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Abstract—Investigation of the organization of interlayer water and cations in smectite is a permanent
topic in clay science for environmental science, civil engineering, materials science, and industrial
applications. Experimental X-ray (or neutron) diffraction methods and molecular simulations are key
techniques to probe the organization of the smectite structure at a similar molecular length scale. The
combination of both of these experimental and numerical methods represents a complementary approach to
reveal the structural heterogeneity of real samples, design and model a wide range of smectite structures,
and validate the simulation results through comparison with experimental data.

This paper first revisits establishment of the original interlayer model as developed in the 1930s for the
organization of water and ions in the smectite structure using X-ray diffraction (XRD) techniques. Then,
based on a simplified approach, key theoretical tools are provided to calculate XRD pattern 00/ reflections
for a periodic smectite structure with a wide range of interlayer compositions and organizations using
conventional spreadsheet software. In addition to educational purposes, this theoretical description is used
to describe the principal parameters governing the positions and intensities of experimental XRD 00/
reflections. This calculation toolbox is also used to determine better the layer-to-layer distances considered
in molecular simulations and to validate these simulations through a detailed collation procedure using
experimental data.

Recent examples of the application of such a procedure to collate experimental diffraction data and
molecular simulations are presented for the specific case of deciphering the molecular organization of
interlayer water and cations in the different smectite hydrates (mono-, bi-, and tri-hydrated layers). The
extension of this approach to the interlayer refinement of organo-clays is also detailed, and perspectives
regarding the characterization of other lamellar compounds are discussed.

Key Words—Interlayer Ion Organization, Interlayer Water Organization, Molecular Simulation,
Neutron Diffraction, Smectites, X-ray Diffraction.

INTRODUCTION

Smectites are ubiquitous clay minerals in Earth’s
surface environments, where the minerals display a wide
range of crystal-chemistry properties. The crystal
structure is composed of a 2:1 layer consisting of an
octahedral sheet (with AP, Mg2+, Fe", Fe*', and Li",
among others) sandwiched between two opposing
tetrahedral sheets (with Si*, AI**, and Fe**, Figure 1;
Brigatti et al., 2006). Isomorphic substitutions in both
the tetrahedral or octahedral sheets induce a permanent
layer charge deficit, compensated by the presence of
exchangeable cations in the interlayer space. The high
cation exchange capacity and minute crystal size of
smectites leads to a high specific surface area and the
pivotal role that smectites play in controlling pollutant
behavior in natural media (Tertre et al., 2011a; Akai et
al., 2013; Dzene et al., 2015; and references therein).
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This sorption property also makes smectite a promising
natural buffer to inhibit the migration of pollutants in
disposal facilities for hazardous wastes worldwide
(including high-level activity nuclear wastes; Madsen,
1998; Gates et al., 2009).

The hydration properties of the interlayer cations are
also responsible for the well known stepwise expansion
of the layer-to-layer distance (i.e. dgg;) in the smectite
structure with increasing water activity. This sequential
expansion is commonly described as resulting from the
incorporation of 1 to 3 planes of interlayer water
molecules (Figure 1), leading to the mono-hydrated
(IW, do()] = 11.8—12.9 A), bi-hydrated (2W, doo] =
14.5-15.8 A), and tri-hydrated (3W, dgo; =
18.0—19.5 A) states, in addition to the dehydrated state
(OW, doo1 = 9.6—10.7 A). The swelling/collapsing
behavior resulting from the hydration/dehydration pro-
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Figure 1. Schematized representation of crystal structure for the different smectite hydration states and the ranges of layer-to-layer

distances (dyo;): dehydrated state (dog; & 9.6—10.7 A), mono-hydrated state (dgo;

14.5—15.8 A), and tri-hydrated state (dgo; ~ 18.0—19.5 A).

cess is the underlying mechanism of numerous problems
in civil engineering and soil science. This behavior is
related to the shrinkage effect, which can generate
additional preferential pathways for water/contaminant
transfer (Tessier et al., 1992; Harris et al., 1994; Vasseur
et al., 1995).

In light of the aforementioned environmental con-
siderations, the organization of interlayer water and ions
in smectite was studied as early as the 1930s, with the
emergence of the X-ray diffraction (XRD) technique
(Hendricks and Fry, 1930; Hofmann et al., 1933). In the
early 1990s (Skipper et al., 1989, 1991; Delville, 1991,
1993), this structural characterization also benefited
from the development of classical molecular simulation
methods. These methods typically take the form of
molecular dynamics (MD) or Monte Carlo (MC)
simulations. The most popular simulations are per-
formed in the microcanonical (NVE), canonical (NVT),
grand canonical (LVT), and isothermal-isobaric (NPT)
ensembles, in which the variables N, V, E, T, u, and P
represent the number of particles, volume, energy,
temperature, chemical potential, and pressure, respec-
tively (Cygan et al., 2009). These techniques have
provided a new level of detail in the characterization of
the interlayer organization of species in smectite as well
as the reactivity.

Currently, experimental diffraction experiments and
molecular simulations represent complementary methods
for the investigation of interlayer water and ion
organization in smectite. The XRD technique is parti-
cularly adapted for revealing the crystal structure
disorder and actual layer-to-layer distance under various
environmental conditions. Classical molecular simula-
tions can provide a more detailed picture of the
interlayer organization of water and ions compared to
XRD analysis, but require combination with experi-
mental data. This combination concerns both the choice
of layer-to-layer distance to perform the simulation and
potential confrontation of the computed interlayer model
with experimental data.
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In the scope of this special issue devoted to molecular
modeling in clay minerals, the present contribution
describes the methodology of combining diffraction
experiments and molecular simulations for an improved
description of interlayer water and ions in smectites. In
the first part, emphasis is placed on the less familiar
background of XRD studies of early smectite interlayer
structure models and the progress made in the quanti-
tative characterization of smectite hydration properties.
In the second part of the manuscript, a simplified
formalism is presented for the calculation of the XRD
pattern of 00/ reflections using conventional spreadsheet
software. The third section focuses on the methodology
of extraction from experimental XRD diffractograms of
the layer-to-layer distance to be used in molecular
simulations and on the generation of the theoretical
pattern of 00/ reflections from molecular simulation
results. In the fourth part of this paper, some applications
of the collation procedure between experimental and
numerical data are shown for different smectite struc-
tures. This combined approach is shown to improve the
description of interlayer configurations of water and ions
while providing a clear asset for the validation of
simulation results. Finally, some conclusions and
possible larger perspectives on the use of this methodol-
ogy are discussed for other lamellar compounds.

HISTORICAL PERSPECTIVE ON XRD STUDIES
OF THE HYDRATION AND INTERLAYER
STRUCTURE OF SMECTITES

In 1930, Hendricks and Fry (1930) were the first to
present the crystalline nature of montmorillonite extracted
from soil through the collection of an XRD pattern. The
first crystal structure description was proposed soon after
by Hofmann et al. (1933). These authors showed that few
XRD bands were unaffected by dehydration. In contrast,
one reflection was found to gradually migrate from 19.6
to 9.8 A. Based on the structural description of kaolinite
achieved just one year prior by Gruner (1932), Hofmann
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et al. (1933) concluded that the reflections that were not
impacted by dehydration in montmorillonite could be
assigned to hkO bands, whereas intercalation of liquid
water between the 2:1 layers was responsible for the
migration of the 001 reflection related to a uniaxial
swelling/shrinkage process.

In agreement with such a description, the successive
works of Nagelschmidt (1936) and Maegdefrau and
Hofmann (1937) also considered a smectite hydration
process for smectite as the sorption of n water
molecules. This structural description was, however,
significantly improved by Bradley et al. (1937), who
investigated the hydration of a Na'-saturated mont-
morillonite through the gradual migration of the 001
reflection from 9.6 to 21.4 A. These authors reported,
however, that the hydration process only slightly
impacted the XRD band located near 3 A.
Accordingly, these authors concluded that the hydration
process occurred in montmorillonite in a stepwise
manner, following the incorporation of n water planes.
The intercalation of these water planes, each formed by
6 H,O molecules per unit cell, was attributed to the
presence of discrete and well defined hydration states at
9.6, 12.4, 154, 184, and 21.4 A. Despite this novel
description, Bradley et al. (1937) noted that the crystal
structure was more complex than previously thought.
Bradley’s remark was related to the absence of two
respective 001 reflections at the transition between two
hydration states; instead, a significant broadening of the
001 reflection was observed.

