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Abstract

Water dynamics impacts many phenomena from geosciences to biology, especiallly

in confined environments. In the presence of charged interfaces, there are some ions

the role of which with regards to the water dynamics is unclear. Here a synthetic

saponite clay, which is oriented in a film, is used as confining medium in the bilayer

state. It confines two water layers between negatively charged planes, the charge of

which is compensated by sodium cations. Water dynamics is determined both parallel

and perpendicular to the charged clay layers with Neutron Spin Echo (NSE). This

technique gives access to long enough times and directly provides the intermediate
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scattering function that is calculated on the other hand by Molecular Dynamics (MD)

simulations. These latter also enable the study of cations dynamics, not experimentally

accessible on this time scale. The results point towards a huge role of these cations on

the water dynamics, mainly through their local structure and localization between the

charged confining planes.

Introduction

A vast body of literature focuses on the properties of water in a confined environment, a

situation highly different from that of bulk water.1–8 Changes associated to confinement are

of prime importance in numerous fields such as, among others, separation, energy storage,

catalysis, protein dynamics, biomolecules, or nanofluidic. Numerous matrices are thus rele-

vant from 0D ones such as reversed micelles or fullerene,4,6,8–10 1D such as nanotubes4,8,9,11,12

or 2D like graphene, MoS2 or clay minerals.6–8,13 In these confined matrices, the behaviour

of the fluid depends on both surface properties and dimensionality,4,6,7,9 that can be inves-

tigated separately, by coupling experiments and numerical simulations. The influence of

dimensionality was for instance analyzed by molecular dynamics in 0D, 1D and 2D matri-

ces10 whereas the role of interfaces can be explored without confinement.14

Among the 2D matrices, swelling clay minerals are natural 2D systems that bear high in-

dustrial and environmental relevance. In these materials, two tetrahedral layers sandwich an

octahedral one. Substitutions in either the octahedral or tetrahedral layer yield an overall

negative charge that is compensated by hydrated exchangeable cations. The valence and

hydration properties of these interlayer cations control to a large extent the swelling of the

structure that occurs in a stepwise way with increasing relative humidity, a feature that has

been known for almost a century.15 This swelling regime referred to as crystalline swelling16

provides an elegant way to control water confinement in the structure as, depending on

humidity, confinement accounts for either one or two statistical layers of water molecules

corresponding to the so-called monolayer and bilayer states. Numerous experimental and
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simulation studies have investigated the structure and dynamics of water in this swelling

regime.17–21 Convincing results were obtained by focusing on synthetic clay minerals such

as saponite and hectorite that are less heterogeneous than natural samples, a significant ad-

vantage on both experimental (less hydration heterogeneities) and simulation (more realistic

models) points of view.22–27 In all the studies dealing with the structure of confined water, it

appeared crucial to collate experiments results with simulation ones to test extensively the

suitability of the various force fields used in the simulations. Furthermore, as far as dynam-

ics are considered, considering motion anisotropy by working on oriented samples proved

particularly fruitful.

Regarding the experimental assessment of dynamics, neutron spin echo (NSE) bears definite

advantages over the more commonly used time-of-flight (TOF) neutron scattering technique,

especially for anisotropic oriented samples as those studied here. Indeed, NSE experiments

directly yield the intermediate scattering function in a time range extending up to a few

nanoseconds, i.e. a value higher than that accessible by TOF measurements, which facili-

tates the direct comparison with Molecular Dynamics (MD) simulations.

In the present paper, using a combination of NSE experiments and MD simulations with

various force fields and water models, we analyze in detail for various temperatures the

dynamical features of water molecules confined in the interlayer space of an oriented sodium

saponite sample for a water content corresponding to a bilayer. Collating experimental

results and MD simulations allows evaluating the orientational dynamical features. We

show in particular that the location of cations in the interlayer space plays a significant

role on the diffusion coefficients of water molecule. This could well explain why measured

and simulated diffusion coefficients are different in tetrahedrally substituted clay samples

compared to octahedrally substituted materials.
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Experiments

Preparation of the oriented clay films

The sample used in the present study is a synthetic saponite sample prepared by hydrother-

mal treatment28 with a general formula of Si7.2Al0.8Mg6O20(OH)4Na0.8H2On. The orientation

of the clay platelets was achieved by slow drying of clay suspensions on a surface larger than

4cm*3cm, which produces thin films (around 15 microns). The samples thus obtained were

first equilibrated in a relative humidity RH ∼98% (using a CuSO4 saturated solution vapor)

and then equilibrated for two weeks at RH∼75% (NaCl solution) to obtain a bihydrated

state while minimizing hydration heterogeneity, in agreement with our previous X-ray and

neutron diffraction study on the same sample.24 The oriented thin films were stacked until

the total amount of water is equivalent to around 0.15 mm of pure water. According to our

previous works on the same samples,24,25,29 bihydrated saponite displays at this RH condition

a d-spacing of ∼15.20 Å and n≃9.57 interlayer H2O molecules.25

Neutron Spin Echo Measurements

Neutron spin echo (NSE) experiments were performed on the IN15 spectrometer (ILL, Greno-

ble, France). The wavelength is 6.3 Å and the accessible time scale expands from 8 ps to 10

ns. The wavevectors Q lie in the range 0.2 Å−1 to 1.2 Å−1. The temperature is controlled

with a cryostat and 3 values were chosen: 300 K, then 255 K and/or 350 K.

The films were sealed in an aluminium cell with an indium seal. The number of thin films

stacked was adapted to the hydration in order to obtain an equivalent water thickness around

0.15 mm. The thickness of the cell was chosen thick enough to avoid breaking the films. The

cell was oriented either with Q parallel to the clay layers, or with Q perpendicular to the

clay layers, for each measured Q value. In the latter case, only Qs between 0.6 and 1.2 Å−1

are accessible for geometrical reasons. NSE experiments directly yield the intermediate scat-

tering function in a time range extending up to a few nanoseconds, i.e. a value higher than
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that accessible by Time of Flight measurements. This is well adapted for the slow motions

as the one seen here and facilitates the direct comparison with Molecular Dynamics (MD)

simulations. In addition, as the energy exchange is very small, the momentum exchange

(scattering vector) also changes very little in magnitude as well as in orientation, which is

an advantage for oriented samples.

