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a b s t r a c t

In addition to isomorphic cation substitutions, smectite layers may present anionic substitutions with
fluorine replacing the structural hydroxyl groups and inducing a reduced number of H2O molecules
hydrating interlayer cations. The resulting additional versatility of smectite layers could be used to
fine-tune the hydrophilicity of pure or intercalated smectite pending a detailed understanding of inter-
layer water organization. The present article thus reports on the hydration of (fluoro-)hectorite samples
exhibiting similar charge density (structural formulae: [Na0.8�nH2O]inter[Mg5.2Li0.8]oct[Si8.0]tetO20(OH,F)4).
Water sorption isotherms and PIGE/PIXE analyses allowed constraining the water content over the
probed range of relative humidity and the bulk chemistry, respectively. Modeling of X-ray diffraction
(XRD) profiles obtained along water vapor desorption isotherms allowed gaining additional insights in
the distribution of interlayer H2O molecules. Compared to hydroxylated smectites of similar charge, fluo-
rinated hectorites contain �30% less interlayer H2O molecules although transitions between discrete
hydration states are observed for similar values of relative humidity. These molecules (3–4 and 6–8
H2O molecules per cation in the mono- and bi-hydrated states, respectively) predominantly belong to
the hydration sphere of interlayer cations, although additional H2O molecules are present in the bi-
hydrated state. As a consequence, the positional disorder of interlayer H2O molecules is much reduced
in fluorinated samples, thus increasing the minimum distance from an interlayer H2O molecule to the
smectite layer, most likely owing to the hydrophobicity of fluorinated layers. Finally, the distribution
of layers with a given hydration state is more heterogeneous within smectite crystals for fluorinated
smectites, compared to hydroxylated ones, possibly as the result of the improved crystallinity.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Smectite, whose TOT or 2:1 layers include two tetrahedral
sheets embedding an octahedral one, represents the most hydrated
pole of phyllosilicates. Isomorphic substitutions within both tetra-
hedral and octahedral sheets induce a permanent layer charge def-
icit, compensated for by the presence of hydrated cations in the
interlayer space. In addition to this significant negative layer
charge and related charge-compensating hydrated interlayer cat-
ions, its minute crystal size, responsible for large surface areas,
makes of smectite a favorable target for molecular engineering to
design organic and inorganic hybrid materials, including smec-
tite–polymer nanocomposites and pillared complexes of smec-
tite–metal oxides. In particular, the exchange of smectite
interlayer cations by large onium cations resulted in microporous
and mesoporous materials with amphiphilic properties [1–3],
whereas the ability of smectite to produce a variety of intercalation
compounds has been widely used to produce nanocomposites for
different applications [4–6]. In addition to isomorphic cation sub-
stitutions, smectite layers may present anionic substitutions with
fluorine replacing the structural hydroxyl groups, especially for
synthetic varieties [7–11]. The presence of structural fluorine in-
duces a significant decrease in the number of H2O molecules
hydrating interlayer cations, as shown by the water vapor sorption
isotherms obtained on hydroxylated and fluorinated smectites of
similar charge [12–14]. To take advantage of the resulting addi-
tional versatility of smectite layers to fine-tune the hydrophilicity
of pure or intercalated smectite, a detailed understanding of inter-
layer water organization is however required.

The present study thus aims at determining the organization of
interlayer water in fluorinated and hydroxylated smectites of
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similar charge along the water vapor desorption isotherm. Along
this isotherm, the stepwise decrease of the apparent layer-to-layer
distance experimentally determined with X-ray diffraction (XRD)
covers the four crystalline hydration states described previously
for smectite [15–18]: tri-hydrated (3W, d001 = 18–19 Å), bi-hy-
drated (2W, d001 = 14.9–15.7 Å), mono-hydrated (1W, d001 = 11.6–
12.9 Å), and dehydrated (0W, d001 = 9.7–10.2 Å) smectites. XRD
profile modeling allowed taking into account the intrinsic coexis-
tence of layers with contrasting hydration states at given water
activity conditions [19–22]. Using additional constraints from
water vapor desorption isotherms to quantify the amount of inter-
layer water, this technique allowed also gaining a detailed insight
into the distribution and positional disorder of interlayer H2O mol-
ecules and their relation with charge-compensating cations.
2. Materials and methods

2.1. Sample preparation

Three hectorite samples were synthesized aiming at a common
ideal structural formula [Na0.8]inter[Mg5.2Li0.8]oct[Si8.0]tetO20(F,OH)4.
The hydroxylated hectorite, hereafter referred to as OH-Hydr, was
synthesized hydrothermally from gel precursors in an externally-
heated Morey-type pressure vessel with an internal silver tubing
[23,24]. Synthesis conditions were 400 �C, 1 kbar P(H2O), and a
duration of four weeks. A fluorinated hectorite sample, hereafter
referred to as F-Hydr, was synthesized using a similar hydrother-
mal procedure. A two-step procedure was used, however, for gel
preparation. First, a magnesium depleted gel was prepared, based
on the structural formula [Na0.8]inter[Mg3.2Li0.8]oct[Si8.0]tetO20, to
avoid fluorine depolymerization. Second, the Mg-depleted gel
was mechanically mixed with MgF2(solid) to obtain the correct stoi-
chiometry. Finally, sealed gold tubes were used rather than silver
tubing to avoid interactions with the metallic vessel. This particu-
lar synthesis resulted in the presence of minor quartz (SiO2), sella-
ite (MgF2), and enstatite (MgSiO3) impurities. A second fluorinated
hectorite (hereafter referred to as F-HT) was synthesized at high
temperature from a melt as described elsewhere, leading to a
material with very high homogeneity of layer composition and
charge density [10,13,25,26].

All samples were initially sodium-saturated at room tempera-
ture by contact with aqueous solutions of NaCl (1 mol/L). Hector-
ites were shaken mechanically in saline solutions for 24 h before
separation of the solid fraction by centrifugation and addition of
a fresh saline solution. Four repetitions of these steps ensured a
complete cation exchange. Excess sodium chloride was then re-
moved by washing the solid four times by immersion for 24 h in
deionized water (Siemens� UltraClear, 18.2 MX cm�1).
2.2. Sample characterization

Chemical analysis was performed using ion beam analysis to re-
cord simultaneously the signal from all elements present in hector-
ites and in particular from Li and F, in addition to Si, Mg, Na, O
[27,28]. PIGE/PIXE experiments (particle induced gamma- and X-
ray emissions, respectively) were conducted with a 3 MeV proton
beam at the AGLAE facility (CR2MF, Louvre Museum, Paris –
France). Measurements were performed on solid pellets having a
1 cm diameter directly in air with an external microbeam (surface
area of 1 mm2). F and Li concentrations were determined from the
gamma emissions integrated at 110 and 197 keV (F) and at 477 keV
(Li) and normalization to geostandards (MA-N and DR-N). Concen-
trations for other elements were calculated from the PIXE spectra
using GUPIX.
Water vapor gravimetric desorption isotherms were measured
using a lab-built quasi-equilibrium setup designed around a Seta-
ram MTB 10-8 symmetrical microbalance [29]. Water vapor was
supplied to the sample (thermostated at 30 �C) from a source kept
at 45 �C at a slow flow rate to maintain quasi-equilibrium condi-
tions at all times. Isotherms were deduced from the simultaneous
measurements of mass uptake and equilibrium pressure (gauge 0–
13.3 kPa). The different samples studied (�100 mg) were initially
outgassed at 110 �C for 18 h under a residual pressure of 1 Pa. In
addition, N2 BET surface areas were determined on Na-saturated
hydrothermal samples using a Belsorp-Max volumetric gas sorp-
tion instrument.