Soon after the description of interlayer water
organization in terms of water planes, the work of
Hendricks and Jefferson (1938) rationalized the different
previous studies into a single and consistent structural
model for montmorillonite. These authors first noticed
that the interlayer model of Bradley er al. (1937) was
similar to that of Gruner (1934) obtained for vermiculite.
This latter author reported that the structure of
vermiculite was distinct from that of hydrobiotites or
chlorites, with the presence of 8 H,O molecules per unit
cell forming two planes of water molecules (4 H,O per
plane). On this basis, Hendricks and Jefferson (1938)
proposed that montmorillonite and vermiculite could
both be considered as swelling clay minerals, with
interlayer water forming a flat hexagonal network
(Figure 2). These authors reported that the high number
of H>O molecules per plane of water (i.e. 6 vs. 4 H,O per
unit cell for Bradley et al., 1937, and Hendricks and
Jefferson, 1938, respectively) in montmorillonite was
likely related to water sorption on the external surfaces
of the minute-sized smectite particles. Finally,
Hendricks and Jefferson (1938) discussed the antagon-
ism between the gradual hydration process described by
several authors (Hofmann et al., 1933; Nagelschmidt,
1936; Maegdefrau and Hofmann, 1937) based on the
gradual shift of the 001 reflection and the sequential
stepwise hydration mechanism originally proposed by
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Bradley et al. (1937). Hendricks and Jefferson (1938)
proposed that in the specific case of a crystal that
contains layers with different numbers of water planes,
the resulting 00/ XRD reflections would present a
narrow reflection at 3 A and a broader 001 reflection
that could be only described as intermediate with an
apparent d-spacing between those expected for homo-
geneous structures. Such a short description reconciled
the different studies that had been performed until that
time and paved the way for further studies on the
diffraction of mixed-layer clay minerals (Hendricks and
Teller, 1942; Méring, 1949; among others).
Interestingly, although the foundations of the inter-
layer water organization and hydration process in
montmorillonite were laid in 1938, the exact positions
of cations compensating the layer charge of the 2:1
layers were still debated. Soon after the description of
the first structural model of montmorillonite by
Hofmann et al. (1933), Hofmann and Bilke (1936) and
later Gieseking (1939) proposed that the compensating
cations in montmorillonite were located on the edges of
the particles. In contrast, other authors, such as Marshall
(1935) for montmorillonite and Gruner (1934) for
vermiculite, proposed a preferential location for cations
in the interlayer space of swelling clay minerals. To
resolve this question, Hendricks et al. (1940) combined
thermal analysis and XRD for montmorillonite saturated
with different cations. These authors showed that the
dehydration temperature was dependent on the cationic
nature and that such dehydration was systematically
accompanied by a change in the 001 reflection position.
This confirmed the presence of cations in the interlayer
space of montmorillonite while further indicating a
similar structural model for montmorillonite and vermi-
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Figure 2. Pioneer model of interlayer water plane organization
in a flat hexagonal network as proposed by Hendricks and
Jefferson (1938).
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culite. Moreover, Hendricks et al. (1940) proposed that
the interlayer hydration process was likely initiated by
the hydration of the interlayer cation, followed by the
sorption of additional water molecules for the comple-
tion of the hexagonal water network. Accordingly,
Hendricks et al. (1940) were the first to invoke the
presence of different types of water molecules in the
interlayer space of swelling clay minerals.

The study of Hendricks et al. (1940) paved the way
for a complete description of the heterogeneous and
multi-scale nature of the hydration process in smectite,
as was later proposed by Méring (1946) and remains
current (Figure 3). Méring (1946) indeed proposed that
montmorillonite hydration started by the hydration of the
external surface of smectite particles that had formed by
the juxtaposition of individual clay layers. This was
followed by the hydration of the interlayer cations and
then by filling the interlayer space with water molecules
based on the hydration heterogeneities, i.e. the coex-
istence of layers with different hydration states in the
same crystal was partly attributed by this author to the
irregular distribution of charges among the layers. At a
larger length scale and higher relative humidity, the
water uptake was also accompanied by water absorption
in the inter-particle porosity through a capillary con-
densation process (Figure 3; Méring, 1946).

In line with these previous works, many studies have
focused on the homogeneous vs. heterogeneous nature of
the hydration state in smectite as a function of the
relative humidity and temperature (Glaeser and Méring,
1954, 1968; Meéring and Glaeser, 1954; Pezerat and
Méring, 1958; Pezerat, 1967; Glaeser et al., 1967; Sato
et al., 1992, 1996; among others). These studies were
mainly performed through the analysis of XRD 00/
reflections due to the extreme disorder in the stacking
sequence of smectite layers. Note, however, that the
studies of Ben Brahim et al. (1983, 1984), based on
analysis of hk/ reflections, investigated the three-
dimensional organization of water molecules and cations
in the interlayer space of montmorillonite and beidellite
as well as the layer stacking modes. Additional works on
trioctahedral swelling clay minerals (e.g. vermiculite
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and saponite) have also shown an intimate relationship
between the interlayer cation, the cation hydration shell,
and the layer stacking mode (see the reviews by Suquet
and Pezerat, 1987; de la Calle and Suquet, 1988).

The analysis of smectite hydration heterogeneity also
benefited from theoretical developments in the consid-
eration of structural defects, such as the influence of
interstratification effects on the measured XRD peak
intensity and position (e.g. see Reynolds, 1989; Drits
and Tchoubar, 1990; Moore and Reynolds 1997;
Sakharov and Lanson, 2013, for a more detailed
description of the XRD profile calculation for defect
structures). This led to the development of quantitative
calculation routines devoted to the analysis of XRD
basal reflection profiles, such as NEWMOD (Reynolds,
1967, 1985), ASN (Sakharov and Drits, 1973; Sakharov
et al., 1982a, 1982b), BGMN (Bergmann and Kleeberg,
1998; Ufer et al.,, 2012), or, more recently, Sybilla
(Aplin et al., 2006), among others. The development of
these routines allowed for the modeling of experimental
XRD basal reflections that in turn provided quantitative
insights into the nature, composition, and amount of
different layer types which coexist in the smectite
structure, as well as the mean crystal size in the
direction normal to the layers. For instance, Moore and
Hower (1986) showed that dehydrated and mono-
hydrated layers could coexist in an ordered stacking
sequence in Wyoming montmorillonite. For the same
smectite, Cases et al. (1992, 1997) and Bérend et al.
(1995) showed that three different types of layers could
coexist in the same sample. Other quantitative studies on
hydration heterogeneities in smectite have focused on
the influence of many parameters, i.e., the influence of
cation nature (Cases et al. 1992, 1997; Bérend et al.,
1995; Cuadros, 1997; Ferrage et al., 2005a, 2005b,
2007a; Dazas et al., 2014), temperature (Ferrage et al.,
2007b), heteroionic interlayer chemistry (Iwasaki and
Watanabe, 1988; Ferrage er al., 2005c; Tertre et al.
2011b; Lanson et al., 2015), relative humidity (Cases et
al. 1992, 1997; Bérend et al., 1995; Ferrage et al.,
2005a, 2007a, 2010; Dazas et al., 2013, 2015), layer
crystal chemistry (Calarge ef al., 2003; Christidis and
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Figure 3. Schematized representation of the multi-scale organization of porous smectite media as proposed by Méring (1946).
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Eberl, 2003; Ferrage et al., 2007a, 2010; Dazas et al.,
2013, 2015), and compaction (Holmboe et al., 2012) on
the proportion and composition of the different hydrates.

THEORETICAL BASIS FOR CALCULATING THE
00/ REFLECTIONS IN SMECTITE XRD
PATTERNS

The quantitative studies mentioned above performed
using XRD modeling of basal reflection positions and
profiles all demonstrated that hydration heterogeneity is
the rule for smectite. Irrespective of the XRD analysis
conditions or the sample considered, few smectites
consist of 100% of one type of layer. Moreover, these
studies confirmed the previous interpretation regarding
the restricted range of layer-to-layer distances for the
different hydrates (Figure 1) even though the first
reflection could gradually migrate on the experimental
pattern. This heterogeneous nature of the smectite
structure has noticeable implications for the design of
molecular simulations. These simulations are indeed
most often performed considering a periodic structure,
i.e. a structure composed of layers having the same
layer-to-layer distance (or dyo; value). The structural
significance of the obtained experimental distance is,
however, complicated in the case where the smectite
structure exhibits hydration heterogeneity and/or thin
crystal sizes.

In this section, the different steps for calculating a
theoretical diffraction pattern with 00/ reflections to
compare with an experimental XRD diffractogram are
detailed for a periodic smectite structure using conven-
tional spreadsheet software. This simplified theoretical
description was envisioned with three main objectives in
mind. First, the description of homogeneous hydration
states shown below allows XRD pattern 00/ reflections
to be calculated using conventional spreadsheet software
and simplified descriptions of interlayer models. Thus,
the calculations can be used for educational purposes to
assess the sensitivity of XRD 00/ reflection intensities
for a wide range of interlayer compositions and
organizations. Second, the theoretical background will
be used in the next section to describe how different
parameters (hydration heterogeneity, crystallite size
effects) can complicate the extraction of true dy; values
and potential ways to overcome this limitation. Third,
the theoretical background detailed below provides
information to calculate the theoretical pattern profile
of 00/ reflections from simulations for comparison with
experimental XRD data in order to validate interlayer
molecular models.

Basics for calculating an XRD pattern 00l reflections
for a homogeneous smectite structure

In the following, different parameters for calculating
the 00/ reflections for an approximate XRD pattern for a
periodic and homogeneous structure are described from
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the scattering of individual atoms to the diffraction
produced by a powder with many crystals (Figure 3) in
order to allow comparisons between diffraction and
molecular simulation results. For further details on
calculating the diffracted intensity of defect clay
structures, the reader should refer to the existing
literature (Reynolds, 1989; Drits and Tchoubar, 1990;
Moore and Reynolds, 1997; Sakharov and Lanson,
2013).