The scattered intensity S(Q,0) as a function of Q was obtained in both the parallel and

perpendicular directions (Figure 1). The Bragg peak corresponding to the interlayer spacing

appears only when Q is perpendicular to the plane of the aluminum cell, which indicates a

good orientation of the clay sheets. The peak position is consistent with the known values,

determined from X-Rays diffraction at Q= 0.413 Å−1 for the bilayer state which corresponds

to 15.21 Å d-spacing, as expected for a bilayer state. The orientation of the clays is con-

firmed and quantified from a measurement of mosaicity (see Figure 2). The half width at

half maximum (HWHM) of the peaks is 8.8◦ for this bilayer state. The degree of anisotropy

in particles orientation can thus be extracted by calculating the average of the second-order

Legendre polynomial of this distribution30 as: ⟨P2⟩ = ⟨P2(cos θ)⟩ = ⟨3 cos2 θ − 1⟩/2. The

high value obtained for ⟨P2⟩ of 0.94 pleads for a high degree of preferred orientation of clay

platelets.30

Sample integrity was periodically checked by carrying out scans at a zero spin echo time in

the perpendicular direction. This allowed verifying the d-spacing of the studied sample and

discarding possible leaks in the cell. No significant evolution of layer thickness was observed

when changing the temperature, and their respective water content was thus constant for all

temperatures investigated.

For S(Q, t) measurements, the Q values are chosen in order to avoid the Bragg peak so

that the incoherent scattering contribution dominates. In the parallel direction, Q=0.2, 0.3

and 0.6 Å−1 are thus chosen (see Figure 1). The signal of an empty cell is measured and

subtracted from the signal of the sample, and the resolution is measured on a graphite/TiZr
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Figure 1: Intensity scattered at a spin echo time zero by the clay film as a function of Q
for the bilayer state for the two orientations of the cell. Cell perpendicular to the scattering
vector Q (circles) or parallel to Q (empty squares).

sample. At the end, the incoherent intermediate scattering function Sinc(Q, t) is obtained.

The data are plotted with markers on all the following figures whereas the calculated curves

are plotted with lines.

Model for the analysis

In the most general case, assuming that short-time dynamics (vibrations, librations), rotation

dynamics and translational diffusion are decoupled mechanisms, S(Q, t) takes the form of:

S(Q, t) = SvibSrotStrans (1)

Svib is the vibrational incoherent scattering function. It tends towards a plateau at

very small times (inferior to about 2 ps) hardly accessible by NSE experiment and can be

approximated by a multiplying factor independent of t, which decreases with Q.

Srot is close to unity as soon as Q is not too big. The usually accepted limit to consider

Srot = 1 is Q = 1 Å−1 for water.31,32 In the following, rotational motions will be neglected,

even if this approximation could be questioned for the highest Q (1.2 Å−1 for Qperp).

6

https://doi.org/10.26434/chemrxiv-2023-ssnjl-v3 ORCID: https://orcid.org/0000-0001-8554-8486 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-ssnjl-v3
https://orcid.org/0000-0001-8554-8486
https://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 2: Mosaicity of the film in the bilayer state: scattering measured while rotating
the sample around the position of the Bragg peak corresponding to the interlayer distance.
Q=0.41Å−1 and the sample is oriented so that Q is perpendicular to the clay layers on the
Bragg peak.

At last, in the case of pure diffusion, Strans can be fitted by decreasing monoexponential:

Strans(Q, t) = exp−t/τ (2)

with the relaxation time τ varying with Q as:

1

τ
= DQ2 (3)

D being the self-diffusion coefficient of hydrogen atoms. In reality, this last equation is

valid only at small Qs. Experimentally, because water has complex diffusion mechanisms,

especially in confined systems, Strans(Q, t) contains several relaxation times and is better

fitted by a stretched exponential:

Strans(Q, t) = exp−(t/τ)β (4)

β tends towards 1 when Q goes to 0. Indeed, small Qs correspond to high observation

distances at which water molecules diffuse with a diffusion coefficient that averages all the
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different motion mechanisms.

Added to this are the (quasi-)immobile H atoms contained in the hydroxyl groups of the

clay layers, that do not diffuse and are responsible for a plateau at high NSE times.

Considering short-time motions and immobile H atoms, S(Q, t) can be reduced to:

S(Q, t) = (A−B) exp−(t/τ)β +B (5)

A and B are the limits of S(Q, t) at short and high times, respectively. The average relaxation

time ⟨τ⟩ can then be calculated from ⟨τ⟩ = τ
β
Γ( τ

β
), where Γ is the gamma function. In this

case, the slope of 1/⟨τ⟩ as a function of Q2 decreases with Q and is usually fitted in the

literature by a jump-diffusion model where 1/⟨τ⟩ tends at high Qs towards a plateau equal

to 1/τjump, corresponding to a non-diffusive process where the molecule stays immobile for

a time τjump before jumping from one site to the other one. If a range of relaxation times

partly explains the curvature of ⟨τ⟩ as a function of Q2, it has already been shown in the

literature that the curvature depends strongly on the resolution of the apparatus25,33,34 and

that more complex models are needed to describe water diffusion mechanism, and even more

in confined systems.35,36 However, the average diffusion coefficient can be deduced from the

slope of 1/⟨τ⟩ at very small Qs.

Moreover, in the case of clays, water motions are not equivalent in all directions: because

of the symmetry of the system, at least two motions, one parallel and one perpendicular

to the clay layers, must be distinguished. Even in the case of oriented samples like in the

present study, the orientations of the clay layers cannot be perfect and a mosaicity of the

orientations must be taken into account. As a consequence, the value of β and 1/⟨τ⟩ obtained

with the above formula can be affected by mosaicity.

