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Abstract

The prediction of the water and ion density
profiles in the electrical double layer (EDL) is
a key insight for macroscopic models that in-
tend to model transport and swelling proper-
ties in clay materials. Unfortunately, the struc-
ture of the EDL, and especially the ion dis-
tribution, cannot be probed directly by mea-
surements, because EDL features are inherently
disturbed by direct measurement techniques.
In recent years, Molecular Dynamics have pro-
vided a growing set of information on the prop-
erties of the EDL, including the properties of
the diffuse layer, located beyond the Stern or
compact layer, and in which a diffuse cloud of
ions screens the remaining uncompensated sur-
face charge. Molecular Dynamics results are,
however, dependent on the force field used to
run the simulations. In this study, we investi-
gated the influence of the choice of a force field

on the structural and dynamic properties of the
EDL present at montmorillonite surface/water
interfaces in a 50 Å wide slit-shaped mesopore.
Simulations were run in the presence and in
the absence of added NaCl, and the results
were compared to ion distributions in the dif-
fuse layer predicted with a Poisson-Boltzmann
model. The simulations evidenced the strong
influence of the consideration of polarizability
of ions and water molecules on the predicted
structural and dynamic properties of the EDL.
While non polarizable force fields gave results
in good agreement with the prediction of the
Poisson-Boltzmann theory, our tested polariz-
able force field, PIM, showed very significant
deviations, which could be mainly attributed
to the enhanced formation of ion pairs.
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Introduction

Clays have important roles in geological sys-
tems of relevance to the extraction of energy re-
sources and the storage of energy byproducts.
Clay-rich geological formations are considered
as potential host rocks for radioactive waste
repositories and caprocks for the long-term se-
questration of CO2. Clay-rocks also play an im-
portant role in the extraction of hydrocarbons
that are increasingly accessible by hydraulic
stimulation methods.1 Clay mineral particles,
the main constituent of clay-rich rocks, are con-
stituted of stacks of layers, in which isomorphic
substitutions of one cation for another of lesser
charge (e.g. Mg2+ for Al3+) is responsible for
the presence of a structural negative charge. In
porous clay-rich media, this negative charge is
compensated next to the surfaces bordering the
pores by layers of interfacial water and elec-
trolyte ions that screen the surface charge. This
region is the so-called electrical double layer
(EDL), where the concentration of ions depend
on the distance from the surface considered.2

The EDL is often conceptually subdivided into
two regions: the Stern layer located within the
first water monolayers of the interface in which
ions adsorb as inner- and outer-sphere surface
complexes (ISSC, OSSC) and a diffuse layer
(DL) located beyond the Stern layer in which
a diffuse swarm of ions screens the remaining
uncompensated surface charge.3–8 Further away
from the charged surface, the solution is neutral
and is commonly described as bulk or free so-
lution (or water). If the pore size in clay media
is small enough, then the diffuse layers at ad-
jacent surfaces bordering the pores overlap and
the absence of bulk electroneutral solution in
the center of the pore gives rise to a remark-
able array of coupled macro-scale properties,
such as swelling and semi-permeable membrane
properties.9 These coupled processes explain in
large part why the mechanical, chemical, ther-
mal osmosis and fluid transport processes in
clay-rich media remain so challenging to under-
stand and to model at all scales, from microso-
copic to macroscopic. Numerical methods for
modeling macroscopic properties of clay media
with the consideration of the presence of a EDL

have met a growing interest in diverse commu-
nities in the past years. The study of EDL in
porous media reaches also the community in-
terested in the development of supercapacitors.
These energy-storage devices employ EDL ca-
pacitance over a large specific area; previous
works have shown that the energy density of su-
percapacitors can be highly increased by using
nano-structured microporous electrodes.10–13 In
these perspectives, the consideration of an ac-
curate representation of the EDL structure and
dynamics is of paramount importance. The
water and ion distribution and dynamics in
the EDL, and especially in the DL, cannot
be probed directly by measurements, because
EDL features are inherently disturbed by di-
rect measurement techniques.14 Consequently,
our knowledge of the structuration of the EDL
is mainly grounded in the results of Molecu-
lar Dynamics (MD) studies. Yet, MD results
are dependent on the force field used to run
the simulations. MD simulations of clay-water-
ion systems are currently run overwhelmingly
using ClayFF,15 a non-polarizable force field
that has shown great suitability to reproduce
many clay structure and water and ion dynam-
ics experimental results.15–40 In this force field,
the short-range repulsion and dispersion are de-
scribed by a Lennard-Jones potential and the
electrostatic interactions by a coulombic po-
tential between partial charges carried by the
atoms. However, recent studies showed that
the consideration of polarizability can have a
strong influence on the outcome of simulations
of mineral-water interfaces, especially in the
presence of large ions.41–46 The consideration of
polarizability at montmorillonite surface/water
interfaces improved also significantly the quan-
titative agreement of MD predictions of inter-
layer space structure with XRD experimental
results.47–51 However, this improvement was ob-
tained at a significant numerical cost, and the
necessity to include polarizability in clay/water
MD simulations must be then evaluated as a
function of the system properties of interest.
In this study, we evaluated the influence of
four different combinations of polarizable and
non-polarizable force fields on the prediction
of the structure and dynamics of water and
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ions in a mesopore (width 50 Å) containing
a NaCl aqueous solutions and bordered with
Na-montmorillonite surfaces. The differences in
MD results were then discussed in comparison
with EDL continuum model descriptions that
are commonly used in macroscale models.

