferability to other aluminosilicates, on the case of faujasite zeolites, which

display a three-dimensional framework (in contrast two the two-dimensional structure of clays).

In this case too, the PIM suggest an improvement over existing non-polarizable force fields, as

demonstrated here for the prediction of the distribution of cations among the possible sites as a

function of water content.

Several extensions of this work can now be considered. In the near future we plan to investigate

clays with tetrahedral substitutions. In particular, we already have additional experimental data for

saponite clays, such as neutron diffraction on natural and deuterated samples which would provide

additional constraints for the validation of the atomic distribution of H atoms.23 The PIM force

field will also be extended to fluorohectorites. The interest for these clays is twofold. On the

one hand, these are synthetic clays with clearly identified hydration states (with limited or no

interstratification) and we already have experimental data on their structure and dynamics which

could be directly compared to simulations. On the other hand, we expect that the PIM model will

successfully help us to elucidate the role of fluorine on the hydrophobicity of clays, such as lower

water uptakes compared to hydroxylated hectorites for a same layer-to-layer distance. Finally,

polarizability could play a more important role in systems containing a single interface, or in

unsaturated clays. It has indeed been shown that using polarizable force fields led to rather different

distributions of the species at the air/water interface, in better agreement with experiments.37,113

Accounting for polarizability will also be essential to correcly predict the sorption of polarizable

species in porous media such as clays or zeolites and we plan to extend this approach to other types

of ions and aluminosilicates.

Supporting Information Available

The supporting information contain:

• The parameters of the PIM force field obtained on dry montmorillonites.
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• The characteristics of the simulated system for the comparison with XRD data.

• The structural results for hydrated Cs and Ca-montmorillonites.

This material is available free of charge via the Internet at http://pubs.acs.org/.
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Figure S1: Atomic distributions in the direction perpendicular to the clay layer in mono-
hydrated Cs-montmorillonites. The graph a and b are obtained with the PIM force field.
The graph c and d are obtained with the CLAYFF force field. The graph a and c are
obtained with a cv -Cs-montmorillonite. The graph b and d are obtained with a tv -Cs-
montmorillonites. The red, black and green curves are respectively the atomic distribution
of the water molecule hydrogen atoms, the water molecule oxygen atoms and the sodium
cations.
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Figure S2: Cation-oxygen radial distribution functions and coordination numbers in mono-
hydrated Cs-montmorillonite. OW and OS atoms are water and surface oxygen atoms, re-
spectively. The black and red curves were obtained with PIM and clayFF force fields,
respectively.
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Figure S3: Snapshots obtained in monohydrated Cs-montmorillonite with PIM and clayFF.
Only surface silicium and oxygen atoms are represented. Red and blue atoms differentiate
the two opposite surfaces. The orange atoms show Cs trajectories over some picoseconds.
During this period, clay layer atoms vibrated around their equilibrium position but the layer
remained globally fixed. For the sake of clarity only one configuration of the clay layers is
represented.
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Figure S4: Atomic distributions in the direction perpendicular to the clay layer in monohy-
drated Ca-montmorillonites. The graph a and b are obtained with the PIM force field. The
graph c and d are obtained with the ClayFF force field. The graph a and c are obtained with
a cv -Ca-montmorillonite. The graph b and d are obtained with a tv -Ca-montmorillonites.
The red, black and green curves are respectively the atomic distribution of the water molecule
hydrogen atoms, the water molecule oxygen atoms and the calcium cations.
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Figure S5: Cation-oxygen radial distribution functions and coordination numbers in mono-
hydrated Ca-montmorillonite. OW and OS atoms are water and surface oxygen atoms,
respectively. The black and red curves were obtained with PIM and clayFF force fields,
respectively.
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Figure S6: Snapshots obtained in monohydrated Ca-montmorillonite with PIM and clayFF.
Only surface silicium and oxygen atoms are represented. Red and blue atoms differentiate
the two opposite surfaces. The orange atoms show Ca trajectories over some picoseconds.
During this period, clay layer atoms vibrated around their equilibrium position but the layer
remained globally fixed. For the sake of clarity only one configuration of the clay layers is
represented.

S7



References

(1) Tesson, S.; Salanne, M.; Rotenberg, B.; Tazi, S.; Marry, V. Classical polarizable force

field for clays: Pyrophyllite and talc. J. Phys. Chem. C 2016, 120, 3749–3758.

(2) Jahn, S.; Madden, P. A. Modeling earth materials from crustal to lower mantle condi-

tions: A transferable set of interaction potentials for the CMAS system. Phys. Earth

Planet. In. 2007, 162, 129–139.

(3) Tesson, S.; Louisfrema, W.; Salanne, M.; Boutin, A.; Rotenberg, B.; Marry, V. Classical

polarizable force field to study dry charged clays and zeolites. J. Phys. Chem. C 2017,

121, 9833–9846.

(4) Ferrage, E.; Lanson, B.; Sakharov, B. A.; Drits, V. A. Investigation of smectite hydration

properties by modeling experimental x-ray diffraction patterns: Part I. Montmorillonite

hydration properties. Am. Miner. 2005, 90, 1358–1374.
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Table S3: Simulated cv -montmorillonites used for the comparison with XRD data. A and
B are the box sizes and h is the layer-to-layer distance. h parameters differ from one sample
to the other due to the cation size and relative humidity considered for XRD experiments.4

Concerning water content used in the simulations, the values given by Ferrage et al.4 were
considered for Na- and Sr-montmorillonites, whereas water content for Ca-montmorillonite
was reconsidered in light of more recent results on Ca-saturated smectites5 and slightly
increased from 8 to 9 per unit cell.

Systems Supercell A B h Water molecule

Cis- dimensions (Å) (Å) (Å) per unit cell

Na-montmorillonite 8×4×2 41.44 35.88 15.52 9.5

Ca-montmorillonite 8×5×2 41.44 44.85 15.18 9.0

Sr-montmorillonite 8×4×2 41.44 35.88 15.73 9.5
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