Atomic scattering factor. At the atomic scale, the
interaction of X-rays with electrons is described through
the atomic scattering factor, f,, which is the scattering
amplitude of X-rays by an isolated atom n. This factor
accounts for the amount of scattering and distances
between scattering centers (electrons in this case) and
can be expressed as a function of the diffraction angle
(0) and X-ray wavelength (A) according to (Waasmaier
and Kirfel, 1995):

5
0(0) = c—i-z:a,-exp(—b,-sin2 0/2%) (1)
i=1

The a;, b;, and ¢ parameters for different common
atoms in clay minerals were obtained from Waazmaier
and Kirfel (1995) and are reported in Table 1. For some
of these atoms, calculation of the £,’(0) function was
performed using the Koy, wavelength of copper
radiation A(CuKoajs,) = 1.5418 A (Figure 4a). Because
of the interaction of X-rays with electrons, the function

£9(0) is closely related to the number of electrons in the

atom n, which implies that XRD will be extremely
sensitive to heavy atoms, such as Fe in clays, and less
sensitive to hydrogen (Figure 4a). Moreover, because the
electrons are not located at the atom’s nucleus, the
scattering of X-rays by the atom is less efficient when
the spatial length scale d is decreased, i.e. when 0 (sin =
A2d) is increased. Considering the interaction of
neutrons with matter, scattering centers are located at
atomic nuclei, and the atomic scattering factor of each
atom 7 is then described through the bound coherent
scattering length b.., (Table 1, Figure 4b) of the atom.
The b.on 1s angle-independent but depends on the actual
nucleus composition and will thus differ for different
isotopes of the same element. The atomic scattering
factors, calculated using Equation 1, are commonly
corrected for thermal motion effects as in Equation 2
(Moore and Reynolds, 1997):

£:(0) = £:2(0)exp(—B,sin’0/1> 2)

Where B, is the Debye-Waller factor of the atom
(in A?) and corresponds to the mean square displacement
of an atom » from the ideal position in the structure.

Layer scattering factor. Because of the two-dimensional
periodicity of clay layers, the layer scattered amplitude
can be calculated based on the nature of atoms and the
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coordinates along the c* direction of the unit cell (i.e.
along the direction normal to the plane surface of the 2:1
layer). In centrosymmetric unit cells, used for smectite
and vermiculite clay minerals, the layer scattering factor
(G) can be described for basal reflections as a function
of the diffraction angle 6 as in Equation 3 (Moore and
Reynolds, 1997):

G(0) = Pufy(6) cos(4nZ, sin /1) (3)

where £,2(0) is the atomic scattering factor of atom 7 given
by Equation 2, P, is the quantity of atom »n, and Z, is the
absolute Z-coordinate of atom n (in A) in the unit cell.
The Z,, P,, and B, values for the montmorillonite 2:1
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layer are considered here (Figure 5a). Interlayer structural
models for dehydrated, mono-hydrated, bi-hydrated, and
tri-hydrated layers (Figure 5), and selected ranges of
values for the Z,, P,, and B,, parameters from the literature
(Table 2) were also considered. The origin of the unit cell
used to define the Z-coordinate for all atoms is located on
the layer mirror plane in the center of the octahedral sheet.
For the calculation of G(0), only the half unit cell is
sufficient, i.e. the values of Z, P, and B for atoms located
between the cationic plane in the center of the octahedral
sheet and the interlayer mid-plane located at z = dyo1/2
(basal spacing dgyo; in A; Figure 5a). The square of the
function G(0), which accounts for the relative intensities
of the 00/ reflections (see below), is calculated (Figure 6)
for montmorillonite unit cells with 0 to 3 water planes.
For these calculations, the Z,, P,, and B, parameters for
atoms constituting the 2:1 layer are considered (Figure
S5a), and the parameters for the interlayer cations and
water molecules, together with the dyy; values associated
with the different montmorillonite hydrates are reported in
Table 3. The slope of the [G(0)]* function strongly
decreased for 20 angles <10° for all layer types and for
20 >10° modulated the relative intensities of the 00/
reflections in the final XRD pattern. As noted above, the
term exp(—B,sin’0/A?) in Equation 2 is introduced to
account for the thermal fluctuation of atom n. When the
angle 0 is increased, the increase in B, decreases the
contribution of the atom to the scattered intensity.
Different B, values can be attributed to the same type of
atom in the smectite structure depending on the position
(e.g. interlayer vs. 2:1 layer), which is typically the case
for oxygen atoms. Contrasting B, values are commonly
assigned to oxygen atoms from the 2:1 layer or from the
interlayer water molecules (Figure 5; Tables 2 and 3).
High values (>10 10\) attributed to the B,, parameter do not
have any significance in terms of thermal motion but
rather describe the distribution along c¢* of the species, as
detailed below.

Interference function. At a larger length scale, the
intensity diffracted by a lamellar crystal depends on
the distances between the individual layers along the
direction normal to the surface of the clay layers. In a
periodic structure, i.e. a crystal composed of M identical
layers of basal spacing dyo; (in 10\), the so-called
interference function is given by Moore and Reynolds
(1997):

- i sin2 (2TCMd001 sin 6/7»)
- M sin®(2ndyo; sin 6/

$(6) 4)

The function ¢(0) (Figure 7a) displays 00/ maxima at
positions dyg,/l. The coherent scattering domain (CSD)
size, which corresponds to the product of the number of
layers M and the basal spacing dyo; value, affects the
breadth of the reflection series. The ripples can be
eliminated by considering a distribution of CSD sizes in
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Figure 5. Schematized structural models of montmorillonite layers for (a) dehydrated state, (b) mono-hydrated state, (c) bi-hydrated
state, and (d) tri-hydrated state. For each plane, Z, P, and B denote the Z-coordinate (in A, with origin in the octahedral sheet center
and for one half unit cell), atomic nature and amount (for one half unit cell), and the Debye-Waller parameter (in A? ), respectively.

Parameters describing the interlayer model of water and cations in the different smectite hydrates are reported in Table 2. Only half
of the interlayer space is represented for each hydration state, i.e. atoms with Z-coordinates lower than that of the interlayer mid-

plane.

the powder (Drits et al.,, 1997a). For a lognormal
distribution of coherent scattering domain sizes, the
fraction F(M) of crystals with a number M of layers can

be calculated as (Drits et al., 1997a):
1 In(M) — a)?
F(M) = exp—( ( )2 ) (5)
V2npM 26

where the parameters o and B can be correlated to the
mean number of layers, M, of the distribution by o =
0.9485In(M) — 0.017 and B = /(0.103In(M) + 0.034),
respectively (Drits et al., 1997a). This distribution for
three different M values (Figure 7b) is also defined by
Z me F(M) = 1, with M as an integer (M =1, 2, 3....)
and M,mlx = 5M (for practical purposes, Sakharov and
Lanson, 2013). By combining Equations 4 and 5, the
interference function becomes:

M, in? i
e F(M) sin?(2nMdoo; sin 0/
oO) = > 5\4) " (z . £ )
MET23.. sin® (2ndoor sin 6/2.)
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The ripples are eliminated by applying this lognormal
distribution (Figure 7c¢).

The last effect to be considered here for the
calculation of the interference function is the fluctuation
in layer-to-layer distance (i.e. in dyg; value). This type of
fluctuation was shown to be of two types (Guinier, 1964;
Drits and Tchoubar, 1990; Sakharov and Lanson, 2013).
In the first type, the fluctuations describe a distribution
law, and the translation between two nth nearest-
neighbor layers is equal to n times the average dyo;
value. For the second type of defect, this correlation
between short- and long-range order is lost, and the total
translation between two nth nearest-neighbor layers is no
longer equal to n times the average translation. Both
types of defect induce, however, a decrease in 00/
intensities when increasing the diffraction angle.
Although many studies have considered fluctuations of
the second type (Sakharov and Lanson, 2013), the
calculation using simple spreadsheet software for this
second type of defect is not straightforward. For
simplicity, let us thus consider fluctuations of the first
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Table 2. Range of values for layer-to-layer distance (dyo1), Z-coordinate (Z,,
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one half unit cell), amount (P,, one half unit

cell), and Debye-Waller (B,) parameters from the literature to describe the interlayer structural models for the different

smectite hydrates.