Methods

Montmorillonite layer

Montmorillonites are 2:1 phyllosilicates in
which the layers are made of an octahedral
aluminum oxide sheet sandwiched between two
tetrahedral silicon oxide sheets. Some Al3+ in
the octahedral sheet are subsituted with Mg2+

leading to the presence of a negative structural
of the layer which is compensated by counter
ions in the vicinity of the surface. Montmo-
rillonite layers have usually a cis-vacant struc-
ture,52 but most of the Molecular Dynamics
studies available in the the literature have been
carried out using a trans-vacant structure. Con-
sequently, we chose to build the structure of the
montmorillonite on the basis of the trans-vacant
structure of Brindley and Brown,53 in order to
make easier the comparisons of our results with
existing data. Mg2+/Al3+ substitutions (0.75
per unit cell) were randomly generated fol-
lowing an exclusion rule that prevented two
magnesium atoms to occupy two neighboring
octahedral sites. The surface charge was com-
pensated by Na+ ions. The unit cell formula
was Na0.75(Al3.25Mg0.75)Si8O20(OH)4.

Molecular Dynamics Force Fields

Three different force fields were used to simu-
late the montmorillonite layer: the original ver-
sion of ClayFF,15 a variant of ClayFF proposed
by Ferrage et al., hereafter named ClayFF
MOD,54 and a polarizable force field, PIM (Po-
larisable Ion Model).47 ClayFF MOD made it
possible to improve the prediction of exper-
imental neutrons and X-ray diffraction data
on saponites compared to ClayFF. The main
changes in this force field deal with the Van
der Waals interactions between the clay sur-
face oxygen atoms and the atoms of the fluid,

for which the Lennard-Jones sigma parameter
of the surface oxygen atoms is increased by 7
% compared to the original ClayFF force field.
PIM was developed initially for the modeling of
aqueous electrolytes,47 and was extended more
recently to include the parameters necessary to
model various clay minerals and zeolites.48–51 In
this force field each atom is treated as a polar-
izable charged ball.

The ClayFF force field parameters have been
developed in combination with the flexible SPC
water model developed by Teleman et al.55

However, many simulations of hydrated clays
in the literature have been carried out us-
ing ClayFF in combination with the extended
SPC force field model (SPC/E) developed by
Berendsen et al.56,57 The SPC/E force field has
shown good agreement with experimental data
whether at the structural or dynamic level.58,59

In this study, ClayFF was combined either with
the flexible SPC or the SPC/E water models.
ClayFF MOD was combined with the SPC/E
water model only. For the simulations using
ClayFF and ClayFF MOD, aqueous ion param-
eters were obtained from Smith et al.60 Simula-
tions using PIM were combined with the Dang-
Chang four sites water model.61 The Dang
Chang water model uses point dipoles to treat
the polarizability of water molecules, similarly
to PIM for clay atoms and ions. Although the
Dang Chang water model was developed specif-
ically to model liquid-gas interfaces, it repro-
duces well the strong polarization of water by
divalent ions62,63 and gives accurate description
thermodynamic and dynamic properties of of
saline solutions.47,64

Simulations using non-polarizable force fields
were run with the LAMMPS Molecular Dynam-
ics package65 while simulations using PIM were
run with CP2K.66 Periodic boundary condi-
tions were used in all directions. The cutoff ra-
dius for short-range electrostatic and repulsion-
dispersion interactions was set to 10 Å. The
long-range electrostatic interactions were com-
puted using the Particle-Particle-Particle-Mesh
solver67 with a precision of 10−4 for the non
polarizable simulations, or using the Ewald
method68 with an accuracy of 10−6 for polar-
izable simulations.
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Geometry

The simulation boxes were identical for all the
tested force fields, and contained 4×4 montmo-
rillonite layer units (20.72 x 35.88 Å2). The
layer was divided in two halves placed at each
vertical extremities of the box (Fig. 1). A to-
tal of 1122 water molecules were added to the
pore, together with 12 sodium cations that com-
pensated the layer charge. In the systems with
added salt, two pairs of NaCl atoms were added
to the pore in order to reach an average Cl−

concentration of 0.1 mol·L−1 in the volume
of the mesopore. The vertical dimension of
the box was first equilibrated in the NPzT
ensemble with the ClayFF force field associ-
ated with the SPC/E water model. Then, for
each force field, the vertical dimensions of the
boxes were slightly adjusted to retrieve the ex-
perimental densities of bulk water or of a 0.1
mol·L−1 NaCl aqueous solution in the center
of the pore.69 Vertical dimensions ranged from
54 Å to 55 Å depending on the system con-
sidered and the force field used in the simula-
tion. The SHAKE algorithm70 kept the water
molecules rigid for the simulations carried out
with SPC/E or Dang-Chang water models.

Simulation time and data post-
processing

Systems run with ClayFF and ClayFF MOD
were equilibrated for 20 ns in the NVT canoni-
cal ensemble at T = 300 K using a Nosé-Hoover
thermostat with a time constant of 1 ps. For
numerical cost reasons, systems run with PIM
were equilibrated for 1 ns starting from configu-
rations obtained from previous ClayFF-SPC/E
runs. In the absence of added NaCl, the total
simulation time of the production runs was set
at 200 ns and 20 ns with the non-polarizable
and polarizable force fields respectively. In the
presence of added NaCl these values were in-
creased to 300 ns and 80 ns respectively in
order to improve the statistics of Cl− density
distribution in the pore. Density distributions
perpendicular (profiles) and parallel (maps) to
the montmorillonite surface were calculated on
the whole trajectories. Diffusion coefficients