In our previous studies,26,37 a two-diffusion model considering two diffusion coefficientsD∥

and D⊥ for the motions parallel and perpendicular to the clay layers respectively, averaged

over all the possible orientations of the clay layers, was used to fit the experiments. Even

if the hypothesis of this rather crude model according to which the hydrogen density is
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homogeneous in the pore is questionable due to the structuration of the fluid (see figure 10),

it has shown that motions perpendicular to the clay layers absolutely had to be taken into

account to analyze the experimental results in the case of powder samples. The molecular

simulations allowed constraining the value of D∥/D⊥.

In the present study, this two-diffusion model is used in order to study the influence of

mosaicity and to help the interpretation of the data too. θ being the angle between the

normal to the clay layer and the Q vector, an average over all orientations can be done

considering a Gaussian distribution of θ around θ0, θ0 corresponding to the main orientation

of the clay layers. The probability to find a clay layer with an orientation θ can be defined

as:

P (θ) = P0e
−(

(θ−θ0)
∆θ

)2 (6)

with ∆θ accounting for the mosaicity. In the following, a value of 10◦ was taken for ∆θ,

corresponding to a half width at half maximum (HWHM) of the probability P (θ) of 8◦, very

close to the experimental one (see Figure S1 in SI). P0 is a factor such that the integral of

P (θ) is equal to 1. The value of θ0 is 0◦ and 90◦ for the analysis of S(Q⊥, t) and S(Q∥, t)

respectively. The modelled Smod(Q, t) can be calculated numerically using (see SI for details):

Smod(Q, t) = 2e−D∥Q
2t

[∫ π

0

eD∥Q
2 cos2 θt (1− cos (QL cos θ))

Q2L2 cos2 θ
P (θ)dθ

+
∞∑
n=1

2e−
n2π2D⊥t

L2

∫ π

0

eD∥Q
2 cos2 θt [Q

2L2 cos2 θ(1− (−1)n cos (QL cos θ))]

(n2π2 −Q2L2 cos2 θ)2
P (θ)dθ

] (7)

Molecular dynamics simulations

The interactions between atoms were described using clayFF force field for the clay.38 The

atoms interact via a Coulombic potential and a Lennard Jones potential, according to:
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Vij =
qiqj

4πϵ0rij
+D0,ij

[(
R0,ij

rij

)12

− 2

(
R0,ij

rij

)6
]

(8)

where qi is the partial charge of atom i and D0,ij and R0,ij energy and distance parameters

characteristic of couples (i,j). As for previous simulations on fluoro-hectorite systems,23,26

the charge of the octahedral magnesium was kept to 1.36 and the charge of apical surrounding

oxygen atoms was adjusted to -1.2825 in order to ensure the neutrality of the clay layers.39

The original water model used in clayFF is a flexible version of SPC.38,40 Despite the

fact that flexibility could play a role on energy exchanges between water and clay layers

which could affect the dynamics, we chose in previous studies to use the rigid model of water

TIP4P200541 because this water model yields accurate diffusion coefficients on a large range

of temperatures.23 In this case, the Lennard-Jones parameters for the interactions between

the clay oxygens and the fluid species (water and sodium ions) were taken to be the same

as between water and fluid species, without modifying the interactions internal to the clay

layers.

In order to study the effect of the force-field on the properties of the interlayer fluid, we

also performed simulations with the clayFF force-field modified by Ferrage et al.24 and the

flexible SPC water as in Michot et al25 . The authors used it in order to analyze time-of-

flight experiments on the same sample, in a very similar approach to ours, and showed very

good quantitative agreement with measurements. In this force-field, the R0,ij between the

fluid and the oxygen atoms of the clay surface were increased in order to fit better XRay

and neutron diffraction experiments.24

The simulations were done with the LAMMPS simulation package.42 The simulation box

contained four clay layers of 84 elementary cells each. 272 Na+ ions and 3217 water molecules

were equally distributed in the four interlayer spaces, corresponding to a negative cell charge

of -0.81 e and to a water content of 11.83 H2O per cation. An example of snapshot is given in

Figure S2 of SI. The vertical dimension of the box was fixed to 60.8 Å, which corresponds to

the average interlayer spacing of 15.4 Å of the bilayer state. The water content and interlayer
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spacing were chosen to be equal to the experimental values obtained by X-Ray diffraction

on a saponite of same charge.29 Periodic boundary conditions were used with electrostatic

interactions computed using Ewald summation.

After a phase of equilibration of 500 ps, 20 ns simulations were performed at the three

temperatures of interest, 255, 300 and 350 K in NVT ensemble. The timestep was 1 fs. The

temperature was maintained with a Nose-Hoover type thermostat, with a time constant of

1 ps.

From the trajectories, diffusion coefficients parallel to the clay layers could be obtained

from the slope of the horizontal mean-squared displacement (MSD) on a time interval be-

tween 300 ps and 9 ns where the MSD is linear, using:

D∥ = lim
t→∞

⟨x(t)2 + y(t)2⟩
4t

(9)

x(t) and y(t) refer to the displacements of a particle between 0 and t along x and y, and the

brackets to averages over all the atoms of a same type and the origins of times.

Assuming homogeneous distribution of HW atoms in the pore, diffusion coefficients per-

pendicular to the clay layers could be estimated by calculating the slope with time of the

Ψ(t) autocorrelation function:26,43

(
L

π

)2

ln < Ψ(t)Ψ(0) >= −D⊥t (10)

with

Ψ(t) =
√
2 cos

(
π
z(t)− zmin

L

)
(11)

where z(t) is the vertical position of the atom at time t and L = zmax − zmin, zmax and zmin

are the positions of the walls, i.e the positions in the interlayer where the densities of the

atoms cancel. Despite the hypothesis according to which the density is homogeneous in the

pore, the autocorrelation function defined above have already shown good linear behavior
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which suggests that the perpendicular diffusion coefficient thus calculated is a reasonable

parameter to describe on average the motion perpendicular to the clay layers.26

Similarly, incoherent scattering functions S(Q, t) could be calculated using the expression

of the autocorrelation function:

S(Q, t) = ⟨eiQ.r(t)e−iQ.r(0)⟩ (12)

where r(t) is the position of the atom at time t. In this case, the brackets refer to averages

over all the atoms of a same type and the origins of times, but also to averages over various

orientations of the wavevector Q. In order to compare with the experiments made with

oriented samples, Q was chosen to be parallel (or perpendicular) to the clay layers. In order

to take into account sample mosaicity, S(Q, t) was averaged over more than one hundred

random orientations of Q chosen in such a way that the angles between Q and XY plane (or

Z axis) satisfy the Gaussian distribution P (θ) of equation 6. It was checked that increasing

the number of orientations did not affect the S(Q, t) curves.