Dehydrated Mono-hydrated Bi-hydrated Tri-hydrated
state (OW) state (1W) state (2W) state (3W)
doo1 9.6<x<10.7 11.8<x<12.9 14.5<x<15.8 18.0<x<19.5
Plane of interlayer cation
Zear doo1/2 door/2 doo1/2 doo1/2—[0<x<1.2]
P 03 M" 03 M" 03 M" 03 M"
cat 2<x<10 2<x<10 2<x<10 20<x<45
1" plane of H,O molecules
ZHO - dOOl/2 d001/27[1.2<x<1.6] d001/2_[1-0<X<1-5]
PH 0 - 1<x<3 2<x<5 4<x<5
Biy, 0 - 2<x<30 2<x<40 ~100
2" plane of H,O molecules
Zh ,0 - - - doo1/2—[3.2<x<3.7]
PIZ—IZO _ - - 3.0<x<3.5
Lo - - - 10<x<15

The x stands for the accepted value for the parameter considered; Z, and dyo; are glven in A For Z, values, dyy;/2 indicates
the Z-coordinate of the interlayer mid-plane (see Figure 5); B, values are given in A% M" stands for the equlvalent charge;
The positions, amounts, and Debye-Waller parameters of atoms that constitute montmorlllonlte 2:1 layers are given in

Figure 5a.

type, which lead to similar effects on the calculated
profiles. By considering a normal distribution of average
values of dyo; and variance A (in A, with0 < A<1 /0%),
defects of the first type in layer-to-layer fluctuations can
be calculated by multiplying the interference function by

Figure 6. Variation of the square of the layer scattering factor
[G(0)]* as a function of the diffracting angle 0 calculated using
Equation 3 for dehydrated (OW), mono-hydrated (1W), bi-
hydrated (2W), and tri-hydrated (3W) layers.
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the exponential term exp[—8(mAsin6/L)?] (Drits and
Tchoubar, 1990; Sakharov and Lanson, 2013).

The combination of both the distribution of CSD
sizes and the fluctuation of the layer-to-layer distance
leads to the following expression of the interference
function:
$(0) =

Muge (M) sin®(2nMdyg; sin0/2)

—8(nAsin /1)
M sin (2ndogr sin /) L S(EASINO/AY]

M=123...

(7)

An increase in the A parameter from 0 to 0.5 A
(Figure 7d) decreases the intensity when the angle 0 is
increased.

Lorentz-polarization factor. The intensity of X-rays
scattered by the sample must be corrected for different
effects that are related to the nature and geometry of the
interaction (Drits and Tchoubar, 1990; Moore and
Reynolds, 1997; Sakharov and Lanson, 2013). Among
the effects, changes in the sample volume that is actually
diffracting with changes in angle 0 and the polarization
effects of X-rays after interaction with the sample is
described (for X-ray diffractometers operating in reflec-
tion geometry with one or two Soller slits) through the
Lorentz-polarization function as (Reynolds, 1986):

(1 + cos®20)¥
sin 0

Lp(0) = (8)
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Table 3. Fit parameters and interlayer water and cation organization used for calculating the layer scattering factors (Figure 6)

and XRD profiles of 00/ reflections (Figure 9).

Dehydrated Mono-hydrated Bi-hydrated Tri-hydrated
state (OW) state (1W) state (2W) state (3W)
door 9.58 12.29 15.66 19.17
M 8.8 9.0 9.0 8.5
A 0.55 0.78 0.83 0.90
k 1.0 0.9 0.7 0.4
Plane of interlayer cation
Cation nature Na Li Sr Mg
ant dOOl/2 dOOI/2 d001/2 dO()l/2
Pyt 0.3 0.3 0.15 0.15
Beat 5 5 10 40
1* plane of H,O molecules
ZII—IO - doo1/2 doo1/2—1.56 doo1/2—1.30
PH o - 2.6 35 5.0
BH o - 10 20 104
2" plane of H,O molecules
ZHO - - - d001/2—360
PH o _ - — 32
BH (o) - - - 12

' doo1, and A are given in A. For Z, values (for one half unit cell) the term dj(,/2 indicates the Z-coordinate of the
mterlayer mid-plane (see Figure 5). B, and M are given in A? and in number of layers, respectively. Atomic content P, values
are given for one half unit cell. The Z-coordinates, amounts and B,, values for atoms constitutive of the 2:1 layer were taken
from the dioctahedral model of Moore and Reynolds (1997) and are reported for montmorillonite elsewhere (Figure 5a).

In this expression, the parameter ¥ accounts for the
partial orientation of crystals in the powder and for
geometric properties of the diffractometer used
(Reynolds, 1986). The trigonometric term is the
Lorentz-polarization function, which accounts for
changes of the diffracting sample volume with angle 0
and the polarization effects. Irrespective of the degree of
crystal orientation in the powder, the Lorentz-polariza-
tion function strongly decreases when 0 is increased,
especially in the 20 < 10° angular region (Figure 8). A
complete description of the calculation of ¥ is given by
Reynolds (1986). For simplicity, one may consider ¥ =
1/sin“0, where the k value ranges between 1 and 0 for
randomly and perfectly oriented powders, respectively
(Moore and Reynolds, 1997).

Comparison with experimental data. By combining
Equations 3, 7, and 8, the total diffracted intensity 7(0)
can be calculated as a function of 6 by the product

1(6) = [G(0)1*$(6)Lp(6) )

Experimental XRD patterns (Figure 9) are compared
to theoretical XRD profiles calculated using Equation 9
for selected montmorillonite samples at different hydra-
tion states. The theoretical XRD patterns for 00/
reflections (Figure 9) were calculated using
Microsoft® Excel in the 2—50°20 angular range with a
step size of 0.04°20 [A(CuKayyy) = 1.5418 A]. Three
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worksheets are sufficient for these calculations:

e The first worksheet is dedicated to the tabulation of
£.2(0) on the basis of a;, b;, and ¢ parameters (Table 1)
for the different atoms or molecules that constitute
the crystal structure using Equation 1. The scattering
factor is also calculated for H,O molecules and OH
groups (ﬁ([)zo(e) and fh4(0), respectively) as the sum
of the scattering factors from the constituent atoms
[e.g. fﬁzo(e) =2£2(0) + £3(0)]. The same worksheet is
also used to calculate the temperature-corrected
atomic scattering factors according to Equation 2.
Finally, this worksheet includes calculation of the
layer scattering function G(0) (Equation 3) based on
(i) the absolute atomic Z-coordinates Z, (in /0\),
(ii) the amount of atom P,,, and (iii) the Debye-Waller
parameter (in Az) for the constituent atoms of the
montmorillonite 2:1 layer (Figure 5a), interlayer
water, and cations (Table 3). The dyo; values used
to calculate the interlayer Z-coordinates are also
reported (Table 3).

o The second worksheet is used to calculate a series of
interference functions ¢(0) for M = 1, 2, 3, My
according to Equation 4 (M,,.x = 50 layers is enough
for all calculations shown below). Each ¢(0) function
is then weighted by the F(M) coefficient that is
calculated based on the mean layer M number of the
lognormal distribution (Equation 5). The sum of the
series corresponding to Equation 6 that is obtained is
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10 18 26 34 42 50
°20

Figure 7. Variation as a function of diffracting angle 6 of (a) the interference function ¢(0) for 00/ reflections and crystals with a
number of layers, M =10, 5, or 3 (Equation 4, with dpp; = 10 A); (b) Shape of the F(M) distribution of the number of layers in crystals
with mean values of M= 10, 5, or 3 (Equation 5); (c) Variation as a function of the diffracting angle 0 of the interference function with
the lognormal distributions of the layers in the crystals shown in (b) using Equation 6; (d) Influence of the fluctuation in layer
thickness A parameter on the interference function (Equation 7 with dyg; = 10 A and M = 10).

then multiplied by the exponential term
exp[—8(nAsin®/L)?] (with the variance parameter A
of the normal distribution in A, Table 3) to account
for fluctuation of the first type in layer-to-layer
distances and obtain the full interference function
$(0), as reported in Equation 7.

The third and last worksheet is used to calculate the
Lorentz-polarization function (i.e. Lp(0) using k
values, Table 3). On the same worksheet, the product
of Lp(0) and the full ¢(0) function (Equation 7) and
the square of the layer scattering function G(0) (i.e.
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[G(8)]%) is calculated to obtain the /() intensities
according to Equation 9. The intensities of the
calculated pattern obtained for 00/ reflections is
then normalized on the 001 reflection intensity and
then compared to the experimental pattern which is
also normalized in the same manner.

For 0, 1, and 2W hydration states, the experimental
patterns obtained for oriented preparations of <1 pum
SWy-1 were used (Ferrage et al., 2005a). The nature of
the interlayer cation (Na, Li, and Sr, respectively) and
the relative humidity (secondary vacuum, 60%, and
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°20

Figure 8. Variation of the Lorentz-polarization factor Lp(0) as a
function of the diffracting angle 0 using Equation 8 and different
values for the k parameter.

2 10 18

80%, respectively) were chosen to limit hydration
heterogeneity, thus leading to the presence of 93% or
more of a given layer type for all samples. For the 3W
hydration state, the experimental pattern obtained by
Dazas et al. (2014) for Mg-saturated, <2 pum SWy-2
equilibrated at 99% relative humidity was considered
because the sample contained 98% 3W layers under
these conditions (Dazas et al., 2014).