Figure 1: Snapshot of a mesopore bordered by
two montmorillonite layer surfaces in the pres-
ence of 0.1 mol·L−1 of added NaCl. The blue
frame outlines the simulation unit box that is
periodically repeated in the x, y and z direc-
tions. The half-layer of montmorillonite on the
right of the figure helps visualizing the periodic
conditions. Atom types are shown at the top of
the snapshot.

were calculated on subsets of trajectories (20
ns and 5 ns for the non-polarizable and polar-
izable force fields respectively), which allowed
to calculate a standard error. The diffusion
coefficients parallel to the basal surfaces (xy
plane), D||, were calculated as a function of
the distance to the surface with the method-
ology available in Liu et al.71 and Marry et al.5

Thus, they were evaluated from Mean Square
Displacements and the survival probability cho-
sen is the uninterrupted residence in the layer.
That is, a molecule leaving at time t1 the res-
idence layer it had at t0 will not be counted
anymore in the calculation of the Mean Square
Displacements at time t ≥ t1. Hydrodynamic
effects result in the computation of different dif-
fusion coefficients for equivalent bulk systems
with different simulation box sizes because of
the periodic boundary conditions.64 Simonnin
et al.72 proposed an equation to correct the
computed value of the diffusion coefficients for
confined systems simulated in an orthorhom-
bic box with a square base dimension L and
with a pore width H. Since the simulation
boxes we used do not have a square base, we
do not applied correction to the diffusion coeffi-
cients in this paper. However, for informational
purposes, we calculated the correction consid-

4



ering the average length of the base sides of our
simulations, i.e. 28.30 Å. Taking into account
the viscosity values of SPC/E,64 Dang Chang,64

and flexible SPC73 water models, we obtained
correction values of -1.8 ×10−10 m2·s−1, -1.63
×10−10 m2·s−1, and -2.5 × 10−10 m2·s−1 for
these three force fields respectively. It can thus
be supposed that the corrections of the hydro-
dynamic effects in the pores modeled in this
study are of the order of magnitude of these
latter values.

Results and discussion

Water structure in the mesopore

The main difference in the water density pro-
files obtained with the tested force fields con-
sisted in the transformation of a single high
density peak in simulations run with ClayFF
and ClayFF MOD into a doublet of sub-peaks
in the simulations run with PIM (Fig. 2). The
computation of water density profiles along the
direction normal to the surface showed little to
no influence of the addition of NaCl, whatever
the force field used (Fig. 1 in supplementary
informations).

Probability density maps of water oxygen
atoms computed in the direction parallel to the
surface and located at z < 7.2 Å were aver-
aged over a 5×9 Å2 layer unit of the clay surface
(Fig. 3). In the case of PIM, high density areas,
which correspond to water oxygen atoms in the
first subpeak, i.e. closest to the surface, were
observed above the center of the ditrigonal sur-
face cavities, and the oxygen atoms belonging
to the second sub peak, i.e. furthest from the
surface, were located above the surface silicon
and oxygen atoms (Fig. 3c). In the case of
ClayFF and ClayFF MOD, the water oxygen
atoms had only a slightly higher probability of
presence above the center of the hexagonal sur-
face cavities (Fig. 3a and Fig. 3b; note that the
surface cavities had a ditrigonal shape with the
PIM force field, and an hexagonal shape with
the ClayFF and ClayFF MOD force fields). Ra-
dial distribution functions (g(r)) of ions around
the water oxygen atoms present in the two sub-
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Figure 2: Density distribution profiles in the di-
rection normal to the clay surface of (a) water
oxygen atoms and (b) water hydrogen atoms.
The coordinate z = 0 Å corresponds to the cen-
ter of the clay layer. The clay oxygen distri-
butions are shown in brown and the center of
mass of the surface oxygen is represented by a
brown dotted line at z = 3.27 Å. The surface
water layers are delimited by the dashed black
lines.

peaks revealed that the number of Na+ in the
first coordination sphere of water oxygen was
equal to 0.048 Na+ in the first subpeak, and
was equal to 0.098 Na+ in the second sub-
peak. Water molecules in the second subpeak
were thus more involved in the hydration of
sodium ions than the water molecules in the
first subpeak, which interacted thus preferen-
tially with the clay surface. The presence of
two sub-peaks in the first hydration layer of
the surface was not reported in the study of
Tesson et al.,50 which investigated with PIM
a bi-hydrated montmorillonite interlayer space,
i.e. a pore with a width of about 6 Å, much
smaller than the pore width investigated in the
present study. Because the cations that com-
pensate the surface charge are distributed on
a larger volume in a mesopore than in a bihy-
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(a) (b) (c)

(d) (e) (f)

Figure 3: Atomic density maps averaged over a unit cell of the clay surface for water oxygen (a,b,c)
and hydrogen (d,e,f) atoms belonging to the first hydration peak. Si (yellow), O (red) and H (white)
clay atoms were drawn to show the position of the surface hexagonal (ClayFF and ClayFF MOD)
or ditrigonal (PIM) cavities.