Results

Diffusion parallel to the clay layers at T=300 K

Firstly, experimental S∥(Q, t) were fitted with equation 5. The fraction of immobile H

atoms, corresponding to an hydration state of 11.83 H2O per cation, is 0.17, in between the

fitted values of B going from 0.11 to 0.22. However, the observed dispersion between the

experimental plateau values at high times (figure 4) could not find a satisfactory explanation.

The exponent β was found to be equal to 1 for Q = 0.2 and Q = 0.3 Å−1 and 0.95 for Q = 0.6

Å−1 (however β=1 also gives a very good fit). 1/⟨τ⟩ as a function of Q2 is plotted on figure

3.

As usually observed in this type of systems, the slope of 1/⟨τ⟩ decreases with Q2. Fitting
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Figure 3: Inverse of averaged relaxation time as a function of Q2 obtained by fitting experi-
mental S∥(Q, t) with equation 5. Points: NSE experiment, solid line: jump-diffusion model.

experimental 1/⟨τ⟩ by the widely used jump-diffusion model:

1

⟨τ⟩
=

DQ2

1 +DQ2τ0
(13)

leads to a value of D=8.3±0.3.10−10 m2.s−1 and τ0=12±3 ps. As mentioned in the previous

section, this time strongly depends on the resolution of the apparatus25,33,34 which makes it

difficult to comment and compare with the literature. In the present study, the determined

⟨τ⟩ is correct at low Q and could be overestimated at large Q = 0.6 Å−1 as the fastest water

molecules are outside of the accessible times with IN15 on this lengthscale. This introduces

an error on the determination of τ0 but also on the diffuson coefficient D, both depending

on the curvature of this curve.
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On the other hand, the simulations allow calculating directly the translational diffusion

coefficient parallel to the layers D∥ with equation 9. However, it was already shown that

simulations are often not in quantitative agreement with experiments. For example, simula-

tions performed with clayFF and both SPCE and TIP4P2005 water models were found to

overestimate water diffusion coefficients in other types of clays.23,26,44 It is also the case here,

as shown on figure 4 where experimental and simulated S∥(Q, t) are compared.

Figure 4: Comparison of experimental and simulated S∥(Q, t) having undergone the trans-
formation of equation 14, at T = 300 K for TIP4P2005/clayFF (left) and SPC/clayFFmod
(right). Black: Q=0.2 Å−1, red: Q=0.3 Å−1, blue: Q=0.6 Å−1. Circles: NSE experiments.

Although both force fields overestimate the diffusion (the relaxation times are smaller

than experimental ones), the flexible SPC with modified clayFF force-field gives much better

agreement with experiment. Let us note that in this figure, simulated S(Q, t) have undergone

some transformations to be directly comparable with the experiments. Indeed, short-time

dynamics, responsible for the factor A in equation 5 can be different between experiment

and simulations: it depends on the water model and its accuracy to capture local water

motions (for example, TIP4P2005 model is a rigid model and cannot account for vibrations).

Moreover, simulated S(Q, t) do not account for immobile clay hydrogens and the B value of

the plateau must be added artificially to the simulated data. As a consequence, simulated
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S(Q, t) have been transformed so that the plateaus at very short times and very long times

are the same as the experiment for each Q value. To do so, experimental and simulated

S(Q, t) were first fitted with equation 5 to get Aexp, Bexp and Asim (Bsim=0). Then the

following transformation was applied to Ssim(Q, t):

Snew
sim (Q, t) =

(Aexp −Bexp)

Asim

Ssim(Q, t) +Bexp (14)

As expected, Snew
sim given on figure 4 tend towards Aexp at short times and towards Bexp at

high times. Thus the relaxation times can be directly compared.

In order to quantify now the differences in relaxation times between the experiment and

the simulations, a further transformation was applied to simulated Snew
sim (Q, t): the times

were multiplied by a factor in order to shift the simulated points towards higher relax-

ation times, corresponding to a slower dynamics. Thus, the dynamics had to be slowed

down by a factor 1.67 and 1.11 for TIP4P2005/clayFF and SPC/ClayFFmod respectively

in order to fit the experimental S(Q, t). The transformed Ssim(Q, t) are given on figure

5 together with the experimental data. As soon as the simulated relaxation times are

corrected, they fit remarkably well, which shows that the shapes of the experimental and

simulated curves are very similar. As the diffusion coefficients obtained by MSD calcula-

tions (equation 9) are D=14.9×10−10 m2.s−1 and 9.87×10−10 m2.s−1 for TIP4P2005/clayFF

and SPC/clayFFmod respectively, the multiplicative factors obtained on the relaxation

times can be used to calculate undirectly the experimental parallel diffusion coefficient:

Dexp = DTIP4P/1.67 = DSPC/1.11 = 8.9.10−10 m2.s−1. It is not so far however above the

error bar of both the value determined using jump diffusion (by 7%) and the value using the

simple diffusion with Q=0.2 Å−1 (by 12 %). We underline that the simple models applied on

the experimental value do not directly give D∥ due to the mosaicity. According to Equation

7, which takes into account D⊥ (lower than D∥), Dexp underestimates D∥ by less than 3%.

Dexp estimated with MD is thus rather consistent with the experimental value.