Although hydration heterogeneities were not consid-
ered, the simplified theoretical description above can be
used to satisfactorily fit (Figure 9) all measurable 00/
reflections in the 2 < 20 < 50° angular region for quasi-
homogeneous hydration states. The structure model and
fit parameters used to reproduce the experimental data
(Figure 9) included dyg,, M, A, and k, as well as the Z,,
P,, and B, values for the different planes of water
molecules or cations (Table 3). Other parameters, such
as the Z,, P,,, and B,, values for montmorillonite 2:1 layer
atoms (Figure 5a), were used without further adjust-
ments. With regard to the content, position, and
distribution of water molecules, the obtained values are
similar to those derived by Ferrage et al. (2005a, 2005b)
for 0-2W and by Dazas et al. (2014) for the 3W
hydration state despite the simplified approach used in
the present study. Note, however, the misfit in the low-
angle region for most samples. This misfit is related to
an incorrect description of inter-crystalline defects, as
discussed by Sakharov and Lanson (2013), which does
not impact the relative intensities of the 00/ reflections.
A good quality of fit, discarding this low-angle region
misfit, is obtained when the unweighted Rp parameter
reaches values of <7%, with this parameter being
defined as (Howard and Preston, 1989).
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One should emphasize that the simplified calculation
formalism considered here is restricted to a single and
unique periodic smectite structure composed of >90% of
one type of hydrate. Moreover, due to the significant
approximations considered in this formalism and
because different parameters have similar effects on
the calculated 00/ intensities, no physical interpretation
should be given to parameters related to particle
orientation (k values) or fluctuations in layer-to-layer
distance (A values).

METHODOLOGY FOR THE COMBINED USE OF
DIFFRACTION EXPERIMENTS AND
MOLECULAR SIMULATIONS

As detailed above, the XRD technique is particularly
effective for the experimental determination of the layer-
to-layer distance dy, value (through the interference
function ¢(0)) and of the composition and organization
of the smectite structure (through the layer scattering
function G(0)). Calculation of the theoretical pattern of
00/ reflections for a periodic smectite structure
(Figure 9) is also approachable as an assessment of
basic interlayer organization (Figure 5, Table 3).

In the following section, the methodology of combin-
ing diffraction, experiments, and molecular modeling
data using a back-and-forth procedure is detailed. In the
first part of this section, emphasis is placed on the
limitations of XRD for the refinement of interlayer
disorder in water and ion organization. These limitations
can be overcome using molecular simulations, which
likely provide more realistic 3D descriptions of the
three-dimensional organization of water and ions in
smectite. These molecular simulations are most often
performed by considering a periodic structure, i.e. a
structure composed of layers having the same dyo; value.
This value is, however, commonly derived from the
angular position of the first low-angle peak on the XRD
pattern and the transformation to the layer-to-layer
distance using Bragg’s law (2dyo1sin = A). The structural
significance of the obtained distance is subject to bias
when the smectite structure exhibits hydration hetero-
geneity and/or thin crystal size. The second part of this
section focuses on the extraction of the “true” doyg; value
to design a molecular simulation for the investigation of
interlayer organization in smectite. Finally, the third part
of this section presents how the Z-distributions of
interlayer species (water, ions, and other compounds)
derived from molecular simulations can be incorporated
into the calculation of a theoretical 00/ profile for
comparison with experimental data using conventional
spreadsheet software. Such a comparison is advanta-
geous for the validation of molecular models because
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Figure 9. Comparison between experimental XRD patterns (crosses) and theoretical profiles (solid lines) of 00/ reflections
calculated using Equation 9 for different hydration states in montmorillonite; (a) dehydrated state of Na-saturated SWy-1
montmorillonite, (b) mono-hydrated state of Li-saturated SWy-1 montmorillonite, (¢) bi-hydrated state of Sr-saturated SWy-1
montmorillonite, and (d) tri-hydrated state of Mg-saturated SWy-2 montmorillonite. The experimental data of (a—c) were adapted
from Ferrage et al. (2005a), whereas the experimental pattern of (d) was adapted from Dazas et al. (2014). The vertical gray bar
indicates an increased intensity scale factor for high-angle reflections (20 > 12°). Vertical dashed gray lines indicate the theoretical
position of the 00/ reflections. The fit parameters and interlayer organization of water and cations used for the calculation are
reported in Table 3. Misfits between experimental and theoretical XRD patterns in the low-angle region were not considered in

calculating the goodness-of-fit Rp parameter.

diffraction methods and molecular modeling probe the
clay material at a similar length scale. Methods such as
MD or MC strongly depend on the set of partial atomic
charge and Lennard-Jones (LJ) parameters assigned to
the clay and interlayer atoms and used to evaluate
Coulombic and van der Waals interactions, respectively.
Thus, extensive comparison with experimental data is
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necessary to assess the validity of the theoretical models
(Striolo, 2011).

Limitations of XRD for the investigation of interlayer
organization in smectite

The calculation of theoretical XRD patterns, as
performed above based on a simplified structural
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model (Figure 5, Table 3), presents two major draw-
backs for the refinement of the interlayer organization of
water and cations in smectite. First, as X-rays interact
with electrons, the diffracted intensity is solely sensitive
to the distribution of electrons along the c*-axis in the
structure, irrespective of the nature of the atoms. This
strongly complicates assigning the electronic content
between the different species that coexist in the structure
(e.g. electrons from interlayer water molecules vs.
electrons from interlayer cations). Moreover, the con-
tributions of different atoms to the diffracted intensity
differ as a function of both of the nature and amounts as
well as the type of radiation used (X-ray or neutron;
Figure 10). As an illustration, the relative contribution of
atom n to the diffracted intensity was calculated as P,
90 = 0) for a high-charge [1.4 per O,o(OH)4] bi-
hydrated saponite sample (Figure 10a). As expected,
XRD is not very sensitive to hydrogen atoms either from
interlayer water molecules or from the 2:1 layer
(Figure 10a). Similarly, the limited contribution of
interlayer Na' cations indicates that XRD is not very
sensitive to the Na' position, even for high-charge
smectite. Second, according to the description of
interlayer organization (Figure 5, Table 3), interlayer
species in the different smectite hydrates are considered
to lie on a limited number of discrete planes to reduce
the number of variable parameters, that leads to a
simplified and likely simplistic representation of the
organization of interlayer species, which is similar to the
hexagonal network organization of water molecules
(Figure 2) and was originally evoked in the study of
Hendricks and Jefferson (1938).

Few improvements of the interlayer models have
been possible, however, based on modeling experimental
00/ reflection series. Ferrage et al. (2005a) showed
(Figure 11a) that the original interlayer model for bi-
hydrated smectite proposed by Moore and Reynolds
(1997) did not correctly account for the distribution of
intensities on the experimental XRD profile, even if only
high-intensity reflections with d >3.0 A were consid-
ered. By replacing the original model of Moore and
Reynolds (1997) that contained three sets of planes of
water molecules in the interlayer with a single set of
planes with a low Debye-Waller value (B, = 2 10\2), the
fit was significantly improved despite several remaining
misfits for low-intensity high-order 00/ reflections
(Figure 11b). To improve the comparison with experi-
mental patterns, the same authors later proposed an
interlayer water model in which the water molecules are
distributed around a single set of Z-positions according
to a Gaussian distribution (Figure 11c; Ferrage et al.,
2005b). The positional distribution of water molecules
(or cations) as a Gaussian distribution characterized by
full width at half-maximum (FWHM) values has the
same influence on the calculated diffracted intensity as
the thermal fluctuation effects accounted for by the
Debye-Waller value through the following relation
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Figure 10. Relative contributions of the different atoms to the
structure factor for the three diffraction methods (adapted from
Ferrage et al.,2011a). Calculations performed for a bi-hydrated
and Na-saturated high-charge [1.4 charge per O,¢(OH)4]
saponite with 10 H,O molecules per unit cell; (a) X-rays for
neutral atoms and with atomic scattering factors (Equation 1)
considered at 6 = 0; (b) neutrons on hydrogenated samples
(taking into account the partial cancellation of interlayer water
contribution, see text for details); (c¢) neutrons on deuterated
samples.
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Figure 11. Comparison between different interlayer models of water and cations for a bi-hydrated and Na-saturated low-charge
(0.8 charge per O,((OH),) saponite sample recorded at 90% relative humidity; (a) interlayer model of Moore and Reynolds (1997);
(b) interlayer model of Ferrage et al. (2005a); (c) interlayer model of Ferrage ef al. (2005b). Left: Schematic representation of
interlayer water and cations for the different interlayer models. Right: Comparison between experimental (crosses) and calculated
profiles (solid line, adapted from Ferrage et al., 2005b). Solid arrows indicate a significant misfit between the experimental and
calculated patterns. The vertical gray bars indicate an increased intensity scale factor for high-angle reflections compared to the 001
reflection region.