2.3. Methods

Oriented slides were prepared for all three samples by drying at
room temperature an aqueous clay suspension on a glass slide.
XRD patterns were then recorded using either a Bruker D5000 dif-
fractometer equipped with an Ansyco rh-plus 2250 humidity con-
troller coupled to an Anton Paar TTK450 chamber (F-HT) or a
Bruker D8 equipped with a MHG Messtechnik humidity controller
coupled to an Anton Paar CHC+ chamber (OH-Hydr, F-Hydr). Inten-
sities were measured with a SolXE Si (Li) solid state detector from
Baltic Scientific Instruments for 4 s per 0.04 �2h step over the 2–50
�2h CuKa angular range. On the two instruments, the divergence
slits, the two Soller slits, the antiscatter, and resolution slits were
0.3�, 2.3�, 0.3�, and 0.1�, respectively. Samples were initially equil-
ibrated at �97% RH over a saturated CuSO4 solution before being
transferred to the chamber, where they were kept at 23 �C under
a constant flow of air at the desired RH during the whole data col-
lection. RH was monitored continuously with a hygrometer (uncer-
tainty of �2% RH) located close to the sample. The dry state was
obtained by outgassing the chambers (�10�3 Pa) at ambient
temperature.

The algorithms developed initially by Drits and co-workers
were employed to fit experimental XRD profiles over the recorded
2–50 �2h CuKa angular range using a trial-and-error approach
[30,31]. This approach relies on a user-driven optimization of a
structure model aiming at reproducing XRD data. Although this ap-
proach precludes taking into account correlations between param-
eters, owing to the lack of covariance matrix calculation, it has
proven successful for the structural characterization of defective
and interstratified lamellar structures over the last decades
[31,32]. Instrumental and experimental factors such as horizontal
and vertical beam divergences, goniometer radius, and length
and thickness of the oriented slides were measured and introduced
without further adjustment. The mass absorption coefficient (l⁄)
was set to 45 cm2 g�1, as recommended by Moore and Reynolds
[33]. Supplementary variable parameters included the layer-to-
layer distance. The lognormal distribution of coherent scattering
domain sizes along the c⁄ axis was characterized by a mean value
(N), the maximum value being systematically set to 80 layers, the
contribution of larger crystals to scattered intensity being negligi-
ble because of their low proportion. The z-coordinates of all atoms
constituting the 2:1 (or TOT) smectite layer were set as determined
previously for hectorites [34]. The interlayer configuration used for
3W layers included two planes of cations on each side of the inter-
layer midplane. The distance between each of these planes and the
interlayer midplane (Dd3W) was refined to �1.5 Å. Interlayer H2O
molecules were distributed symmetrically above and below these
two cationic planes, the interlayer midplane thus hosting twice
the number of H2O molecules present in each of the outer planes.
The interlayer configuration used for 2W layers was proposed ini-
tially by Ferrage et al. (2005) with one plane of H2O molecules on
each side of the interlayer midplane, that hosts cations [35]. This
model was characterized by the distance (Dd2W) between the
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interlayer midplane and each of the planes of H2O molecules. For
1W layers both cations and H2O molecules were located in the
interlayer midplane. A similar configuration was used for 0W lay-
ers however without H2O molecules. The same Debye–Waller tem-
perature factor was used for interlayer cations in all models
(B = 5 Å2) [35]. The actual positional disorder of interlayer cations
was not refined further owing to the similar scattering power of
Na+ cations and H2O molecules, and to the prevalence of the latter
species in smectite interlayers. The overall amount of water at a gi-
ven RH was not considered as a variable parameter in the present
work and was constrained by water vapor sorption isotherms, the
distribution of this overall amount between the different types of
hydrated layers being however refined. N, Dd2W and the Debye–
Waller factor of H2O molecules (Bwat) were considered also as var-
iable parameters. The fitting procedure is detailed elsewhere
[12,36,37]. The unweighted Rp parameter, which is mainly influ-
enced by fit quality of intense diffraction maxima, was used to
quantify the overall fit quality [38].

Except when specifically needed to reproduce a low-angle
super-reflection, interstratification of the different types of hy-
drated layers was systematically random in all mixed layers con-
tributing to the diffracted intensity. The composition of the
different mixed layers was however variable, thus leading to an
overall segregation of the different layer types. The extent of this
segregation can be quantified using the following parameter:
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where Ab�MLi represents the relative proportion of the ith mixed
layer contribution, Wi

MW the relative abundance in this mixed layer
of the major layer type in the sample, and n the total number of
mixed layers.

3. Results

3.1. Chemical composition

The element contents determined by PIGE/PIXE and reported in
Table 1a were used to calculate structural formulae (Table 1b) for
the three hectorites. Al and Ca were not included in the calculation
of structural formulae because of their very low contents, some-
Table 1
Composition determined by PIGE-PIXE for the hectorites samples (a, weight%), and
deduced structural formulae (b, per O20(OH,F)4, see text for details).