Table 1 summerizes the values of the parallel diffusion coefficients obtained from NSE
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Figure 5: Comparison of experimental and transformed simulated S∥(Q, t) after the rescaling
of the relaxation times, at T = 300K for TIP4P2005/clayFF (left) and SPC/clayFFmod
(right). Black: Q=0.2 Å−1, red: Q=0.3 Å−1, blue: Q=0.6 Å−1. Circles: NSE experiments.

and simulations. For the simulations, Dbulk is the diffusion coefficient of water corrected

from the box size effect.45 A formula exist to correct the diffusion coefficient calculated in

slit pores from box size effects.46 Even if its validity can be questioned in the case of very

confined water, it was used to estimate the box size correction, which was found to be about

1% of the diffusion coefficient and was thus neglected.

Note that the value of 9.87×10−10 m2.s−1 obtained for SPC/clayFFmod is about 30%

higher than the value obtained by Michot et al.25 with the same force field. This difference

comes probably from the fact that their trajectories were much shorter (400 ps maximum),

which can affect the statistics and the determination of diffusion coefficients at long time.

As SPC overestimates Dbulk, the characteristics of the slowing down of water in saponite

compared with the bulk is analyzed with the ratio D∥/Dbulk. It shows that water dynamics

is more impacted by the presence of the clay in the case of SPC/ClayFFmod than both in

the experiment, and with the simulations with TIP4P2005/clayFF.
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Table 1: Diffusion coefficients in the clay D∥, in the bulk Dbulk and ratio determined from
the two types of simulations and NSE experiments.

D∥ (10−10 m2.s−1) Dbulk (10−10 m2.s−1) D∥/Dbulk

TIP4P2005/clayFF 14.9 24.9 (ref47) 0.60
SPC/clayFFmod 9.87 33.3 0.30
NSE experiment 8.9 24 (ref48) 0.37

Diffusion perpendicular to the clay layers

S⊥(Q, t) should theoretically tend towards a plateau higher than the proportion of immobile

clay hydrogen: this plateau should increase when Q decreases, which corresponds to the fact

that at high distances of observation the bounded water H atoms are seen as immobile.49

Because of the mosaicity of the sample however, measured S⊥(Q, t) are to some extent

sensitive to the unbounded diffusion parallel to the clay layers. As a consequence, like

S∥(Q, t), experimental S⊥(Q, t) decrease towards the proportion of immobile H constitutive

of the clay layers (see figure 7). The influence of the parallel diffusion on the tail of S⊥(Q, t) is

shown in the Figure S3 in SI as a function ofQ and ∆θ. A more complex model than Equation

5 should therefore be used to fit S⊥(Q, t) in order to get meaningful fitting parameters. In

addition, although equation 5 fitted S∥(Q, t) very well, it fits experimental S⊥(Q, t) very

badly. Moreover, the estimation of the plateaus at small and high times is hazardous, thus

it is not easy to transform S⊥(Q, t) to match the experimentla curves as closely as possible.

Hence, we found simpler to evaluate the sensitivity of S⊥(Q, t) to D⊥ by using the two-

diffusion model of equation 7 with the experimental value of D∥ deduced in the previous

section (89 Å2/ps) and ∆θ = 10◦. In the model, L=7.3 Å was taken as the width of the

pore, evaluated from the H distributions calculated with TI4P2005/clayFF given on figure 10.

In figure 6, modelled S⊥(Q, t) at Q = 0.6 Å−1 are compared with experimental S⊥(Q, t)

for several values of D⊥. As the modelled S⊥(Q, t) start from 1 and go to 0 (no short

time dynamics, no immobile H atoms), the modelled curves were transformed according to

Snew
mod = (A−B)Smod +B. For each curve from the model, A and B were calculated in order

to minimize the difference between the whole set of modelled and experimental points, using
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the least squares method. D⊥ values have been chosen in order to vary the ratio D⊥/D∥

between 0 and 1.5, which clearly changes the shape of S⊥(Q, t).

Figure 6: Comparison of experimental S⊥(Q, t) (circle) and the best transformed Smod
⊥ (Q, t)

(see text for details) for Q = 0.6 Å−1, L=7.3 Å, ∆θ = 10◦, D∥ = 8.9 × 10−10 m2.s−1 and
D⊥/D∥= 0, 0.25, 0.5, 0.8, 1.0, 1.2 and 1.5.

The best fit between modelled and experimental S⊥(Q, t) was obtained for D⊥/D∥=0.5,

which means that the diffusion of water perpendicular to the clay layers is about half the

parallel one. D⊥/D∥=0.8 is satisfactory but D⊥/D∥=0.5 is better. When D⊥ is further

increased, it is more and more difficult to fit at the same time the decreasing of S⊥(Q, t) and

the value of the plateau at high times (blue curve). As a result, the relaxation times become

too small. On the other hand, when D⊥ is too small, it is more and more difficult to fit at

the same time the decreasing of S⊥(Q, t) and the value of the plateau at small times (pink

curve). As a result, the relaxation times become too high. Let us note that D⊥/D∥=0.5
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also provides very good agreement between experimental data and the model for Q = 1.0

Å−1 (figure 7). The agreement is less good for Q=1.2 Å−1 but the experiment is very noisy

and for high values of Q, describing the motions of HW by a simple translational diffusion

becomes a risky simplification.

Finally, we checked that changing the mosaicity ∆θ by ±5◦ and L by 0.3 Å (L=7 Å is

found by analyzing the H densities with SPC/clayFFmod, see figure 10) did not alter the

results of the fits and the final value for the best agreement between model and experiment:

D⊥/D∥=0.5.

Figure 7: Comparison of experimental and modelled S⊥(Q, t) with D⊥/D∥=0.5 at T=300K.
Black: Q = 0.6 Å−1, red: Q = 1.0 Å−1, blue: Q = 1.2 Å−1. Solid line: model, circles: NSE
experiments.

Along with this analysis, D⊥ was calculated from simulations according to equation 10.