drated interlayer, in which a diffuse layer can-
not form, a smaller amount of water molecules
are needed to hydrate the cations close to the
surface in a mesopore compared to a bihydrated
interlayer. Consequently, more water molecules
are free to interact with the surface, leading to
the appearance of the first subpeak. All simu-
lations predicted the existence of three ordered
water layers located at very similar z values:
6.15 (considering the minimum between the
two subpeaks as the center of the first peak),
9.3 and 12.5 Å for the PIM simulation, 6.15 Å ,
9.55 Å and 12.4 Å for the simulations with
ClayFF MOD, and 6.0 Å , 9.5 Å and 12.4 Å for
the simulations with ClayFF. The spacing be-
tween the oxygen water density peaks was close

to the diameter of a water molecule, indicating
that the water layering was mainly due to steric
packing at the clay mineral-water interface.
The type of water model had very little influ-
ence on the structure of the water molecules
at the interface. Indeed, the distributions of
water oxygen and hydrogen atoms were almost
similar, the only difference being a more pro-
nounced shoulder at 7.3 Å for the simulation
run with the SPC/E model compared to the
SPC model. The last remarkable feature about
the water distributions was the slight repulsion
(about 0.15 Å) of water molecules from the
surface for the systems simulated with ClayFF
MOD compared to ClayFF. This result was in
agreement with the increased size of the sur-
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Figure 4: Na+ and Cl− density distribution pro-
files in the direction normal to the clay surface.
(a) Na+ density profile in the presence of added
0.1 mol·L−1 NaCl. (b) Na+ density profile in
the absence of added NaCl. (c) Cl− density pro-
file in the presence of added 0.1 mol·L−1 NaCl.
The coordinate z = 0 Å corresponds to the cen-
ter of the clay layer. The density distributions
of clay oxygen atoms are shown in brown and
the center of mass of the surface oxygen atoms
is represented by a brown dotted line at z =
3.27 Å. The inset in figure (a) focuses on the
region located between 12.5 Å and 27.4 Å and
helps to visualize the tail in the Na+ density
distributions.

face oxygen atoms in ClayFF MOD compared
to ClayFF.

The density distribution profiles of water hy-
drogen atoms along the axis normal to the
surface were very similar for all tested force
fields. The first peak was slightly closer to the
surface and the density oscillations had greater

amplitudes with PIM than with ClayFF and
ClayFF MOD. The use of the SPC/E water
model or of the flexible SPC water model did
not have any influence on the results obtained
with ClayFF. Probability density maps of wa-
ter hydrogen atoms computed in the direction
parallel to the surface showed the presence of
patterns that were nearly identical for all the
simulations run with non polarizable force fields
(Fig. 3d and 3e). Water hydrogen atoms were
located above the center of the cavities or above
the surface oxygen atoms, which they formed
hydrogen bonds with. In the case of the polar-
izable force field, the water hydrogen density
was the largest above the center of the cavities
(Fig. 3f). These observations confirmed that
water molecules close to the clay surfaces were
more structured with PIM than with the tested
non polarizable force fields. At last, all density
maps evidenced the low probability for water to
form hydrogen bonds with the surface oxygen
atoms along the direction parallel to that of the
clay hydroxyl groups (Fig. 3d, 3e and 3f).

Aqueous ion distributions

The addition of NaCl in the system had little
influence on the Na+ distribution profiles in the
region closest to the surface. The sodium den-
sity peaks remained at the same position and
the slight differences in intensity could be at-
tributed to the highest overall concentration of
sodium in the system in the presence of added
NaCl (Fig. 4). The comparison of the results
obtained with the tested force fields revealed
a significant influence of the consideration of
the polarizability on the profiles. First, a small
Na+ density peak was observed at a very short
distance from the surface (about 0.5 Å) when
non polarizable force fields were used (Fig. 4a).
This peak can be attributed to the presence of
Na+ adsorbed in inner-sphere complexes, which
partially dehydrate to coordinate with the sur-
face. The first hydration sphere of these cations
contained only 3.1 water molecules, to be com-
pared to 5.8 water molecules in the bulk. These
cations entered partially the surface hexagonal
cavities that were the closest to clusters of oc-
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(a) (b) (c)

Figure 5: Atomic density maps averaged over a unit cell of the clay surface of (a) inner-sphere
sodium ions (ClayFF) (b) sodium ions in the the first peak (PIM) and (c) sodium ions in the the
second peak (PIM). Si (yellow), O (red) and H (white) clay atoms were drawn to show the position
of the surface hexagonal (ClayFF and ClayFF MOD) or ditrigonal (PIM) cavities.

tahedral substitutions, therefore in surface re-
gions where the negative charge of the clay was
the highest in amplitude. These inner-sphere
adsorbed cations were not observed with the
PIM force field because of the deformation of
the surface cavities from an hexagonal to a
ditrigonal shape, which prevented cations from
entering the cavities.49,50 The hexagonal cav-
ities obtained with the non-polarizable force-
fields had conversely a center position that was
accessible to small cations such as sodium. The
Na+ density distribution profiles obtained with
non polarizable force fields exhibited also a
shoulder at 5.9 Å, which also corresponds to
inner-sphere adsorbed sodium but with a higher
hydration number (4.4). The density map evi-
denced a preferential position of cations belong-
ing to this peak above the surface oxygen atoms
(Fig. 5a).