OH-Hydr (%) F-Hydr (%) F-HT (%)

(a)
Li 0.68 0.60 0.66
O/OHa 47.89 40.45 39.18
F 0.04 7.78 8.74
Na 2.20 2.01 2.36
Mg 17.05 16.35 16.69
Al 0.05 0.05 0.08
Si 32.09 32.71 32.22
Ca 0.00 0.05 0.07
(b)
Si 8.00 8.00 8.00
Mg 5.27 5.31 5.27
Li 0.73 0.69 0.73
Na 0.72 0.69 0.79
O/OH 24.00 20.76 20.47
F 0.00 3.24 3.53
Excess charge �0.01 0.00 0.06

a The amount of O/OH was determined by difference.
times close to detection limits. The systematic presence of quartz
(SiO2) impurity in the samples, revealed by powder XRD (data
not shown), prevented the normalization to silicon and structural
formulae were thus calculated assuming a total of 6.00 octahedral
cations (Mg and Li). The O+OH content was calculated as the differ-
ence of the F content to 24 (O20(OH,F)4 basis). The structural for-
mula calculated for F-Hydr used the Mg and Li contents
determined experimentally despite the presence of sellaite
(MgF2) and enstatite (MgSiO3) impurities in this sample (2.0%
and 0.5%, respectively from quantitative phase analysis using
XRD – data not shown). The overall charge of the 2:1 smectite layer
is, however, consistent with that calculated for its hydroxylated
equivalent (0.69 and 0.72 per O20 (OH,F)4, respectively), and per-
fectly balanced by the number of interlayer cations for both sam-
ples. For F-HT, the amount of interlayer Na is significantly
increased compared to hydrothermal samples (0.79 compared to
0.69–0.72 per O20(OH,F)4, respectively), thus suggesting a higher
charge. The number of structural F in F-HT is also significantly
higher than that determined for F-Hydr, consistent with the syn-
thesis conditions.
3.2. Water vapor desorption isotherms

All water vapor desorption isotherms exhibit similar type IV
profiles with the presence of two steps corresponding to domains
where bi-hydrated and then mono-hydrated smectite layers dom-
inate (Fig. 1) [39]. Two main types of isotherms may be distin-
guished however from the content of interlayer H2O
corresponding to the different hydration states, fluorinated smec-
tite containing �30% less H2O than its hydroxylated equivalent
consistent with results obtained on fluorinated talc [40]. In addi-
tion, the transitions between the different hydration domains are
much sharper for the F-HT sample compared to hydrothermal
ones, consistent with the improved crystallinity of the former sam-
ple [34]. For F-HT, the transition between the two domains occurs
at �65% RH and is completed over a 10% RH range, and the pla-
teaus corresponding to the main hydration states are extremely
flat, with �8.0 and 3.95 mmol H2O per gram of clay over the 2W
and 1W domains (92–72% RH, and 60–20% RH, respectively). The
amount of H2O desorbed from F-Hydr is consistent with that in
F-HT, but its desorption isotherm is much smoother, consistent
with data obtained on natural smectite [41]. Capillary sorption of
H2O molecules at RH values higher than 75% RH, impedes an accu-
rate determination of the 2W domain that appears at first glance to
extend from �90% RH down to 60% RH, with a linear decrease of
H2O from �9.8 to �7.1 mmol/g (Fig. 1). The 1W domain extends
from 45 to 20% RH, with a linear decrease of interlayer H2O from
�4.5 to �3.3 mmol/g. The transition between 2W and 1W states
is smoother than for F-HT, spreading over �15% RH, whereas the
1W/0W transition is similar for the two fluorinated samples with
a decrease of the amount of H2O from �3.5 mmol/g at �18% RH
to 0.0 mmol/g at 0% RH. Finally the water desorption isotherm
measured on OH-Hydr is similar to that of its fluorinated equiva-
lent except for the amount of H2O which is approximately 50%
higher (Fig. 1).
3.3. XRD profile modeling

XRD data and their optimum fits are shown as a function of rel-
ative humidity in Figs. 2, 3 and 4, for OH-Hydr, F-Hydr, and F-HT,
respectively. The relative proportions of the mixed layers contrib-
uting to calculated intensity and their compositions (proportions
of the different layer types) are reported in Tables 2–4 for OH-hydr,
F-Hydr, and F-HT, respectively. These Tables also include the main
structural parameters of crystals (N), layers (layer-to-layer
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distance and its fluctuation – rz, and interlayer H2O content and
organization, with Dd parameters for 2W and 3W layers).

3.3.1. OH-Hydr
From�98 to 92% RH, XRD patterns were fitted with three mixed

layers, the two main ones including mostly or only 2W layers int-
erstratified with minor 3W layers to fit the low-angle asymmetry
of the 001 smectite reflection (Fig. 2). The third mixed layer also
contains 2W and 3W layers, but exhibits a maximum possible de-
gree of ordering (MPDO) at R = 1 (see Drits and Tchoubar for details
about mixed-layer nomenclature) [31] and allows reproducing the
weak super-reflection at �2.6 �2h. Below 92% RH, the super-reflec-
tion vanishes and two mixed layers are sufficient to reproduce XRD
data. From this RH value down to �65% RH, the main mixed layer
contribution is primarily composed of 2W layers with minor 1W
layers to fit the high-angle asymmetry of the 001 smectite reflec-
tion, while the minor phase keeps a minor content of 3W layers
down to 75% RH. While stable over the 85–65% RH range, the pro-
portion of 1W layers increases significantly at 55% RH as shown by
the enhanced high-angle asymmetry of the 001 smectite reflection
and by the development of a second order reflection at �14 �2h.
Accordingly, the contribution of the mixed layer with negligible
1W layers decreases, and two mixed layers with significant or
dominant 1W layers are needed to fit the XRD data. At 51 and
46% RH, the relative proportion of 1W layers increases in the three
mixed layers required to fit both the broadened 001 smectite
reflection and the coexistence of 00l reflections corresponding to
both 2W- and 1W-dominated mixed layers. At this point, one of
the mixed layers contains essentially 1W layers, whereas 2W lay-
ers still dominates another mixed layer. The transition to an essen-
tially mono-hydrated state is complete at 37% RH where two
mixed layers are sufficient to fit XRD data. At this RH value, the
sample is primarily mono-hydrated, with a minor contribution of
2W layers in the minor mixed layer. Following the desorption iso-
therm, 2W layers totally disappear at 28% RH, where minor 0W
layers are present in one of the two mixed layers. At 20% RH, 1W
layers still dominate, with a very similar composition. At 7% RH,
the relative contribution of the mixed layer containing essentially
1W layers decreases strongly, consistent with the positional shift
of the 001 smectite reflection to higher angles. The emergence of
a mixed layer with significant content of 0W layers also contrib-
utes to increase the proportion of dehydrated layers. Finally, the
pattern recorded at 0% RH is fitted with two mixed layers where
0W prevail, consistent with the almost rational series of 00l reflec-
tions (d001 � lxd00l) corresponding to d001 = 9.7 Å.
3.3.2. F-Hydr
At 95% RH, the sample is essentially tri-hydrated, consistent