(Shashikala et al., 1993; Dazas et al., 2013):

2 { an2(z — Z,)’ (12)

VB, nln(2) (an Py(z) = VB, B,

FWHM =

with XP,(z) = P,. The values >10 A? assigned to
Accordingly the quantity P,(z) of atom n distributed parameter B, for the water molecules (Figure 5; Tables
along Z can be described from the values of parameter 2 and 3) do not have any significance in terms of thermal
B,, and coordinate Z, as motion but rather describe the positional disorder of
interlayer water molecules (Ferrage et al., 2005b; Dazas

et al., 2013, 2014, 2015).
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Such a water distribution about a “most probable”
position is a step away from the hexagonal water
network model (Figure 2) but still represents a rough
approximation of the positional disorder of interlayer
water molecules and cations commonly derived using
molecular simulations. The structural studies on the
organization of water and cations in smectite using XRD
alone cannot answer questions regarding (i) the differ-
entiation between water molecules coordinated (or not)
to interlayer cations or (ii) the role played by the 2:1
layer crystal-chemistry on the orientation of water
molecules. Although molecular simulations do not
account for smectite hydration heterogeneity, these
methods are perfectly suited to overcome the limitations
of classical structural studies because of the ability to
unravel the details in the organizational and dynamical
properties of the fluid confined in the smectite
interlayers.

Extraction of the layer-to-layer distance from
experimental XRD pattern to be used in molecular
simulations

The layer-to-layer distance dyy; value is a key
parameter to define the volume of the simulation box
for molecular simulations of the smectite structure. This
parameter is often derived from experimental XRD
studies and, in particular, from the position of the 001
reflection. From a theoretical perspective, the positions
of the 001 and other 00/ reflections are related to the
interference function. From the analysis of this function
reported in Equation 4 for a homogeneous structure
without hydration heterogeneity, the peaks are indeed
located at the dyo; = dpo1/! positions. This latter relation
indicates that the 00/ reflection series is “rational,” i.e.
with dyg1/doo; = I. In practice, the 00/ reflection series is,
however, rarely rational in smectite, and as mentioned
by Hendricks and Jefferson (1938), the position of the
001 reflection is then only apparent and does not
correspond to the actual layer-to-layer distance in
smectite to be used in molecular simulations. Here, the
two effects that most often induce bias in the measure-
ment of dyg; values from experimental XRD patterns and
some ways to overcome this difficulty will be described.

Effect of crystallite size. For a homogeneous smectite
structure, an apparent shift of the 001 reflection from its
theoretical position has been described as also resulting
from the small crystallite size of smectite along the
direction normal to the clay layers (Reynolds, 1968;
Ross, 1968; Trunz, 1976; Drits and Tchoubar, 1990;
Stanjek, 2002). For crystals composed of a low number
of layers, i.e., for M < 20, as is most often the case in
smectite, the resulting position of the 00/ reflection
series is affected by the slope of both the layer scattering
and Lorentz-polarization factors (Figure 6). For a bi-
hydrated Sr-saturated smectite structure calculated pre-
viously (Figure 9c), the decrease in the M value induces
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significant modifications on the calculated profiles
(Figure 12a). These changes include a shift of the 001
and 005 reflections toward lower angles (i.e. higher d
values) and a shift of the 003 reflection toward higher
angles, leading to irrationality in the 00/ reflections
series. This effect is even more dramatic for the 001
reflection position and for structures with high hydration
states because of the negative slope of both the layer
scattering factor (Figure 6) and the Lorentz-polarization
factor (Figure 8) in the 26 <10° angular region.

Effect of the interstratification of layers with different
hydration states. The earlier studies on smectite demon-
strated that smectite crystals most often exhibit inter-
stratification of different hydrates. For a complete
theoretical description of the XRD response from
interstratified crystals, the reader should refer to existing
books (Drits and Tchoubar, 1990; Moore and Reynolds,
1997; Sakharov and Lanson, 2013). For simplicity,
consider the three extreme interstratification types
(random, segregated, and ordered) for a Na-mont-
morillonite structure composed of mono-hydrated layers
with dyo; (IW) = 12.5 A and bi-hydrated layers dyg;
(2W) =15.0 A in equal proportion (Ww = Wow = 0.5).
The junction probability to find a 2W layer following a
2W layer is defined as P,w_pw. This parameter is
sufficient to calculate XRD patterns for random,
segregated, and ordered mixed-layer structures in the
specific case of short-range order factor R = 1
(Figure 12b; calculations performed using the ASN
program; Sakharov et al., 1982a, 1982b), according to
Markovian statistics (Hendricks and Teller, 1942;
Bethke and Altaner, 1986; among others). When
Prw_ow = 1, the layers are perfectly segregated in the
structure, and the two rational series of 1W and 2W
structures coexist on the resulting calculated pattern
(Figure 12b). Thus, the XRD profile does not display a
rational 00/ series, in contrast to that obtained for a
purely ordered structure with a maximum degree of
ordering (Pow_ow = 0). In this latter case, the crystals
are composed of a perfect succession of 1W and 2W
layers. This leads to a rational series of 00/ reflections
with a dyg; value corresponding to the sum of dyo; (2W)
values (Figure 12b). The 001 reflection of this structure
at ~27.5 A is extremely weak in intensity compared with
the 002 reflection at ~13.8 A. When the layers are
perfectly randomly distributed in the crystal (Pow_ow =
Wow = 0.5), the obtained XRD pattern displays peaks in
intermediate positions between those expected for
periodic 1W or 2W structures. Moreover, the peak
breadths of the resulting signal will depend on not only
the mean coherent scattering domain size but also the
angular distance between the positions expected for
reflections of periodic 1W or 2W structures
(Figure 12b). The influence of random interstratification
on peak position, also known as Méring’s rules (Méring,
1949), is responsible for the loss of rationality in the 00/
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reflection series. One should emphasize that for both '
random and perfectly ordered mixed-layer structures, the d
position of the most intense reflection at ~13.8 A s only
confusing because no layer in the stacking sequence
displays such a layer-to-layer distance. Smectite crystal
structures commonly exhibit a wide range of intermedi-
ate cases between homogeneous to random and/or
partially segregated layer sequences. The partially
ordered interstratification of layers with different
hydration states appears, however, to be limited to low
hydration states or to synthetic samples (Moore and
Hower, 1986; Breu er al., 2001; Ferrage et al., 2010;
Mbller et al., 2010; Dazas et al., 2013).

001
--003
005

Extraction of “true” layer-to-layer distances for the
design of molecular simulations. As shown above, both
layer interstratification (hydration heterogeneity) and
thin crystallite size induce irrationality in 00/ reflection
series. This leads to an experimental XRD pattern with
an apparent 001 position that differs from the actual
layer-to-layer distance to be used in molecular simula-
tions. As reported for Na-saturated montmorillonite as a
function of relative humidity (Figure 12c), noticeable
differences appear when comparing the “apparent dyo;”
derived from the 001 reflection position and the “mean
thickness” of the layer obtained through the considera-
tion of both hydration heterogeneity and thin crystallite
size effects (Prét er al., 2013). The experimental 001
reflection tends to systematically overestimate the actual
thicknesses of layers, a bias that can reach up to 20% of
the actual interlayer volume at high relative humidity for
this sample (Prét et al., 2013).

To improve the qualitative description of the experi-
mental XRD pattern, a rationality estimate & parameter
was proposed by Bailey (1982). This parameter can be
used to assess the extent of heterogeneity in interstra-
tified structures and is calculated as the standard
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Figure 12. Effect of crystallite size and interstratification on the
position of 00/ reflections. (a) Influence of crystallite size on the
position of 00/ reflections. Calculation performed using
Equation 9 for a bi-hydrated, Sr-saturated smectite (dog; =
15.66 A, other parameters reported in Table 3) with mean
numbers of layers of M = 8, 4, 3, and 2 in the structure. The
dashed solid line reports the square of the layer scattering factor
[G(8)]%. (b) Calculated XRD pattern for a randomly interstra-
tified (Rand., Prw_>w = Wow = 0.5), maximum degree of
ordering (Ord., P,w _>w = 0), and totally segregated (Seg.,
Porw_ow = 1) mixed-layer structures composed of 2W and 1W
layers in equal proportions. (¢) Comparison between the
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(adapted from Prét ez al., 2013).
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deviation of / x dyg; values:

- \/2?1 [(Z x door); — I % a’ooz]2

n—1

(13)

where (I X dooy); is the I X dgg; value for the i reflection
(in /&) and [ X dyo; is the mean of the [xdy, values
calculated over a number of reflections n. As a general
rule for smectite and irrespective of the hydration state,
the structure can be considered quasi-homogeneous for
£<0.1 A (measured for all 00/ reflections in the 2 < 20
< 50° angular range; Ferrage et al., 2005a, 2007a; Dazas
et al., 2014). Below 0.1 A for the & parameter, the dyg;
value to be used to design molecular simulations can be
obtained (i) from the average of / x dyo; values to reduce
the contribution of crystal size effects (dyo; = [ X doo;) or
(ii) using the theoretical formalism described above that
implicitly considers CSD sizes. In the latter calculation,
a simplified interlayer model (Figure 5) can be assumed
to satisfactorily estimate the 00/ positions (Figure 9). As
an illustration, the calculation of the 00/ reflections

®

Figure 13. Methodology for generating XRD 00/ reflections
based on computed interlayer atomic density profiles derived
from molecular simulations. Illustration shown for the atomic
profile of Na, O, and H atoms for a Na-saturated, bi-hydrated,
low-charge saponite sample (Ferrage et al., 2011a). For each
type n atom, the interlayer density profile is made symmetric
with respect to the interlayer mid-plane and is separated into N
individual atomic planes. Each plane i is characterized by the
coordinate Z, (origin in octahedral sheet center) and the quantity
of atom P’,, with n = Na, O, or H, whereas the Debye-Waller B,
parameter is set to zero for all planes (see text for details).
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diffraction profile of Sr-saturated montmorillonite in the
bi-hydrated state (Figure 9c) was performed assuming a
door value of 15.66 A (Table 3), and the position of the
first reflection on the pattern is at 15.75 A (Figure 9c;
Ferrage et al., 2005a).