As autocorrelation functions of Ψ are rather noisy after 250 ps, D⊥ was calculated from the
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linear part of the correlation function between 100 and 200 ps (see Figure S4 in SI). From

the H densities along z (Figure 10), values of 7.0 Å and 7.3 Å were taken for L in SPC and

TIP4P2005 cases respectively. The determined D⊥ were found to be equal to 5.2.10−10 and

7.4.10−10 m2.s−1 for SPC/clayFFmod and TIP4P2005/clayFF force fields respectively. It

corresponds to ratios D⊥/D∥=0.53 and 0.50, that both agree very well with the value given

by the model fitted on experimental data. In conclusion, the slowing down of water diffusion

in the direction perpendicular to the clay layers compared to the diffusion parallel to the

layers is the same for experiments and simulations.

Evolution with temperature

Experimental S(Q, t) were analyzed in the same way for the temperatures T=255 and 350 K.

Simulated S∥(Q, t) were transformed to retrieve experimental plateaus at small and high

times. They are given on figure 8.

At T = 255K, both force fields overestimate the dynamics, but SPC/clayFFmod is in

much better agreement than TIP4P2005/clayFF. The calculated D∥ obtained from MSD

calculations give D = 4.83 × 10−10 and 2.32 × 10−10 m2.s−1 for TIP4P2005/clayFF and

SPC/clayFFmod respectively. Then the dynamics had to be slowed down by a factor 3.12

and 1.50 to retrieve experimental S∥(Q, t) (see Figure S5 in SI). Hence parallel Dexp can be

estimated by Dexp = DTIP4P/3.12 = DSPC/1.50 = 1.55× 10−10 m2.s−1.

At T = 350K, TIP4P2005/clayFF overestimate the water diffusion, although SPC/clayFFmod

underestimates it. MSD calculations give D = 30.1 × 10−10 and 23.7 × 10−10 m2.s−1 for

TIP4P2005/clayFF and SPC/clayFFmod respectively, and the multiplicative factors were

found to be 1.13 and 0.89, leading to Dexp = DTIP4P/1.13 = DSPC/0.89 = 26.5 × 10−10

m2.s−1.

All these diffusion coefficients are reported in table 2 for the three temperatures. Acti-

vation energies were obtained from the slope of lnD as a function of 1/T (see Figure S6 in

SI).
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Figure 8: Comparison of experimental and transformed simulated S∥(Q, t) at T=255 K (left)
and T=350 K (right) with TIP4P2005/clayFF (top) and SPC/ClayFFmod (bottom). Black:
Q = 0.2 Å−1, red: Q = 0.3 Å−1, blue: Q = 0.6 Å−1. Solid line: simulations, circles: NSE
experiments.

To conclude on the diffusion parallel to the clay layers, TIP4P2005/clayFF is in worse

agreement with experiment than SPC/clayFFmod, except for T=350 K. The activation

energies must be compared to the ones obtained in bulk water. The latter were calculated

in the range of temperature [270 K,350 K] where water is expected to be liquid. Indeed, at

lower temperatures, supercooled water has been studied however its behaviour differs from

bulk water.50 Anyway, although flexible SPC water gives for bulk water D and Ea much

further from real value than TIP4P/2005, the shift ∆Ea = Ea − Ea(bulk) is much closer to
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the experimental value. This is not the case with TIP4P2005/clayFF for which a negative

∆Ea has been calculated.

Table 2: D∥ (10−10 m2.s−1) at the three temperatures measured in the NSE experiments,
both calculated and measured; Activation energy Ea (kJ/mol) for the clay and for the bulk,
as well as the shift ∆Eabetween both (kJ/mol).

D∥ 255 K D∥ 300 K D∥ 350 K Ea (clay) Ea(bulk) ∆Ea

TIP4P2005/clayFF 4.83 14.9 30.1 14.3 17.4 -3.1
SPC/clayFFmod 2.32 9.87 23.7 18.2 13.5 4.7
NSE experiment 1.55 8.9 26.5 22.3 17.6 4.7

D⊥ were calculated at T = 255 K using equation 10. The ratio D⊥/D∥ was found to

be equal to 0.33 and 0.39 for TIP4P2005/clayFF and SPC/clayFFmod respectively. These

ratios were used to calculate S⊥(Q, t) with the two-diffusion model, that were compared

with experiment. As seen on figure 9, the model with the simulated D⊥/D∥ is in good

agreement with experiment, with a slightly better agreement with the ratio 0.39 found with

SPC/clayFFmod for Q = 0.6 Å−1.

Figure 9: Comparison of experimental and modelled S⊥(Q, t) at T=255 K at Q = 0.6 Å−1

(left) and Q = 1.0 Å−1 (right) for D⊥/D∥=0.33 (black line) and D⊥/D∥=0.39 (red line).
Circles: NSE experiments.

An activation energy for D⊥ can be calculated from these two temperatures. The result
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are 21.8 kJ/mol and 24.7 kJ/mol for TIP4P2005/clayFF and SPC/clayFFmod respectively,

that is to say about 7 kJ/mol higher than activation energies found for D∥ whatever the

force field. It is not surprising considering the electric fields perpendicular to the clay layers

generated by the negative charge of the surfaces, which orientate the water molecules with

their H towards the surface. In order to diffuse along the z direction, a water molecule must

overcome the action of this field, which is added to the other interactions, between water

molecules among others.

Discussion

The analysis of the experimental data in the light of the results given by molecular sim-

ulations allowed us to calculate diffusion coefficients of water in bihydrated saponite for

several temperatures. The comparison with the simulated data leads to the conclusion that

SPC/ClayFFmod force field is in much better agreement with neutron data, even if the

ratios D⊥/D∥ are close for both force fields.

In this section, we are more interested in explaining the evolution of the parallel diffusion

coefficients with temperature on the basis of the differences observed between both force

fields.