The first peak of Na+ adsorbed in outer-
sphere complexes was located at a distance to
the surface that was similar for all tested force
fields. The density maps of these first outer-
sphere cations exhibited a similar pattern, with
preferential sodium positions (see Fig. 5b for
PIM ; other force fields gave similar distribu-
tion patterns). Differences in peak intensity
were significant. The curves produced from
the simulations using ClayFF with SPC and

SPC/E overlapped almost perfectly, while the
simulation done with ClayFF MOD and SPC/E
resulted in a slight shift of the peak position
and a difference in intensity. These differences
evidenced the influence of the clay force field on
the structure of the peak of cations adsorbed in
outer-sphere complexes. Further away from the
surface, the differences between the force fields
were more significant. The sodium density dis-
tributions obtained with ClayFF and ClayFF
MOD exhibited a shoulder or a very small peak
at 9.6 Å, whereas the sodium density distribu-
tion obtained with PIM exhibited a second and
a third distinct peak at 9 Å and at 10.7 Å re-
spectively. Polarization may thus play an im-
portant role in the structuring of cations at
distances from the surface beyond the first ad-
sorption peak. Sodium ions in this second and
third peak were not homogeneously distributed
in the direction parallel to the surface (Fig. 5c).
The most probable density areas of the cations
in the first adsorption peak were the least likely
areas in the second peak, and conversely. This
3D organization of Na+ next to the surface
minimized repulsive electrostatic interactions.
The density distribution of cations simulated
with non polarizable force fields did not present
any specific 3D organization beyond the first
outer-sphere adsorption peak. Because of this
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difference of ion structuration next to the sur-
face, the sodium concentrations predicted in the
center part of the pore were also different with
polarizable and non-polarizable force fields:
0.35 mol·L−1 with PIM, i.e., 0.24 mol·L−1 with
ClayFF/flexible SPC, and 0.22 mol·L−1 with
ClayFF /rigid SPC/E. The Na+ concentra-
tion profiles produced with the ClayFF and
ClayFF MOD force fields in combination with
the SPC/E model started to overlap with in-
creasing distance from the surface and reached
the same concentration in the center of the
pore, whereas the Na+ concentration profile
produced with ClayFF and the flexible SPC
model was slightly higher. Consequently, the
structure of adsorbed cations was governed by
different interactions depending on the distance
to the surface. The structuration of the inner-
sphere adsorption peak was mainly controlled
by the clay force field, while the structuration of
the adsorbed cations beyond this first peak was
dictated by the water model up to the center of
the pore. Previous studies have shown that the
consideration of polarizability can dramatically
change the predictions of ion distributions of
ions at air/water interfaces.41–44 The present
study showed that a similar effect could be ob-
served for a clay mineral/water interface.

In the presence of added NaCl, Cl− anions
were repelled from the negatively charged
montmorillonite surface, in agreement with
previous MD investigations results.5–7,27,72,74–76

The distance of closest approach to the surface
was 6.8 Å for ClayFF, 7 Å for ClayFF MOD
and 7.1 Å for PIM, where the position z = 0
refers to the center of the clay layer (Fig. 4c).
The distributions of anions simulated with the
non-polarizable force fields had a density shoul-
der around 10.3 Å , which corresponded to the
end of the outer-sphere sodium density peak.
The concentration in the center of the pore
was 0.16 mol·L−1 and 0.17 mol·L−1 with the
SPC/E and flexible SPC force fields respec-
tively. These anion concentrations were lower
than the cation concentrations, thus evidencing
the overlap of the diffuse layers in the investi-
gated conditions. The distribution of chloride
ions obtained with PIM exhibited density peaks

Figure 6: D|| of (a) water oxygen, (b) sodium
ions and (c) chloride ions. The two brown
dotted lines at z = 3.27 Å and z = 51.5 Å
correspond to the averaged position of surface
oxygen atoms. The dashed black lines (black
dashed-dot-dot vertical lines for Na+ in the
case of simulations run with PIM) indicate the
different layers in which Na+ and H2O diffu-
sion coefficients were calculated. Chloride dif-
fusion coefficients were calculated on the whole
pore. The cross symbols in the layers closest
to the surface correspond to D|| values of water
molecules in each of the two density subpeaks
observed in PIM simulations. The circle symbol
corresponds to the D|| value calculated in the
whole first water layer (2 subpeaks). The exact
values of the layers z coordinates are given in
the Tab. 1 and Tab. 2 together with the diffu-
sion coefficients.

or oscillations at 10 Å , and 12.5 Å . Even if the
statistics was of lesser quality for anion than
for cation distribution (there were only two
Cl− in the box), it remained clear that the con-
centration of anions increased more abruptly
with the distance to the surface in the sim-
ulations using PIM than in those using the
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non-polarizable force fields. Thus, the long-
range structuring of cations observed with PIM
was also observed with the anions. The radial
distribution functions of Na+ ions around the
Cl− ions located at z < 14 Å indicated that
more Na+-Cl− ion pairs were formed in sim-
ulation run with PIM compared to the other
force fields: 0.12 sodium for ClayFF/SPC flex,
0.11 sodium for ClayFF/SPC/E and 0.08 for
ClayFF MOD/SPC/E, versus 0.44 Na+ for
PIM. The increased formation of ion pairs with
PIM was thus responsible for the appearance
of Cl− density peaks next to to the outer-
sphere Na+ density peaks. Previous studies
have shown that the osmotic coefficients ob-
tained in electrolyte solutions with common
non polarizable force fields were too large.77 A
possible explanation would be that ions in so-
lution did not form enough pairs in Molecular
Dynamics because of bad potentials to describe
the ion-ion interactions. Indeed, in traditional
force fields only the ion-water potentials are
fitted in order to obtain the good single-ion
properties in water, the ion-ion parameters are
then obtained by simple mixing rules which
may be inadequate to provide a suitable de-
scription of concentrated aqueous solutions. A
further study would be necessary to know if the
addition of the polarizability is necessary or if
only a better fit of ion-ion potentials would be
enough. in any case, it seems that the PIM
force field allows to form more ion pairs in so-
lution, that is a step in the right direction.