Generation of XRD profiles from computed atomic
density profiles

Optimized Z-positions of interlayer cations and water
molecules derived from molecular simulations can be
validated by calculating theoretical diffraction patterns
for comparison to experimental profiles. The methodol-
ogy is shown for a Na-saturated and bi-hydrated saponite
sample (Figure 13; Ferrage et al., 2011a). The optimized
position for interlayer Na, O, and H atoms, equilibrated
in the pVT ensemble, is first made symmetric with
respect to the mid-plane of the interlayer to respect the
symmetry of the crystal. Then, the obtained profile is
divided into N individual atomic planes (typically
separated by a AZ of ~0.05 to 0.1 10\). Thus, each plane
i is described by a coordinate Z' (origin in the center of
the octahedral sheet) and a quantity of atoms P’ with
n = Na, O, or H (Figure 13). Quantities of atoms P, on
each plane should be normalized to satisfy the relation
Zfil P! = P,. No thermal fluctuation parameter B, is
considered for these planes (B, = 0) because the
positional disorder related to temperature is commonly
accounted for in the optimized atomic configurations
extracted from molecular simulations. Finally, by con-
sidering only half of the interlayer space, i.e., atoms with
Z-coordinates lower than that of the interlayer mid-plane
(Figure 13) as well as atoms constituting one half of the
2:1 layer (Figure 5a), the associated layer scattering
factor and the overall theoretical XRD pattern for the 00/
reflections can be calculated using Equations 3 and 9,
respectively.

EXAMPLES OF AN IMPROVED DESCRIPTION OF
THE INTERLAYER ORGANIZATION OF
SMECTITE SPECIES FROM COMBINED USE OF
EXPERIMENTAL AND NUMERICAL DATA

In the following section, recent advances in the
investigation of interlayer water and ion organization in
the different smectite hydrates (i.e. mono-, bi-, and tri-
hydrated smectite) are presented. These examples are
based on the back-and-forth procedure described above
and provide key information on the local 3D interlayer
organization of water and ions in smectite hydrates while
validating the theoretical models through an extensive
comparison with experimental diffraction data. This
section also presents how this combined use of diffrac-
tion experiments and simulation results can be applied
and easily transposed to other types of smectitic
compounds, such as ethylene-glycol-montmorillonite
complexes.
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Water and ion organization in mono- and bi-hydrated
saponites

The combination of diffraction experiments and
molecular simulations was applied to refine the inter-
layer organization of water and ions in two Na-saturated
synthetic saponites with different layer charges [0.8 and
1.4 per Oy0(OH)4] and hydration states [mono- and bi-
hydrated states] (Figure 14; Ferrage ez al., 2011a). Based
on the layer-to-layer distance values obtained from the
modeling of experimental XRD profiles (Ferrage et al.,
2010), Grand Canonical Monte Carlo (GCMC) simula-
tions were performed assuming different clay and water
models (Ferrage et al., 2011a). The validity of the
obtained GCMC results was assessed against different
data sets. Water contents obtained from simulations were
first compared to those obtained from water vapor
desorption gravimetry experiments. Optimized positions
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b - Bi-hydrated state
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of interlayer cations and water molecules were then
introduced as initial parameters to generate 00/ reflec-
tions either for X-ray or neutron diffraction (ND)
patterns using the methodology shown above
(Figure 13), and compared to experimental profiles
(Figure 14). Neutron diffraction has a different sensi-
tivity for atomic species in comparison to X-rays.
Consequently, the contribution of an isolated atom n to
the amplitude of neutron scattering (£,’(0); Equation 2) is
given by the bound coherent scattering length b.qp,
which is independent of the angle 0 (Figure 4b; Table 1),
and provides greater intensity, high-order 00/ reflections
than X-rays. In addition, neutrons provide greater
sensitivity than X-rays for light interlayer species, such
as H atoms, and can be modified even further using
deuterated water due to the different coherent scattering
lengths of H and D atoms (Figure 4b, Table 1). Working
on both hydrogenated and deuterated samples can impart
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Figure 14. Refinement of water and ion organization in (a) mono- and (b) bi-hydrated Na-saturated saponite (adapted from Ferrage et
al., 2011a). Left: Snapshots of GCMC interlayer configurations for water and ions. Middle: Computed interlayer atomic density
profile for sodium, oxygen, and hydrogen/deuterium atoms. Atomic Z-coordinates are given in A relative to the interlayer mid-
plane. Right: Experimental validation of computed interlayer organization through comparison of the experimental (crosses) and
calculated (solid lines) X-ray diffraction and neutron diffraction 00/ reflection profiles of both hydrogenated (H,O) and deuterated
(D,0) saponite samples. The vertical gray bars indicate an increased intensity scale factor for the high-angle reflections compared to

the 001 reflection region.
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additional constraints on the validation of the molecular
simulation results (Figure 10; Martins et al., 2014 and
references therein). In the specific case of a hydro-
genated specimen, the opposite signs of the bound
coherent scattering lengths for oxygen (5.803 fm) and
hydrogen (—3.7406 fm) can partially cancel the con-
tribution of H,O molecules to the diffracted intensity
(Figure 10b). The H,O molecules can indeed be
considered as individual scatterers with a negligible
coherent scattering length (—1.678 fm, Figure 10c) when
the periodicities investigated in the crystal are larger
than the O—H distance in water (1 A) Under such
conditions, neutron diffraction on a hydrogenated speci-
men provides additional constraints on the atomic
positions in the 2:1 layer structure. The interlayer
organization in saponites investigated following the
methodology proposed by Ferrage ef al. (2011a) showed
that though not fully unequivocal, a proper fit of XRD
patterns is an essential step in the validation of LJ
parameters and atomic charges (Figure 14). Neutron
diffraction on deuterated specimens clearly represented a
step forward in this validation of clay and water models.
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This combination demonstrated that the CLAYFF model
proposed by Cygan et al. (2004) described the content
and organization of water more accurately than the
models developed by Skipper et al. (1995) and Smith
(1998). Once validated, analysis of the GCMC results
deciphered the role played by layer charge in the
orientation of interlayer water molecules (Ferrage et
al., 2011a) and in the distribution of interlayer cations
within the ab plane (Dazas et al., 2015).

Water and ion organization in tri-hydrated
montmorillonite

Following a similar methodology, Dazas et al. (2014)
recently refined the interlayer organization of water and
ions in the interlayer space of tri-hydrated mont-
morillonite saturated with various cations (Mg, Ca, Ba,
and Na; Dazas et al., 2014). The experimental XRD
patterns were first carefully analyzed to assess the
rationality of the 00/ reflection series. For all samples,
the low values obtained for the rationality parameter &
(& < 0.06 A, Equation 13, Dazas et al., 2014) allowed
the layer-to-layer distances to be derived from the
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A

— Calculated

++ Experimental

— H,0in 15t or 2" HS
-- Other H,0

Figure 15. Refinement of water and ion organization in tri-hydrated, Mg-saturated montmorillonite (adapted from Dazas et al.,
2014). (a) Comparison of experimental (crosses) and calculated (solid line) XRD patterns. The vertical gray bars indicate an
increased intensity scale factor for high-angle reflections compared to the 001 reflection region. The vertical dashed gray lines
indicate the theoretical position of the 00/ reflections. (b) Interlayer atomic density profile for Mg, O, and H atoms. Atomic
Z-coordinates are given in A relative to the interlayer mid-plane. (c) Discrimination between O and H atoms from water molecules
contributing to the 1% and ond hydration shell (HS) of the interlayer cation (solid lines) and the same water molecule atoms filling the
interlayer space (dashed line). (d) and (e) Snapshots of the GCMC configuration for water molecules from the second hydration shell

of the cation projected along the b- and c-axes, respectively.
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average values of the / x dyo, products. After validating
the GCMC results through comparing calculated and
experimental XRD profiles (Figure 15a), the computed
atomic density profiles were used to unravel the origin
of the interlayer organization and stabilization of the tri-
hydrated state. These authors showed that the atomic
density profile did not correspond to the typical model of
three discrete planes of H,O molecules (Figure 1), but
rather exhibited two sharp planes of H,O molecules
wetting the clay surfaces and additional poorly orga-
nized H,O molecules filling the interlayer space
(Figure 15b; Dazas er al., 2014). Benefiting from the
detailed interlayer picture provided by molecular simu-
lations, the stability of the 3W hydrate was interpreted as
resulting from the dual interactions of some H,O
molecules with interlayer cations through the second
hydration shell and with the 2:1 layer surface
(Figure 15c—e; Dazas et al., 2014).