with the rationality of 00l reflections corresponding to
d001 = 18.8 Å. Departure from rationality (n), defined as the stan-
dard deviation of lxd00l values [42], was calculated to be
�0.024 Å (10 reflections), indicative of a periodic 3W layer stack-
ing. In contrast with this simple picture, four contributions were
necessary to fit the pattern recorded at 90% RH. The presence of
reflections typical for 3W and 2W smectites (Fig. 3) required
the presence of periodic or mixed layer contributions correspond-
ing to these two hydration states, whereas two additional mixed
layers with prevailing 2W and minor 3W layers allowed fitting
subtle profile modulations. From 85% to 70% RH, one periodic
2W contribution coexists with a mixed layer with prevailing
2W and minor 3W layers, the content of the latter layers decreas-
ing steadily with RH. At 85% and 80% RH, a third mixed layer with
prevailing 3W layers is necessary to fit the low-angle shoulder of
the smectite 001 reflection. The transition between bi- and mono-
hydrated states occurs from 60% to 30% RH. This transition is
characterized by a heterogeneous hydration behavior of F-Hydr
and the presence of four contributions to the diffracted intensity.
The relative contribution of the initially periodic 2W smectite de-
creases steadily with decreasing RH, as the content of 1W layers
increases at the expense of 2W ones. Simultaneously, the relative
contribution of a mixed layer with prevailing 1W and minor 2W
layers increases together with its content in 1W layers. One of the
two mixed layers necessary to fit the XRD data collected over this
transition zone has intermediate composition between the previ-
ous two, 2W and 1W layers prevailing at 60 and 40% RH, respec-
tively. The last contribution to the data is dominated by 1W
layers over the whole transition, these layers coexisting with
minor 2W layers at first and next with a marginal amount of
0W layers. Compared to 40% RH, the compositions of the four
mixed layers used to fit the XRD data at 30% RH logically contain
more 1W layers, the contribution of the only mixed layer still
dominated by 2W layers being marginal. The transition to the
mono-hydrated state is achieved. At 20% RH, all four mixed layers
needed to fit the data are dominated by 1W layers, with the pres-
ence of minor 0W layers in the main contribution to account for
the high-angle asymmetry of the smectite 001 reflection. When
decreasing further the RH to 15%, the relative proportion of 0W
layers in this dominant mixed layer increases as indicated by
the positional shift of the smectite 001 reflection. At 7% RH, the
transition from mono-hydrated to dehydrated state is essentially
realized, although a significant proportion of 1W layers is present
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in two of the four mixed layers needed to fit the data to account
for the low-angle asymmetry of the smectite 001 reflection at
9.91 Å. One of the mixed layers with similar contents of 0W
and 1W layers exhibits MPDO at R = 1 and allows reproducing
the super-reflection at �3.8 �2h. When decreasing further the
RH to 0%, the content of 1W layers in these two mixed layers
decreases together with their relative contribution, thus increas-
ing the symmetry of the smectite 001 reflection.

3.3.3. F-HT
From 93% to 80% RH, the sample is essentially bi-hydrated, con-

sistent with the rationality of 00l reflections corresponding to a
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d001 � 15.3–15.4 Å, the n parameter being equal to 0.032 Å (8
reflections), 0.036 Å (8 reflections), and 0.103 Å (7 reflections) at
93, 86, and 80% RH, respectively. Accordingly, only 2W layers are
present at 93% RH. Diffraction maxima broaden significantly how-
ever as the diffraction angle increases and a doublet is actually vis-
ible above 40 �2h, even after subtraction of the Ka2 contribution
(Fig. 4), indicating the presence of 2W layers with distinct layer-
to-layer distances (15.33 and 15.46 Å, respectively, at 93% RH).
The different 2W layer types are segregated in distinct crystallites.
At 86% RH, crystallites with the two types of 2W layers interstrat-
ified with minor 1W layers still dominate the sample. A third, min-
or, mixed layer with 30% of 1W layers allows fitting weak peak
tails. At 80% RH, four mixed layers were considered to fit the dif-
fraction data. The main one contains essentially 2W layers,
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whereas the other two contain both 2W and 1W layers in contrast-
ing proportions (78:22 and 25:75, respectively). All 2W layers ex-
hibit the same layer-to-layer distance. Finally, a minor
contribution corresponding to periodic 1W crystals allows fitting
the weak peaks of mono-hydrated smectite. From 68% to 63% RH,
the relative contribution of periodic 1W smectite increases to-
gether with the relative proportion of 1W layers in the three mixed
layer contributions. Two types of 1W layers with distinct layer-to-
layer distances coexist in the sample, however in different crystal-
lites. At 50% RH, the transition to mono-hydrated smectite is al-
most complete and the diffraction pattern is dominated by a
rational series of 00l reflections corresponding to 1W smectite
(Fig. 4). A periodic 1W contribution accounts for this series of
reflections, whereas two mixed layers dominated by 1W layers



Table 2
Structural parameters used to fit experimental XRD patterns of OH-Hydr as a function of relative humidity.

RH 98 94 92 85 80 75 65 55 51 46 37 28 20 7 0

Layer-to-layer distance (Å) 0W 9.80 9.70 9.70 9.70 9.70 9.70 9.70
1W 12.90 12.90 12.90 12.90 12.57 12.59 12.57 12.56 12.53 12.47 12.20 12.00
2W 15.65 15.61 15.59 15.56 15.51 15.45 15.39 15.35 15.29 15.25 14.98
3W 18.86 18.80 18.50 18.30 18.20 18.00

Number of interlayer H2O
moleculesa

1W 4.55 4.55 4.55 4.55 4.55 4.55 4.48 4.40 4.20 3.90 3.15 2.50
2W 9.40 9.30 9.20 9.00 8.90 8.70 8.50 8.20 8.10 8.00 8.00
3W 12.00 10.50 9.00 8.40 8.10 7.50

Debye–Waller factor of
interlayer H2Ob

1W 2 5 5 5 14 43 48 50 50 49 50 50
2W 50 50 43 39 45 39 28 49 45 50 50
3W 38 10 10 10 24 16

Additional parametersc Dd2W
(Å)

1.50 1.50 1.47 1.43 1.49 1.41 1.37 1.40 1.43 1.35 1.05

Dd3W
(Å)

1.50 1.50 1.50 1.50 1.50 1.50

rz (Å) 0.15 0.19 0.20 0.15 0.18 0.20 0.22 0.22 0.20 0.22 0.27 0.30 0.30 0.19 0.22
r⁄ (�) 2.3 4.2 4.4 4.5 4.2 4.3 4.4 4.3 4.2 4.0 3.9 3.6 3.5 4.0 3.3

Phase 1d Ab. (%) 0.49 0.75 0.73 0.83 0.79 0.76 0.74 0.33 0.28 0.53 0.88 0.85 0.78 0.15 0.25
0W (%) 0.01 0.01 0.05 1.00
1W (%) 0.02 0.02 0.02 0.02 0.59 0.90 0.98 0.99 1.00 1.00 0.95
2W (%) 0.87 0.96 1.00 0.98 0.98 0.98 0.98 0.41 0.10 0.01
3W (%) 0.13 0.04
CSD
size