Diffusion in the mesopore

D|| values were calculated for H2O in the three
water layers stacked on the surface represented
by the three peaks near the clay/fluid interface
of the OW distributions (Fig. 2a), as well
as in the center of the pore. We also calcu-
lated the D|| values for Na+ in the first peak
of the vertical distribution and in the center of
the pore (Fig. 6, Tab. 1 and Tab. 2). The
D|| values obtained for H2O depended on the
considered force fields: 2.61 ×10−9 m2·s−1 for
PIM, 2.79 ×10−9 m2·s−1 for SPC/E and 3.37
×10−9 m2·s−1 for SPC flex. All these values

were larger than the experimental value for bulk
water (2.3 × 10−9 m2·s−1).78 The value ob-
tained with for SPC flex was however smaller
than the value reported in the original study55

(6.1 × 10−9 m2·s−1) because the system was
not equilibrated in this study. However, it
is in much better agreement with the value
of 3.6 × 10−9 m2·s−1 reported in the Wal-
lqvist et al.79 study and it is also consistent
with the value reported by Greathouse et al.18

(3.28 × 10−9 m2·s−1) for a bulk water system
with a low concentration of NaCl similar to the
one used in our study. An independent calcu-
lation of the H2O diffusion coefficient in a box
containing only SPC flex water molecules with-
out added salt nor clay resulted in a value of
3.33 ×10−9 m2·s−1, consistent with the coeffi-
cient values calculated in the center of the pore
in the presence of clay surfaces and added NaCl.

D|| values obtained for H2O in the different
water layers were very similar with ClayFF -
SPC/E and ClayFF MOD - SPC/E. Simulation
run with ClayFF-MOD resulted in a slightly
higher water mobility in the two layers close to
the surface compared to simulations run with
ClayFF. This difference can be explained by
the larger repulsion of water molecules from
the surface with this force field compared to
the original ClayFF force field. With ClayFF
and ClayFF MOD force fields, D|| values in-
creased monotonically from the surface to the
bulk water, with little difference (less than 10
%) between the first and the second surface
layer of water. In previous studies, a smaller
D|| value was found in the second surface layer
compared to the first layer,5,80 but the atoms of
the clay structure were kept fixed during these
simulations in these studies, which may have
influenced the diffusion of the species in the
neighboring pore.24 Greathouse et al.18 simu-
lated a sodium montmorillonite mesopore using
ClayFF, SPC flex and Smith and Dang force
field. The increase in water diffusion coefficient
between the first layer and second layer was
found to be equivalent to that between the sec-
ond layer and third layer. The difference in re-
sults with our study may be related to a differ-
ence of montmorillonite layer charge (1 charge
per unit cell in Greathouse et al. study versus

10



T
a
b
le

1
:

D
||

o
f

w
a
te

r
fo

ll
o
w

in
g

th
e

fo
rc

e
fi
e
ld

u
se

d
.

T
h
e

co
e
ffi

ci
e
n
ts

g
iv

e
n

a
s

w
e
ll

a
s

th
e

e
rr

o
rs

a
re

a
n

a
v
e
ra

g
e
s

o
f

th
e

v
a
lu

e
s

o
b
ta

in
e
d

in
tw

o
sy

m
m

e
tr

ic
la

y
e
rs

.
T

h
e

v
a
lu

e
ta

k
e
n

fo
r

D
0

is
th

e
v
a
lu

e
ca

lc
u
la

te
d

a
t

th
e

ce
n
te

r
o
f

th
e

p
o
re

,
a
ss

im
il
a
te

d
to

b
u
lk

.
F
o
r

P
IM

a
re

g
iv

e
n

th
e

co
e
ffi

ci
e
n
t

ca
lc

u
la

te
d

in
th

e
w

h
o
le

fi
rs

t
la

y
e
r

a
s

w
e
ll

a
s

th
o
se

o
b

ta
in

e
d

in
th

e
tw

o
su

b
p

e
a
k
s.

O
W

1s
t

la
ye

r
2n

d
la

ye
r

3r
d

la
ye

r
b
u
lk

C
la

y
F

F
-

S
P

C
/E

(3
.2

7
-

8.
08

Å
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Table 2: D|| of ions following the force field used. The sodium coefficients given as
well as the errors are an averages of the values obtained in two symmetric layers. The
value taken for D0 is the value calculated at the center of the pore, assimilated to bulk.
For PIM the first sodium layer was attributed to the 2 first peaks in the distribution.
The chloride diffusion coefficients were calculated on the whole pore.

Na+ 1st peak bulk Cl− all pore

ClayFF - SPC/E (3.27 - 8.9 Å) (8.9 - 27.35 Å) (3.27 - 27.35 Å)

D (10−9 m2·s−1) 0.81 ± 0.014 1.28 ± 0.057 1.61 ± 0.018

D / D0 0.64 ± 0.02 1.00 ± 0.04 -

ClayFF - SPC flex (3.27 - 8.9 Å) (8.9 - 27.35 Å) (3.27 - 27.35 Å)

D (10−9 m2·s−1) 0.97 ± 0.018 1.55 ± 0.043 2.03 ± 0.023

D / D0 0.62 ± 0.03 1.00 ± 0.05 -

ClayFFMOD - SPC/E (3.27 - 9.2 Å) (9.2 - 27.35 Å) (3.27 - 27.35 Å)

D (10−9 m2·s−1) 0.85 ± 0.011 1.25 ± 0.013 1.61 ± 0.019

D / D0 0.68 ± 0.02 1.00 ± 0.02 -

two first peaks
PIM - Dang Chang (3.27 - 10.0 Å) (10.0 - 27.35 Å) (3.27 - 27.35 Å)

(3.27 - 8.40 Å) (8.40 - 10.0 Å)

D (10−9 m2·s−1) 0.69 ± 0.024 1.38 ± 0.048 1.55 ± 0.058
0.62 ± 0.03 0.69 ± 0.03

D / D0 0.50 ± 0.04 1.00 ± 0.07 -
0.44 ± 0.03 0.49 ± 0.03
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Figure 7: Survival probabilities of the water
molecules in the layer the closest to the surface
as a function of time. The survival probabili-
ties of the water molecules in the two subpeaks
of the polarizable water distributions were also
represented in light blue and in pink. In the in-
set is represented a zoom of the different prob-
abilities between 200 ps and 300 ps.