Water and ion organization in an ethylene-glycol-
montmorillonite complex

The ethylene-glycol (EG) solvation of smectite
interlayers is routinely used to assess the presence of
expandable layers in polymineralic samples. Compared
to air-dried (AD) preparations, the change in layer-to-
layer distance and the presence of EG molecules in
smectite interlayers indeed produce a significant change
in the position and intensities of experimental 00/
reflections. Both AD and EG treatments are also
commonly applied to the same sample for the quantita-
tive analysis of complex mixed-layer minerals using the
XRD profile fitting method. According to the multi-
specimen method proposed by Sakharov et al. (1999), a
consistent structural model is obtained when the stacking
sequences and proportions of the different layer types
are nearly identical in both treatments. The fit of the EG-
smectite experimental 00/ reflections was performed
using the interlayer EG model proposed by Reynolds
(1965). According to this interlayer model, cations and
water molecules are located on the same set of two
planes, symmetrical with respect to the interlayer mid-
plane, and located at +/—0.51 A from the interlayer mid-
plane. The summed quantities of water molecules plus
cations on each plane are set at 1.2 per O,o(OH), with a
Debye-Waller factor of 2 A2 Two sets of two planes
containing 1.7 CH,OH groups with B, = 11 A? are used
to describe the distribution of EG molecules in smectite
interlayers. The interlayer atomic density profile P,(z)
for the model of Reynolds (1965) can be calculated
considering the thermal fluctuation in the atomic
coordinate using Equation 12 (Figure 16a). Such a
model has proven to be successful in the reproduction of
00/ intensities for both pure smectite and mixed-layer
structures containing smectite interlayers (Drits e al.,
1997b; Sakharov et al., 1999; Lindgreen et al., 2002;
Claret et al., 2004; Inoue et al., 2005; Ferrage et al.,
2007a, 2011b; McCarty et al., 2008, 2009; Lanson et al.,
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2009; Hubert et al., 2012; Viennet et al., 2015; among
others). Recently, Szczerba et al. (2014) reinvestigated
the organization of cations, EG, and water molecules in
the interlayer of Ca-saturated EG-solvated mont-
morillonite using MD simulations (Figure 16b). These
authors showed that by using a more robust description
of atomic interaction, as provided by MD simulations,
the original mode of Reynolds (1965) could be
reinterpreted. In particular, they were able to demon-
strate that water molecules were spread along the c*-axis
rather than forming two interlayer planes (Figure 16b).

Moreover, Szczerba et al. (2014) calculated the
electronic density profile related to both models
(Figure 16¢). The latter is obtained by summing, for
each plane i at a given Z-coordinate, the electronic
content related to the amount and nature of atoms # lying
on this plane as:

p'=) P(0=0) (14)
n

where the electronic density p’ is expressed in electrons.
Szczerba et al. (2014) demonstrated that the two
electronic maxima (Figure 16b) attributed by Reynolds
(1965) to two sets of two planes that contain
1.7 (CH,0OH), molecules were mostly due to the O and
C atoms, respectively, from EG molecules (Figure 16c).
Both models lead to similar electronic density profiles
(Figure 16¢), except near the interlayer mid-plane. For
the model by Reynolds (1965), the interlayer distribution
of water and molecules induces a sharp electronic profile
in this region, whereas the interlayer mid-plane is
depleted in electrons (Figure 16b). In contrast, the
electronic density profile given by the model of Szczerba
et al. (2014) is softer in the same region with noticeable
electron density at the interlayer mid-plane. Because the
electronic density profile of Reynolds (1965) has proven
to be successful in reproducing 00/ intensities, one may
wish to assess whether the model proposed by Szczerba
et al. (2014) can also produce a satisfactory fit of
experimental XRD patterns. The experimental XRD
patterns of Ca-saturated, EG-solvated, <l pm SWy-1
montmorillonite was used for this test (Ferrage et al.,
2007a). Equation 9 and the strategy described above
(Figure 13) were considered to generate the XRD 00/
reflections. The fit parameters included the atomic
positions and quantities of the montmorillonite 2:1
layer (Figure 5a) as well as doo; = 16.82 A, M = 8.3
layers, A = 0.77 A, and k = 0.6. A satisfactory fit of
experimental data (Figure 16d) can be obtained using the
model of Szczerba et al. (2014), thus providing an
additional confirmation of the validity of this model.

CONCLUDING REMARKS AND PERSPECTIVES

The present article describes how a back-and-forth
procedure between simulation results and diffraction
data can improve the description of the smectite
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Figure 16. Refinement of the organization of water and ions in Ca-saturated ethylene-glycol/water-montmorillonite (adapted from
Szczerbaetal.,2014); (a) Interlayer atomic density profile calculated according to the model of Reynolds (1965) and the distribution
function along the c*-axis given by Equation 12. Atomic Z-coordinates are given in A relative to the interlayer mid-plane. (b) MD-
computed interlayer atomic density profile for Ca, O (from H,O molecules), O (from EG molecules), C, and H atoms from Szczerba
etal. (2014). (c) Comparison of the electronic density profiles p(z) obtained using the models of Reynolds (1965) and Szczerba et al.
(2014). (d) Comparison of experimental XRD patterns (crosses) and theoretical profiles (solid lines) of the 00/ reflections calculated
using Equation 9 and the interlayer model of Szczerba et al. (2014) for Ca-saturated and EG-solvated SWy-1 montmorillonite
(Ferrage et al., 2007a). The vertical gray bar indicates an increased intensity scale factor for high-angle reflections (20 > 12°).
Vertical dashed gray lines indicate the theoretical position of the 00/ reflections. Misfits between experimental and theoretical XRD
patterns in the low-angle region were not considered in calculating the goodness-of-fit Rp parameter.

interlayer organization. The design of molecular simula-
tions with layer-to-layer distances constrained by
experimental diffraction data requires the biases related
to hydration heterogeneities and thin crystallite sizes on
the position of the first diffraction maxima to be
considered. Based on molecular simulations results,
computed interlayer positions can then be used to
generate 00/ reflection intensities for comparison with
experimental diffraction data.

Results from molecular simulations strongly depend
on the considered force field, which can still be
improved, and thus, a comparison with experimental
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data is necessary for validation (Striolo, 2011). When
interested in the interlayer organization of species, XRD
data, in particular, are effective due to the similar length
scale probed and the large accessibility of this diffrac-
tion technique. Thus, force field validation through
comparison with XRD data is an essential step.
Additional experimental data can, however, be necessary
because of the aforementioned limitations of the XRD
technique for the detection of light elements and
interlayer cations. Once validated by comparison with
experimental data, molecular simulations provide more
realistic descriptions of the interlayer organization of
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water and ions in smectite. The obtained descriptions
then supplement the structural refinements performed so
far by (i) accessing the optimal interlayer position and
realistic positional disorder for water and cations, and
(ii) allowing for the examination of the structural
properties of interlayer species in pressure and tempera-
ture conditions that are difficult to access experimen-
tally. Moreover, with regard to water in smectite, the use
of a force field validated by experimental data, such as
CLAYFF, has also proven to be efficient in predicting
dynamical properties of water molecules that are
compatible with experimental neutron scattering data
(Michot et al., 2012; Martins et al., 2014).

The collation of simulation results and diffraction
data for the refinement of interlayer species organization
is not restricted to the study of water and ions. As shown
in the present paper, the methodology can be transferred
to the analysis of ethylene glycol-montmorillonite
systems. Thus, in principle, the same approach could
provide additional experimental constraints on the
ongoing development of force fields specifically
designed to model organo-clay structures (Heinz et al.,
2005, 2013; among others). Organo-clay structures, such
as intercalated smectite structures, commonly display a
high degree of structural disorder in interlayer species,
which preclude obtaining structural details using con-
ventional diffraction experiments (Aristilde et al., 2013).
Moreover, a similar approach could be applied for the
refinement of the interlayer organization of CO, in
smectite (Fripiat et al., 1974; Busch et al., 2008; Botan
et al., 2010; Yang and Yang, 2011; Giesting et al.,
2012a, 2012b; Michels et al., 2015). From a more
general perspective, the back-and-forth procedure
between experimental and numerical data proposed
here could also be applied to other types of layered
structures (e.g. layered oxides, carbons, layered double
hydroxides). Similar to clay minerals, these lamellar
structures commonly contain a high density of structural
defects, and the intercalation properties have significant
industrial or environmental implications (Lanson, 2011).
In all cases, the simplified theoretical formalism for the
calculation of 00/ reflection series presented in this
paper is likely applicable to a large number of lamellar
host materials with a centrosymmetric crystal structure
and a wide range of intercalated compounds. As a
preliminary test, this formalism could be used to predict
potential differences in experimental XRD responses
among different types of interlayer models, either
approached in a simplified manner (Figure 5) or as
derived from molecular simulations performed using
different force fields (Figure 13).
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