6.5 7.1 7.4 7.7 8.6 9.0 8.0 5.6 8.0 9.3 9.3 9.6 9.5 10.8 12.7

Phase 2 Ab. (%) 0.46 0.23 0.19 0.17 0.21 0.24 0.26 0.36 0.27 0.38 0.12 0.15 0.21 0.57 0.70
0W (%) 0.15 0.20 0.24 0.93
1W (%) 0.10 0.27 0.65 0.76 0.76 0.85 0.80 0.76 0.07
2W (%) 0.70 0.75 0.80 0.80 0.90 0.90 0.90 0.73 0.35 0.24 0.24
3W (%) 0.30 0.25 0.20 0.20 0.10 0.10
CSD
size

4.0 5.0 4.5 5.0 4.2 5.0 5.5 8.6 9.0 7.3 5.8 8.7 10.5 10.0 8.9

Phase 3 Ab. (%) 0.05 0.02 0.08 0.31 0.45 0.09 0.01 0.28 0.05
0W (%) 0.06 0.40 0.40 0.50
1W (%) 0.04 0.27 0.32 0.60 0.60 0.50
2W (%) 0.50 0.50 0.50 0.96 0.67 0.68
3W (%) 0.50 0.50 0.50
CSD
size

2.0 1.4 1.4 7.6 6.5 6.5 10.0 8.0 2.0

a The number of interlayer H2O molecules is given per O20(OH,F)4 for each layer type.
b Debye–Waller factor of interlayer H2O is given in Å2 for each layer type.
c Dd : distance, in projection along the c* axis, between the interlayer midplane and the maximum density of the H2O molecule distribution. rz : Standard deviation of

layer thickness. r* : Standard deviation of the distribution of particles orientation.
d The relative abundance (Ab.), the composition (proportion of the different layer types), and the size of coherent scattering domains (CSD) are given for each contribution

to the simulated diffraction pattern. Average CSD size is given in layers per crystal.
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allow fitting the low-angle shoulder of the 001 reflection. A fourth
mixed layer with equivalent contents of 1W and 2W layers is also
present. At this stage of the dehydration, the two types of 1W lay-
ers coexist within the same crystallites. The same mixed layers are
present down to 20% RH, dehydration inducing both the steady de-
crease of the most hydrated mixed layers and the progressive in-
crease of their 1W layer content. At 20% RH, two periodic 1W
smectites, each with a distinct layer-to-layer distance, account
for about 2/3 of the sample, whereas the third contribution con-
tains �5% of 2W layers interstratified with 1W ones. The coexis-
tence of two types of 1W layers is evidenced by the progressive
peak broadening and splitting with increasing diffraction angles,
even after subtraction of the Ka2 contribution (Fig. 4). At 12% RH,
the main contribution is still dominated by 1W layers although
strong peak tails indicate the presence of 0W layers in all four
mixed layers required to fit the data. Under vacuum, dehydrated
layers prevail in the four contributions. Three of these mixed layers
contain more than 80% of 0W layers. The distinct reflection on the
low-angle side of the 001 reflection (Fig. 4) is characteristic of the
fourth mixed layer which contains equivalent amounts of 0W and
1W layers.
4. Discussion

4.1. Evolution of smectite hydration

The profile modeling approach used in the present study allows
gaining precise insights into the overall hydration of the
investigated smectites despite their heterogeneity. In particular,
by plotting the relative proportions of the different layer types as
a function of RH (Fig. 5) it is possible to determine the actual
position of the transition between different hydration domains
and to assess hydration homogeneity. Plots obtained for both
hydroxylated and fluorinated hydrothermal smectites are consis-
tent with those obtained on synthetic smectite of equivalent
charge but exhibiting tetrahedral substitutions (saponite S-Na0.8)
[12]. Plateaus corresponding to bi-hydrated and mono-hydrated
states are clearly visible over most of the RH range investigated,
and the dehydration of 2W smectite occurs at �50% RH. At low
RH values, both samples are dominated by 0W layers, consistent
with results obtained on saponite with similar layer charge [12].
Despite this overall consistency, minor differences occur between
the samples, although hectorite and saponite were obtained with



Table 3
Structural parameters used to reproduce experimental patterns of F-Hydr as a function of RH.

RH 95 90 85 80 75 70 60 55 50 45 40 30 20 15 7 0

Layer-to-layer
distance (Å)

0W 9.80 9.80 9.75 9.75 9.75 9.69 9.75
1W 12.60 12.60 12.60 12.60 12.59 12.56 12.50 12.45 12.40 12.40
2W 15.72 15.68 15.64 15.59 15.53 15.43 15.39 15.34 15.28 15.25 15.20 15.20 15.20
3W 18.81 18.80 18.79 18.70 18.55 18.40

Number of interlayer
H2O molecules

1W 3.15 3.00 3.00 2.95 2.90 2.78 2.60 2.55 2.50 2.50
2W 5.98 5.96 5.90 5.82 5.78 5.66 5.56 5.40 4.80 4.40 4.40 4.40 4.40
3W 8.70 8.49 8.40 8.25 8.10 7.95

Debye–Waller factor
of interlayer H2O

1W 5 5 5 13 6 5 5 5 50 50
2W 5 8 11 7 6 18 14 50 5 5 5 5 5
3W 10 50 11 12 5 5

Additional parameters Dd2W
(Å)

1.43 1.43 1.44 1.47 1.48 1.50 1.50 1.48 1.36 1.25 1.05 1.05 1.50

Dd3W
(Å)

1.50 1.50 1.48 1.44 1.38 1.29

rz (Å) 0.25 0.25 0.31 0.38 0.40 0.39 0.25 0.22 0.20 0.20 0.22 0.24 0.18 0.10 0.05 0.12
r⁄ (�) 15.0 5.7 5.8 4.5 4.3 3.9 5.0 6.0 5.8 6.0 4.8 4.9 8.0 10.5 15.0 20.0

Phase 1 Ab. (%) 1.00 0.26 0.62 0.79 0.79 0.74 0.44 0.38 0.19 0.12 0.07 0.03 0.26 0.04 0.42 0.28
0W (%) 0.80 0.85
1W (%) 0.02 0.05 0.12 0.16 0.20 0.30 0.95 0.90 0.20 0.15
2W (%) 1.00 0.99 0.99 0.99 1.00 0.98 0.95 0.88 0.84 0.80 0.70 0.05 0.10
3W (%) 1.00 0.01 0.01 0.01
CSD
size

8.1 13.4 12.5 12.5 12.9 11.8 11.1 10.7 6.9 5.9 4.0 5.7 12.0 7.0 14.8 15.0

Phase 2 Ab. (%) 0.27 0.25 0.14 0.21 0.26 0.45 0.45 0.19 0.19 0.17 0.16 0.14 0.03 0.03
0W (%) 0.50 0.70
1W (%) 0.12 0.22 0.50 0.66 0.70 0.90 0.90 0.50 0.30
2W (%) 0.88 0.85 0.85 0.90 0.95 0.88 0.78 0.50 0.34 0.30 0.10 0.10
3W (%) 0.12 0.15 0.15 0.10 0.05
CSD
size