0.75 charge per unit cell in this study), because
an increase of surface charge induced an in-
crease of the electrostatic field at the interface,
leading in turn to a decrease of water and ions
mobility.81

The consideration of polarizability led to no-
ticeable differences in results. First, in all lay-
ers, the values of the water D|| obtained with
PIM were lower than D|| obtained with non po-
larizable force fields, an observation that was
consistent with the lower bulk D|| value ob-
tained with PIM. Second, the decrease of the
diffusion coefficient at the surface relative to
the center of the pore was larger with PIM
than with any of the non-polarizable force fields
(Tab. 1). Water molecules in the subpeak the
closest to the surface, which are located above
the center of the surface cavities, were much less
mobile than those of the second subpeak. The
D|| value calculated over the whole first peak
was equivalent to the average of the coefficients
in the two subpeaks.

The survival probabilities of water molecules,
i.e. the probability of a molecule to remain in
a given layer from time 0 to time t, was very
low in the subpeak that was the closest to the
surface. The survival probability in the second

subpeak was similar, the survival probabilities
in the two subpeaks overlap (Fig. 7). How-
ever, the survival probability in the whole first
peak was very high compared to the survival
probability in within the two sub-peaks, which
indicates that a rapid exchange of molecules
took place between the two subpeaks. Finally,
the decrease in the survival probability of the
water molecules in the first peak at short times
was similar for all other force fields. In con-
trast with the behavior of water molecules, the
diffusion coefficients of sodium, as well as of
chloride were very similar with polarizable and
non-polarizable force-fields.

Comparison with Poisson-Boltzmann
theory

Molecular Dynamics predictions of the EDL
structure have been often compared to contin-
uum models that can be used in macroscopic
predictions with applications in coupled wa-
ter and ion transport processes in clay me-
dia.6,14,27,74,76,82,83 A popular model is the so-
called modified Gouy-Chapman (MGC) model
that is based on the Poisson-Boltzmann equa-
tion. In this model, infinite and flat surfaces
are considered to be uniformly charged with a
surface charge density σ, the solvent is a con-
tinuum defined by its dielectric constant εr, and
the statistical correlations between ions, which
are assumed to be point-charge, are neglected
(see annex). The modified Gouy-Chapmann
model also considers a distance of closest ap-
proach of ions to the surface d0. In our systems
the size of the pore, the amount of added salt
and the surface charge were known, leaving d0
as the sole parameter that could be adjusted
to fit the MD density profiles. Usually, the dis-
tance of closest approach is representative of the
ionic radius of the species of interest. In the
present study, we considered also large values
that extended beyond the first density peak of
water or Na+. This hypothesis could be seen as
a simplified approach to describe the presence
of a Stern, or compact, layer at the surface. In
practice, we considered that all ions located at
a distance from the surface lower than d0 did
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Figure 8: Ionic distributions obtained by Molecular Dynamics and the ones calculated by Poisson-
Boltzmann for the different distances of closest approach defined by vertical dotted lines: (a)
ClayFF-SPC/E, (b) ClayFF - SPC flex, (c) ClayFF MOD - SPC/E and (d) PIM - Dang Chang.
The distributions obtained by Molecular Dynamics are represented in black, those calculated by
Poisson-Boltzmann in colors corresponding to each d0 defined on the graphs. Na+ distributions are
shown in dashed lines whereas Cl− distributions are represented by solid lines. The left and right
vertical axes refer to sodium and chloride distributions respectively. All insets are zooms of the
cationic distributions between 15 Å and 27.35 Å.

not belong to the diffuse layer, i.e. their charge
was added to the value of the surface charge σ.
We tested various positions for the d0 value that
corresponded to the main features observed on
the MD density distributions, i.e. before the
first outer sphere peak of the cations, at the top
of the first peak and just after the first peak.
Because the distribution of sodium was much
more structured with PIM than with the other
force fields, we chose an additional fourth dis-
tance corresponding to the top of the second
density peak of Na+ (Fig. 8).

Regardless of the chosen distance of clos-
est approach, the predictions of the Poisson-
Boltzmann equation was in reasonable agree-
ment with the ion density distributions ob-

tained with the non-polarizable force fields.
This result was in agreement with similar com-
parisons reported in the literature.27,74 The
combination of ClayFF with the SPC flex force
field gave the best agreement with the Poisson-
Boltzmann equation prediction, regardless of
the chosen distance of closest approach. The
agreement was not as good with the simula-
tion run with PIM. This result was actually
not surprising because the Poisson-Boltzmann
equation cannot represent ion-ion interactions
that were found to be stronger when polariza-
tion was taken into account in our MD simula-
tions. The tails in the density profiles after the
ions layer structuring at short distance from the
surface had small curvatures in the case of PIM
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resulting in larger differences of concentrations
at the pore center between the cations and the
anions, which also did not compare well with
the Poisson-Bolzmann equation long-range be-
havior.