Despite the two water models which are different, the difference between the two force

fields is the size of the surface oxygen atoms which has been increased by 7 % in clayFF-

mod. As a result, the fluid atoms are a bit more repelled from the surface, as seen on the

atomic OW distributions of figure 10, and then a little more confined, what could possibly

contribute to a slight decrease of the dynamics. However the main difference between the

distributions concerns sodium cations: although they are mostly completely hydrated in the

case of SPC/clayFFmod, they mostly stick to the surface in the case of TIP4P2005/clayFF,

attracted by the negative substitutions located at the surface of the clay. As a consequence

the self-diffusion of sodium cations is four times less with TIP4P2005/clayFF force field
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(5.0 × 10−11 m2.s−1) than with SPC/clayFFmod (2.0 × 10−10 m2.s−1).

Figure 10: Distributions of mobile species in saponite interlayers. Left: water atoms (OW
in black, HW in red). Right: Na+ atoms. Solid lines: TIP4P2005/clayFF force field, dashed
lines: SPC/ClayFFmod force field. The positions of the oxygen surface atoms are indicated
by vertical black solid lines.

In order to study in more detail the effect of cations on water dynamics, we analyzed

molecular dynamics parallel to the clay layers by differentiating water molecules inside and

outside cation hydration spheres. To do so, radial distribution functions gNaOW between

sodium ions and water oxygens were calculated. Following the methodology proposed in

ref,51 we were able to calculate the residence time of water molecules inside (τ0 for state 0,

”bonded”) and outside (τ1 for state 1, ”free”) cations hydration spheres. These times are

the characteristic decays of the presence probabilities Pi(t) plotted in Figure 11. They are

close for both force fields (τ0=47 or 60 ps; τ1=83 or 95 ps), which is consistent with the

rather similar cation/water interaction for both force fields. We can check that the fraction

of time spent by a water molecule in state 0 ( τ0
τ0+τ1

= 0.39 for SPC/ClayFFmod and 0.36 for

TIP4P2005/clayFF) is approximately equal to the proportion of water molecules in that state

on average. Indeed the average over the trajectories gives a population of ”bonded” water

molecules equal to N0

N0+N1
= 0.42 and 0.38 for SPC/ClayFFmod and TIP4P2005/clayFF
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respectively. Over the timescale of the decay of the Pi(t) functions, it was therefore possible

to determine diffusion coefficients from the calculated parallel mean-squared displacements as

a function of time t for the molecules staying in state 1 during time t (see SI for methodology

details). Given that N0 and N1 are greater than a thousand molecules, the estimation of the

MSD remains statistically satisfactory, even when Pi(t) are divided by 10, which explains the

observed clean linear evolution of MSD1 up to t = 200 ps. Therefore, diffusion coefficients

for water molecules outside the hydration sphere of cations (state 1) could be calculated on

the linear part of MSD1(t), between 100 and 200 ps. They are given in the table 3 and

commented later in the text.

As seen on figure 11 however, it is not possible to properly calculate a self-diffusion for

”bonded” water molecules fromMSD0(t) because MSD0 bends with time. It can be compared

to the MSD of the cations (inset of Figure 11). The bonded water molecules should diffuse

as the cations on long timescales, which appears reasonable in the range 150-200 ps with

SPC/ClayFFmod, while the diffusion of water appears quicker than the one of cations with

TIP4P2005/clayFF. The timescale may nevertheless be too short however MSD cannot be

calculated beyond 200 ps due to the bad statistics in this regime. On the short times, faster

water molecules could increase MSD’s slope before leaving the hydration sphere, i.e. state

0. Moreover the small value of MSD0 reached at 200 ps (less than 8 Å2) can also represent

local moves, like the ones of water confined within the hydration sphere of an immobile

cation adsorbed to a tetrahedral substitution of the surface. Although precise quantitative

conclusions are difficult to draw for state 0, it can be concluded that the diffusion of these

water molecules is tightly linked to the one of the cations.

The strong effect of the adsorbed cations on water dynamics can be confirmed by compar-

ing simulated data obtained with the same force field, TIP4P2005/clayFF, for two different

clays, saponite and hectorite. The hectorite formula is Si8Mg5.2Li0.8O20(OH)4Na0.8nH2O for

the half unit cell. The only difference with saponite is the location of the negative substi-

tutions: they are located at the tetrahedral sheet for saponite (Si4+ is replaced by Al3+),
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Figure 11: Presence probabilities Pi(t) (in percents) and parallel mean-squared displacements

MSDi(t) =
⟨x2+y2⟩

2
of water molecules belonging (state 0) or not belonging (state 1) to cation

hydration spheres. Blue: P0(t), green: P1(t), black: MSD0(t), red: MSD1(t), yellow: MSD
of Na+, Solid line: TIP4P2005/clayFF force field, dashed line: SPC/ClayFFmod force field.

and in the octahedral sheet of the clay layer for hectorite (Mg2+ is replaced by Li+). The

substitutions are thus in the middle of the sheets for hectorite and closer to their surfaces

for saponite. The negative substitution being further from the fluid in the case of hectorite,

cations are less attracted by the surface and then fully hydrated (see Figure S8 in SI). Com-

parison between the two clays makes it possible to study the effect of the location of the

cations, by overcoming the difference in force fields. MSD0(t) and MSD1(t) are plotted for

the two clays on figure 12.

Unlike saponite, the linear evolution of MSD0(t) in hectorite allows to calculate a diffusion
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MSDi(t) of water molecules belonging (state 0) or not belonging (state 1) to cation hydration
spheres. Blue: P0(t), green: P1(t), black: MSD0(t), red: MSD1(t). Solid line: Saponite,
dashed line: Hectorite. In both cases, the force field used is TIP4P2005/clayFF.

coefficient for ”bonded” water molecules from the slope of the linear part of MSD0(t): one

finds D0 = 5.4 × 10−10 m2.s−1, which is very close to the diffusion coefficient of Na+, 5.2

×10−10 m2.s−1. We can see that the model works well in this case, probably because only

one rather mobile population of Na+ is present in hectorite, whereas two types of cations in

saponite give rise to several populations of waters as well, which complicates the analysis.