12.0 10.0 11.0 11.0 11.0 7.8 7.9 7.9 9.1 5.0 8.7 6.1 6.1 15.0

Phase 3 Ab. (%) 0.27 0.13 0.07 0.09 0.39 0.21 0.29 0.16 0.32 0.04 0.07 0.06
0W (%) 0.02 0.02 0.03 0.15 0.40 1.00 1.00
1W (%) 0.57 0.80 0.98 0.98 0.97 0.85 0.60
2W (%) 0.15 0.23 0.23 0.43 0.20
3W (%) 0.85 0.77 0.77
CSD
size

4.5 4.5 4.5 7.6 7.5 20.0 23.0 27.6 27.3 10.0 15.0 5.0

Phase 4 Ab. (%) 0.20 0.11 0.08 0.23 0.48 0.47 0.65 0.28 0.92 0.48 0.63
0W (%) 0.02 0.03 0.23 0.94 0.97
1W (%) 0.80 0.93 0.95 0.95 0.95 0.95 0.97 0.77 0.06 0.03
2W (%) 0.70 0.20 0.07 0.05 0.05 0.05 0.03
3W (%) 0.30
CSD
size

7.0 4.2 5.7 15.0 12.3 14.0 19.8 19.9 11.7 13.2 15.0
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the same synthesis protocol [12,23]. First, hectorite samples con-
tain a significant amount of 3W layers at high RH values. These lay-
ers are actually predominant in F-Hydr that exhibits a rational
series of 00l reflections corresponding to a d001 = 18.8 Å. Despite
minor imperfections (for example at �43.3 �2h), the overall fit of
the pattern calculated with a strictly periodic 3W structure to
the data support the hypothesized structure model for these layers
[43–46]. In addition, the proportion of 3W layers remains signifi-
cant in hectorite down to �80–85% RH. The absence of 3W layers
in saponite is unlikely due to the experimental conditions as max-
imum RH values obtained with both this sample and F-Hydr were
similar. The absence of 3W layers in saponite under high RH con-
ditions is more likely due to the location of isomorphic substitu-
tions in the tetrahedral sheets that leads to stronger interactions
between the interlayer cations and the 2:1 layers. The transition
from bi- to mono-hydrated state occurs at �50% RH for the two
hydrothermal hectorites. 2W layers persist however over a much
extended range in F-Hydr compared to OH-Hydr and saponite. In
the latter samples, the relative proportion of 2W layers is marginal
at �30% RH, compared to �15% RH for F-Hydr. This specific behav-
ior will be discussed further in the section devoted to the structure
of interlayer H2O. Finally, dehydration occurs below �15% RH for
F-Hydr, which dehydrates more readily than hydroxylated samples
whose dehydration begins below �10% RH (Figs. 5a and b; Fig. 3 in
Ferrage et al. [37]).

The overall hydration behavior of F-HT slightly differs from that
of hydrothermal hectorites. No 3W layers were detected in F-HT
and the 2W–1W transition occurs at higher RH values (�65% RH
– Fig. 5c), despite the higher layer charge deficit of this sample
(�0.8 per O20(OH,F)4) compared to hydrothermal ones (�0.7 per
O20(OH,F)4) [37]. In addition, the transition spreads over a slightly
extended RH range (�35% RH) compared to hydrothermal samples.
On the other hand, the 1W–0W transition appears shifted towards
lower RH values compared to F-Hydr.

4.2. Dehydration mechanism

As shown previously [42,47], statistical description of layer
stacking may yield information on the actual reaction mechanisms
affecting smectite interlayers. In the present case, a segregation
parameter can be calculated for the prevailing layer along the
desorption isotherms (Fig. 6). This parameter may vary from 0,



Table 4
Structural parameters used to reproduce experimental patterns of F-HT as a function of RH.

RH 93 86 80 68 63 50 40 30 20 12 0

Layer-to-layer distance (Å) 0W 9.63 9.63
1W 12.53 12.61 12.60 12.49 12.48 12.46 12.45 12.41 11.80
1Wba 12.40 12.42 12.38 12.38 12.38 12.38 12.37 12.37
2W 15.33 15.30 15.32 15.31 15.24 15.15 15.05 15.00 14.90
2Wba 15.46 15.37

Number of interlayer H2O molecules 1W 3.35 3.35 3.30 3.00 2.95 2.90 2.68 2.60 2.50 2.50
1Wb 3.35 3.30 3.00 2.80 2.75 2.70 2.90 2.60
2W 6.80 6.56 6.44 6.10 5.70 5.20 4.60 4.40 4.00

Debye–Waller factor of interlayer H2O 1W 10 5 7 5 7 5 5 5 5 5
2W 8 10 5 5 5 50 5 20 5

Additional parameters Dd2W (Å) 1.50 1.50 1.31 1.21 1.50 1.50 1.49 1.40 1.40
rz (Å) 0.25 0.22 0.12 0.06 0.07 0.12 0.13 0.12 0.12 0.16 0.13
r⁄ (�) 4.0 4.8 8.0 6.0 6.0 3.0 4.0 5.0 4.5 5.0 1.5

Phase 1 Ab. (%) 0.52 0.48 0.05 0.20 0.23 0.38 0.35 0.46 0.34 0.51 0.62
0W (%) 0.09 0.99
1W (%) 0.78 0.93 0.95 0.95 0.91 0.01
1Wb (%) 0.01 0.75 0.90 0.90 0.10
2W (%) 1.00 0.99 0.25 0.10 0.10 0.12 0.07 0.05 0.05
2Wb (%)
CSD size 26 26 10 20 15 10 10 13 10 18 45

Phase 2 Ab. (%) 0.48 0.47 0.75 0.46 0.32 0.24 0.30 0.16 0.11 0.35 0.15
0W (%) 0.35 0.80
1W (%) 0.02 0.09 0.17 0.85 0.96 0.98 1.00 0.65 0.20
1Wb (%) 0.02 0.13 0.02 0.01
2W (%) 0.98 0.91 0.83 0.02 0.02 0.01
2Wb (%) 1.00 0.98
CSD size 19 21 20 16 15 17 25 30 40 15 15

Phase 3 Ab. (%) 0.05 0.02 0.09 0.19 0.27 0.30 0.35 0.55 0.09 0.07
0W (%) 0.48 0.90
1W (%) 0.52 0.10
1Wb (%) 0.30 1.00 1.00 1.00 0.98 0.99 0.99 0.99
2W (%) 0.70 0.02 0.01 0.01 0.01
2Wb (%)
CSD size 19 15 30 30 30 40 35 27 18 45