We calculated the electrostatic potential as
a function of the distance z from the surface,
defined by:

ψ(z) = −RT
2F

ln

(
CNa+(z)

CCl−(z)

)
(1)

with R the gas constant, F the Faraday con-
stant, T the temperature, and CNa+ and CCl−

the concentrations of cations and anions at a
distance z from the surface. The average of the
potential difference ∆ψ between MD and the
PB distributions is then given by:

∆Ψ =
1

l

∫ zmax

zmax−l
|ΨPB(z)−ΨMD(z)| dz (2)

with zmax the z coordinate of the center of
the pore (in our case 27.35 Å) and l the in-
terval size considered for the calculation. For
the smallest l, the distance of 3.0 Å gave the

best agreement with the MD density distribu-
tions obtained with non-polarizable force field
(Fig. 9). Therefore the diffuse layer would begin
around 3.0 Å from the surface, i.e. at two ionic
radii of adsorbed species, which is in agree-
ment with the modified Gouy-Chapman model
assumptions. No satisfactory agreement could
be obtained with the density distributions ob-
tained with PIM.

The main motivation for the addition of a dis-
tance of closest approach d0 is to mimic the
finite size of the ions at the vicinity of the sur-
face. Other approaches exist to take the finite
size of ions into account. In particular, the
modified Poisson-Boltzmann equation describes
the ion distributions by Fermi distributions in-
stead of Boltzmann distributions. The modified
Poisson-Boltzmann equation has given good re-
sults in the vicinity of charged surfaces for elec-
trolytes with large ions and for ionic liquids.84,85

In a further study, the present MD results could
help to benchmark these other approaches.

Some studies have attempted to account
for polarization effects into the framework of
Poisson-Boltzmann theory.86–88 Although this
is outside the scope of this study, our MD polar-
izable simulations would enable to benchmark
these models.

Conclusion

The consideration of polarizability had a
marked influence on the MD prediction of
structural and dynamic properties of the dif-
fuse layer present in mesopores bordered by
clay mineral surfaces. The use of a polariz-
able force field led to an increase structuration
of water molecule at the vicinity of the clay
surfaces, which led in turn to a decrease of the
mobility of water molecules compared to results
obtained from simulations with non polarizable
force fields. The ionic distributions showed also
a stronger layering near the surfaces with a po-
larizable force field than with non polarizable
force fields. Ion-pairing was also more intense
with a polarizable force field. While the MD
ion density profiles beyond the compact layer
in the EDL was in good agreement with the
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prediction of the Poisson-Boltzmann model in
simulation run with non-polarizable force fields,
this agreement broke apart in simulations run
with a polarizable force field.

Because there is no direct experimental evi-
dence of the structure or dynamics of the EDL,
it is difficult to answer with certainty to the
question of the force field choice. However, PIM
has already shown a very good agreement with
the experiments on the structure of concen-
trated solutions47,89 as well as on the structure
of clays.48–51 We can thus assume that PIM may
correctly describe the structure of the species
at the interface. To test this assumption, it
would be interesting to reproduce this study
on clays more tractable experimentally, such as
muscovites, on which reflectivity studies can be
conducted.4

Finally, it seems that Poisson-Boltzmann is
accurate enough to describe the structure of
ions inside mesopores when one goes to higher
scales such as in surface complexation, swelling
or reactive transport models.14,27,90–92 It would
be interesting to see the sensitivity of these
macroscopic modeling approaches to EDL de-
scriptions following the electrical potentials
given by PIM and see if the results vary sig-
nificantly from the PB-based ones.

Supporting Information Avail-

able

• Density distributions profiles of water
atoms in the presence and in the absense
of added 0.1 mol·L−1 NaCl.

• LAMMPS input file for ClayFF-SPC/E
force field.

• CP2K input file for PIM-Dang Chang
force field.

• Topology file in xyz format.

Acknowledgement This work is part of
the Ph.D. project of S.L.C., which was funded
by the French National Agency for Radioac-
tive Waste Management (Andra). The au-
thors also acknowledge for HPC ressources

granted by GENCI (TGCC and Cines, Grant
No.A0040410107) and Sorbonne Université
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Annex

The Poisson-Boltzmann equation describes the
distribution of the electric potential in solution
in the direction normal to a charged surface.
Thanks to the Boltzmann statistic, we can ex-
press the concentration ci of an ion i as a func-
tion of the distance r of a central particle such
as:

ci(r) = Mi exp

(
−Vi(r)
kBT

)
where Vi(r) can be identified with the electro-

static energy:

Vi(r) = eiψ(r)

with ei = Zie the charge of the ion i and ψ(r)
the electrostatic potential.

Between two uniformly charged planes, the
ionic concentration ci and the electrostatic po-
tential ψ depend only on the direction normal
to the planes z. We thus obtain by integrating
ci between the two planes:

∫ +L/2

−L/2
ci(z)dz = Mi

∫ +L/2

−L/2
exp

(
−eiψ(z)

kBT

)
dz

= Lc0i

with L the distance between the two planes
and c0i the average concentration of the ion i
inside the pore.

This equation allows to calculate Mi and by
replacing ∆ψ = −

∑
i eici(r)/ε0εr in the Pois-

son equation, we obtain:

∆ψ = −
∑
i

eiMi

ε0εr
exp

(
− eiψ

kBT

)
The Poisson-Boltzmann equation can be

solved analytically with a monovalent counter-
ions present between the two planes. When
the valence of the ions is greater than one or
if ions of opposite charge are also present in
the system, as in the case of the presence of
saline solutions, the equation can not be solved
analytically and must thus be solved numeri-
cally.2,93,94
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