The development of a model separating, within state 0, molecules linked to mobile cations

and immobile cations would make it possible to refine the interpretation. Nevertheless, given

the close link between the behavior of ”bonded” water and that of cations, we believe that
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the study of ”free” water on the one hand and that of cations on the other, already gives us

valuable information for exploring activation energies.

Looking at water molecules in state 1 now, we see on figure 11 that they diffuse much

faster in saponite with TIP4P2005/clayFF than with SPC/clayFFmod: the self-diffusion

coefficient obtained from the slope of MSD1(t) is 23 ×10−10 m2.s−1 with TIP4P2005/clayFF

(very close to the bulk value) and 15 ×10−10 m2.s−1 with SPC/clayFFmod. As a consequence

the average water diffusion coefficient is higher with the former force field than with the latter

as shown in the previous section.

Here again, comparison with hectorite is useful to understand the origin of these dif-

ferences. Although the force field is the same (TIP4P2005/clayFF), water molecules in

state 1 diffuse significantly slower in hectorite (D1 = 12 × 10−10 m2.s−1) than in saponite

(D = 23 × 10−10 m2.s−1). The fact that the majority of the counterions are adsorbed on

the surface of saponite seems to play a crucial role on dynamics of ”free” molecules. Several

explanations can be found: 1) The cations adsorbed on the surface in saponite hide the

negative charge of the clay surface, then water molecules are less polarized by the surface/

have less interactions with the surface. 2) The cations located in the middle of the interlayer

space in hectorite act like obstacles that disrupt the H-Bond network and slows down the

diffusion of ”free” water molecules.

A calculation of the average number of hydrogen bonds formed with the clay surface

(with the criterion used by Luzar and Chandler52) showed that about 43 % of the water

molecules in saponite form one H-bond with the surface, versus 49 % in hectorite. Although

this difference could partly explain the slowing down in hectorite, a detailed study of the

strength of these H-bonds could help and it is probable that the diffusion process of ”free”

water molecules is significantly changed by the location of the cations too.

Diffusion coefficients of cations and ”free” water molecules (state 1) in saponite are

reported in table 3 for the three studied temperatures for both force fields, together with the

activation energies.
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Table 3: Diffusion coefficients of the cations D∥(Na
+) and of the free water molecules D1

(water in state 1) in saponite calculated with the two force fields at different temperatures.
The resulting activation energies are given.

Temperature 255 K 300 K 350 K
D∥(Na

+) (10−10 m2.s−1) Ea (kJ/mol)
TIP4P2005/clayFF 0.12 0.50 1.35 18.9
SPC/clayFFmod 0.38 2.0 5.7 21.2

D1 (10−10 m2.s−1) Ea (kJ/mol)
TIP4P2005/clayFF 9.66 23.1 40.2 11.2
SPC/clayFFmod 4.68 14.8 29.5 14.4

For SPC/clayFFmod, Ea of ”free” water molecules (14.4 kJ/mol) is a bit higher than Ea

of bulk water (13.5 kJ/mol). Counterions have a much higher activation energy. As stated

in previous work,26 the higher activation energy of the whole water in the intelayer space is

then mostly due to the water molecules located in the hydration spheres of the cation. For

TIP4P2005/clayFF, the activation of ”free” water molecules is very low compared to the

bulk one (11.2 kJ/mol versus 17.4 kJ/mol). It explains why the activation energy of water

is on average lower in saponite than in the bulk despite the higher activation energy of the

cations. The diffusion mechanism and its activation energy being mostly related to the H-

bonds network rearrangements,35 we calculated the total number of hydrogen bonds formed

by ”free” water molecules with other water molecules and surfaces. We assume that the more

and the stronger H-bonds a water molecule forms, the more difficult will be its diffusion.

In fact, the number of H-bonds formed with other molecules was found to be very similar

for both force fields. Moreover, around 20 % more hydrogen bonds were found between

”free” water molecules and the surface with TIP4P2005/ClayFF, which goes in the opposite

direction of our assumption. Hence, no clear explanation appears for this low activation

energy. A more detailed study of the dynamics of hydrogen bonds according to the type of

water (bonded/free) and of their strength could probably allow to explain these differences.35

The activation energies of the different interactions contributing to water diffusion could be

calculated using ref53 which could help to explain the discrepancies between the force fields

and to better define the origin of the higher experimental activation energy.
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Conclusion

Water dynamics has been studied in an anisotropic confining medium constituted by the

bilayer state of a swelling saponite synthetic clay. Water is thus confined between two nega-

tively charged planes surrounded by sodium cations. Thanks to the use of a macroscopically

oriented film of clay, the dynamics of water has been analyzed perpendicular and parallel

to the solid/liquid interfaces. Neutron Spin Echo (NSE) experiments are associated with

Molecular Dynamics (MD) simulations in order to extract information linked to the role of

cations, the dynamics of which on these time and length scales can only be calculated. Two

sets of force fields have been used for water and clays in MD calculations.

The experimental and calculated diffusion coefficients paralell to the clay planes (D∥)

can be directly compared. The best agreement is obtained with the calculations done with

SPC model for water and modified ClayFF for the clay24 whatever the temperature between

255 K and 350 K. The slowing down in the diffusion coefficient perpendicular to the clay

layers (D⊥) is also in good agreement between these simulations and the experiments.

For both force fields used, (i) the water around the cations is slowed down more than

water outside the hydration spheres, (ii) this type of water is responsible for the increase in

the activation energy of the diffusion processes, (iii) the diffusion of water around the Na+

cation is similar. In contrast, the location of the cations in the interlayer space differs and

this seems to have the most important impact on water dynamics. The hydrated cations

located in the middle of the interlayer space seem to constitute obstacles that inhibit ”free”

water diffusion more than when they are located close to the surface. Further investigations

are needed to calculate the individual contributions of the different energy terms (Lennard-

Jones, electrostatic, kinetic energy) to the overall activation energy of the diffusion process.53

Supplementary information

This file contains additional figures and detailed explanations on model and simulations.
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