Phase 4 Ab. (%) 0.18 0.25 0.26 0.11 0.05 0.03 0.05 0.16
0W (%) 0.50 0.53
1W (%) 0.22 0.32 0.40 0.50 0.55 0.60 0.50 0.47
1Wb (%)
2W (%) 0.78 0.68 0.60 0.50 0.45 0.40
2Wb (%)
CSD size 7 9 10 8 10 10 8 45

a Two types of mono- and bi-hydrated layers (1W and 2W layers, respectively) with different layer-to-layer distances were necessary to fit the XRD data.
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for randomly interstratified mixed layers and in a pure periodic
phase, to 1, for the physical mixture of two periodic structures.
Increasing values are related to the increased probability to find
the prevailing layers in crystals primarily composed of this layer
type. Over the plateaus with the clear prevalence of one layer type,
values of the Sg parameter scatter from 0.0–0.2, consistent with
values reported previously for the interstratification of layers with
different interlayer cations [42,47]. This parameter increases dra-
matically however during the transition from one hydration state
to the other. For OH-Hydr, Sg parameter reaches �0.3 during both
3W–2W and 2W–1W transitions, compared to �0.05–0.10 over
homogeneous hydration domains. This sharp increase indicates
that dehydration does not occur at random within smectite crys-
tallites and that restricted domains with a predominant hydration
state are formed during transitions. The formation of such ‘‘homo-
geneous’’ domains is strongly enhanced for fluorinated samples
with values of Sg parameter equal to 0.4–0.5 over the 3W–2W
(F-Hydr) and 2W–1W (F-Hydr and F-HT) transitions. This confirms
the qualitative assessment of XRD profiles for these two samples
that exhibit clear doublets, distinctive of coexisting homogeneous
domains with different hydrations states (Figs. 2 and 3). The origin
of this specific behavior remains however unclear as it could arise
directly from the fluorination or indirectly, for example through
the crystallinity improvement. Crystallinity improvement is
demonstrated by the larger sizes of coherent scattering domains
determined for fluorinated hectorites compared to hydroxylated
ones (Tables 2–4), and by the reduction of BET surface areas deter-
mined for F-Hydr compared to OH-Hydr (17.59 and 27.08 m2 g�1,
respectively). The increase in crystal sizes measured for F-Hydr
compared to OH-Hydr reduces also the discrepancy between the
amount of H2O sorbed and that of interlayer H2O under high RH
conditions (Fig. 1), the two values being similar for F-HT consistent
with large crystal sizes.

Lower values of the Sg parameter are calculated for the 1W–0W
transition for all samples, possibly because this transition is less
comprehensively described in the present study because of exper-
imental constraints. It should be noted also that for F-Hydr this
transition is characterized by the presence of an ordered mixed
layer in which similar contents of 0W and 1W layers alternate with
MPDO (tendency to form 1W–0W layer sequences), as previously
reported [12,42,48].

4.3. Content and organization of interlayer H2O

Water vapor desorption isotherms obtained on the three hect-
orites investigated (Fig. 1) indicate a much reduced content of
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Fig. 5. Evolution of the relative contribution of the different layer types (summing
up all contributions to the diffracted intensity) along water vapor desorption
isotherms for (a) OH-Hydr, (b) F-Hydr, and (c) F-HT. Blue, purple, orange, and red
patterns represent 3W, 2W, 1W, and 0W layers, respectively. The error on RH was
estimated to be ±2%, that on layer abundance was considered to vary linearly from
±2% when the relative proportion of a given layer is 100 or 0%, to ±5% when this
layer accounts for 50% of the total layers. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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interlayer H2O in fluorinated samples compared to hydroxylated
ones. A similar decrease in external water content has been
reported for fluorinated, compared to hydroxylated, non-swelling
clay minerals (talc) [40], possibly owing to hydrophobic basal sur-
faces for fluorinated 2:1 clay structures. Taking into account results
obtained on hydroxylated saponites and the present results, the
influence of charge location (tetrahedral vs. octahedral) and that
of structural fluorine on the organization of interlayer H2O will
be assessed in both mono- and bi-hydrated smectites [12].

4.3.1. Mono-hydrated smectite layers
1W layers of OH-Hydr, S-Na0.8, and S-Na1.4, two hydroxylated

saponites with ideal structural formulae [Na0.8]inter[Mg6.0]oct[Si7.2-
Al0.8]tetO20(OH)4 and [Na1.4]inter[Mg6.0]oct[Si6.6Al1.4]tetO20(OH)4,
respectively, contain a similar number of interlayer H2O molecules,
this number decreasing from �6 to �3 per O20(OH)4 along the
desorption isotherm (Fig. 7a). For a given number of interlayer
H2O molecules, the layer-to-layer distance is �0.15–0.20 Å higher
in OH-Hydr compared to S-Na0.8 (Fig. 7a). The observed increase
in layer-to-layer distance is about constant over the whole RH
range investigated and possibly arises from the reduced electro-
static interactions between the 2:1 layer and the cation owing to
the different location of the layer charge deficit between saponite
(tetrahedral) and hectorite (octahedral). Consistently, the layer-
to-layer distance decreases further when the electrostatic attrac-
tion between the 2:1 layer and the cation is increased by increasing
the layer charge from 0.8 to 1.4 per O20(OH)4 for a given charge
location (S-Na0.8, and S-Na1.4, respectively – Fig. 7a). The distinct
undersaturation of oxygen atoms on the basal surfaces could also
be responsible for the absence of 1W OH-Hydr layers with more
than 5.0 H2O molecules per O20(0H)4, the formation of layers with
higher hydration states being favored in this case by the weak cat-
ion-layer interactions.

As suggested by water vapor sorption isotherms (Fig. 1), the
water content is much reduced in fluorinated samples com-
pared to hydroxylated ones, with about 2.5–3.0 H2O molecules
per O20(OH)4 along the isotherm (Fig. 7a). The reduced content
of interlayer H2O in fluorinated samples logically induces a re-
duced number of H2O molecules per cation (3.0–4.0 H2O mole-
cule per cation), this number being comparable to that obtained
in high-charge S-Na1.4 (Fig. 7b). Molecular modeling simulations
indicated that for the latter sample, all H2O molecules belong to
the cation first hydration shell [49]. With increasing RH, the
number of H2O molecules increases and induces a limited evo-
lution of the layer-to-layer distance possibly resulting from the
reorganization of the cation hydration shells [50]. Depending on
the water content, the hectorite layer-to-layer distance varies
from �12.4 to 12.6 Å, a much reduced range compared to
high-charge S-Na1.4 [12], likely owing to the reduced density
of interlayer species. The layer-to-layer distances determined
for fluorinated samples are equivalent to those obtained for
most hydrated 1 W OH-Hydr despite the different amounts of
interlayer H2O, most likely as the result of hydrophobic surfaces
of fluorinated phyllosilicates [40]. In addition to reducing the
number of interlayer H2O molecules that can be hosted in a gi-
ven size interlayer, fluorine also reduces the positional disorder
of these interlayer species. In the present study, the positional
distribution of interlayer H2O molecules was modeled by using
the Debye–Waller parameter (Bwat), commonly used to describe
thermal motion, the overall H2O content being constrained by
the water vapor desorption data. The Bwat parameter can be re-
lated to the full width at half maximum intensity (FWHM) of a
Gaussian distribution [51], that provides a decent description of
interlayer H2O positional distribution [12,41,42]:

FWHM ¼
ffiffiffi
B
p ffiffiffiffiffiffiffiffiffiffiffiffi

Lnð2Þ
p
p

ð2Þ

Over the mono-hydrated domain, that is below 50% RH, FWHM
values determined for OH-Hydr (�1.5 Å – Fig. 8) are consistent
with those reported for hydroxylated saponites [12]. On the other
hand, values obtained for fluorinated hectorites (�0.5 Å) indicate
(i) that the positional scattering of these molecules along the z-
direction is much reduced for fluorinated samples compared to
hydroxylated ones, and (ii) that the minimum distance from H2O
molecules to the 2:1 layer is much higher in the former samples,
consistent with the considered surface hydrophobicity of fluori-
nated phyllosilicates.
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4.3.2. Bi-hydrated smectite layers
2W layers of OH-Hydr, S-Na0.8, and S-Na1.4 contain a similar

number of interlayer H2O molecules, this number decreasing from
�10 to �8 per O20(OH)4 along the desorption isotherm (Fig. 9a).
Consistent with the increasing electrostatic attraction between
the 2:1 layer and interlayer cations, the layer-to-layer distance de-
creases from OH-Hydr to S-Na0.8, and to S-Na1.4 for a given number
of interlayer H2O molecules (Fig. 9a).
12.0

12.2

12.4

12.8

13.0

13.2

2 3 4

La
ye

r-
to

-la
ye

r d
is

ta
nc

e 
(in

 Å
)

Water 

(b)

(a)

12.0

12.2

12.4

12.8

13.0

13.2

1 2 3
Water cont

La
ye

r-
to

-la
ye

r d
is

ta
nc

e 
(in

 Å
)

Fig. 7. Evolution of the layer-to-layer distance as a function of interlayer water content f
O20(OH,F)4 (a) or to the number of interlayer cations (b). Results obtained on S-Na0.8 and
Other patterns as in Fig. 1. (For interpretation of the references to color in this figure le
In addition, the water content is much reduced in fluorinated
samples compared to hydroxylated ones, with 4.0–7.0 H2O mole-
cules per O20(OH)4 along the isotherm, as for mono-hydrated
smectite (Fig. 9a). When normalized to the number of interlayer
cations, this reduced number of H2O molecules in fluorinated hect-
orites is similar to that reported for S-Na1.4 (4.5–8.5 and 6.0–7.0
H2O per cation, respectively – Fig. 9b) [12]. This reduced number
exceeds however the number of H2O molecules from the first cat-
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ion hydration shell (4.0–5.0 H2O per cation) [49], in contrast to
mono-hydrated smectite. Compared to hectorites, the
layer-to-layer distance is shorter in S-Na1.4, the minimum
layer-to-layer distance determined for S-Na1.4 despite the higher
total number of H2O molecules arising from interlayer species
ordering [37]. Similar low values were obtained for F-HT, whose
layer charge and cation distributions are also ordered [34,52]. In
addition, for fluorinated smectites and more especially for F-Hydr
the layer-to-layer distance increases sharply when increasing the
number of interlayer H2O molecules above �8.0 H2O per cation.
This increased impact of additional H2O molecules occurs for num-
bers of H2O molecules largely exceeding that of the cation primary
hydration shell [49], and likely corresponds to the complete filling
of the H2O molecule ‘‘planes’’. In this case, addition of extra H2O
molecules can be accommodated only by the increase of the
layer-to-layer distance owing to the hydrophobicity of the 2:1
layer surfaces. The number of interlayer H2O molecules and the
layer-to-layer distance depends much more on RH in hectorites
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than in S-Na1.4, however. This likely originates from steric con-
straints in the high-charge saponite.

Finally, H2O molecules display similar configurations around
interlayer cations in both hydroxylated and fluorinated hectorites
with equivalent Dd2W values (Tables 2–4), consistent with those
reported for saponites [12]. The positional disorder of H2O mole-
cules is however significantly reduced and the minimum distance
from H2O molecules to the 2:1 layer increased in fluorinated hect-
orites, as indicated by the reduced Bwat parameters over the bi-hy-
drated domains (Fig. 8). Consistent with 1W layers, these
parameters correspond to Gaussian distribution whose FWHM
range from �1.2–1.5 Å in hydroxylated samples to �0.5–0.75 Å
in fluorinated hectorites.
5. Conclusions

Charged fluorinated phyllosilicates exhibit a hydrophobic
behavior similar to that previously demonstrated for uncharged
clay surfaces. Hydration of charge-compensating interlayer cations
remains effective however, although the content of interlayer H2O
is significantly reduced in fluorinated smectite compared its
hydroxylated equivalent. For a given layer charge, the content of
interlayer H2O in fluorinated smectite is reduced by �30% com-
pared to their hydroxylated counterpart as H2O molecules directly
hydrating interlayer cations prevail in the interlayer space of fluo-
rinated smectite. The reduced content of H2O molecules not bound
to interlayer cations is similar to the effect of increased layer
charge, although the driving force is likely different (hydrophobic-
ity of 2:1 layer surfaces and steric constraints, respectively).
Hydrophobicity of fluorinated smectite surfaces also increases
the minimum distance from interlayer H2O molecules to the 2:1
layer both by increasing the layer-to-layer distance for a given con-
tent of interlayer H2O molecules, compared to hydroxylated smec-
tite, and by reducing the positional disorder of these molecules. For
a given content of interlayer H2O molecules, the layer-to-layer dis-
tance depends on the electrostatic interactions between the 2:1
smectite layer and interlayer cations, that is on the amount and
location of the layer charge deficit.

The additional versatility of the smectite layer induced by
fluorine for hydroxyl anionic substitutions is now to be used to
fine-tune the hydrophilicity of pure or intercalated smectite. The
contrasting behavior of fluorinated and hydroxylated smectite
with respect to water is especially relevant also for the environ-
mental applications of smectite, whose sorption and mechanical
properties make an excellent sealant [53]. Owing to experimental
constraints, fluorinated smectites have been used indeed to assess
water dynamics in clay barriers [13,25,26,54,55]. Additional work,
including collation with computational data, is thus required to
take into account the distinct structures of interlayer water in both
smectite varieties and to estimate the impact of these structural
differences on water dynamics.
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