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Abstract—Intercalation of large organocations into 2:1 clay minerals may be hampered by two problems: on one hand, the solubility of
organocations in water is limited and the resulting high selectivity for adsorption in the polar solvent may lead to non-equilibrium structures. On
the other hand, the large expansion of the interlayer space will slow down kinetics of ion exchange considerably. The best workaround for these
obstacles is to suspend the clay minerals in mixtures of water with more hydrophobic organic solvents that nevertheless trigger a considerable
expansion of the interlayer space by swelling. This in turn fosters ion exchange. The current study, therefore, revisited pioneering work by Bradley
(1945) and investigated the swelling behavior of synthetic sodium hectorite (Na-hec) as a function of the composition of the swelling solvent, a
mixture of acetonitrile and water. Up to a maximum acetonitrile content of 65 vol.%, delamination by osmotic swelling occurred. At even higher
acetonitrile concentrations, swelling was limited to the crystalline swelling regime where a step-like adjustment of the d value was observed.
Several mixtures were identified yielding a well defined and uniform interlayer height as evidenced by rational 00/-series with the d spacing
decreasing with increasing acetonitrile content. Surprisingly, for a specific acetonitrile:water ratio even an ordered interstratification of two strictly

alternating interlayer heights with distinctly different solvent compositions was observed.
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INTRODUCTION

The swelling behavior of clays in water is a well under-
stood and well documented process (Norrish 1954; Madsen &
Miiller-Vonmoos 1989; Marry et al. 2011) and the structures at
molecular resolution have been determined (Kalo et al. 2012).
Swelling comprises two regimes, namely crystalline and os-
motic swelling. The latter was shown more recently to actually
consist of two sub-regimes with two distinct dependencies of
silicate layer separation as a function of water content (Michot
et al. 2006; Rosenfeldt et al. 2016): In the initial stages of
swelling (regime one), a single phase gel (Wigner crystal) was
formed with the separation of adjacent layers being propor-
tional to (layer thickness)x® !, where ® is the volume fraction
of clay mineral. At later stages an inflection point was observed
after which a nematic phase was observed and swelling in-
creased at a slower pace (regime two). For synthetic hectorites
and nontronites or montmorillonites (Michot et al. 2006) the
transition between the two regimes occurs at different
separations and the slope of the separation dependency in the
second regime differs also. For all clay materials the general
picture resembles early work by Viani et al. (1983) who, when
measuring the osmotic pressure of montmorillonites, also ob-
served an inflection point beyond which swelling no longer
follows the Langmuir equation.

Crystalline swelling of clays is crucially influenced by the
type of interlayer cation (Mooney et al. 1952; Moller et al.
2010), water activity (Hofmann et al. 1933; Devineau et al.
2006; Stoter et al. 2015), and the intensive variables tempera-
ture (Moller et al. 2010; Stéter et al. 2015) and pressure (You
et al. 2013). Even the nature of the additional anion (OH ", F")
has some influence (Dazas et al. 2013). Experimental studies
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of the swelling behavior of natural clay minerals like montmo-
rillonite are, unfortunately, obstructed by heterogencities in
charge density, leading to random interstratifications of various
hydration states at any given relative humidity (r.h.) (Ferrage
et al. 2005). Melt synthesis, as applied to synthetic
fluorohectorite, yields much better charge homogeneity
(Stoter et al. 2013). Consequently, the intracrystalline reactiv-
ity is uniform at all length scales (interlayer domain, tactoid,
powder) which removes the need to deal with random inter-
stratifications when interpreting diffraction patterns. The dif-
ferent hydration stages are compositionally and structurally
(Kalo et al. 2012) well defined and are separated by plateaus
of ranges of r.h. For Nay; fluorohectorite in the two-layer
hydration state, Na* is complexed by six water molecules that
bridge the interlayer space through hydrogen bonding with
defined phase. In the one-layer hydrate, Na* is surrounded by
only three water molecules and the coordination is completed
by six basal oxygens. For Nag 5 fluorohectorite (Na-hec) ap-
plied in this study, the three-layer hydrate state does not form at
rh. <100% while, when immersing the material into liquid
water, osmotic swelling sets in instantly (Rosenfeldt et al.
2016). Osmotic swelling is long-known and was first reported
by U. Hofmann (Lerf2014). It is a thermodynamically allowed
repulsive process (Daab et al. 2017, 2018). Osmotic swelling
in water requires careful control of temperature (Hansen et al.
2012), charge density (Daab et al. 2017), steric demand (Daab
et al. 2018), and hydration enthalpy of the interlayer cation
(Stoter et al. 2015). Notably, the addition of electrolytes above
0.03 mol L™" or organic solvents hampers osmotic swelling
(Lagaly & Ziesmer 2003). Nevertheless, swelling of clay min-
erals with small, neutral, organic solvent molecules is a well
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documented and frequently observed phenomenon. It occurs not
only with organophilized clay minerals (Lagaly et al. 2006) but
also with inorganic interlayer cations (Lagaly 1984). Complexa-
tion of inorganic interlayer cations by neutral solvent molecules is
driven by chemical forces like hydrogen bonding, ion-dipole
interaction, coordination bonds, acid-base reactions, charge trans-
fer, and van der Waals forces (Lagaly et al. 2006). The pioneering
work of Bradley (1945) already contains a long list of complex
formations of sodium and calcium interlayer cations in montmo-
rillonite with different organic solvents. The air-dried clay samples
probably contained some moisture due to the hygroscopicity of
clays (Graber & Mingelgrin 1994). However, an increase in the d
value in the 00/-series could be proven for any of the tested
solvents. The binding of ethylene glycol and glycerol was subse-
quently established as a decisive test for montmorillonite
(Macewan 1946; Brindley 1966). A Gutmann donor number of
at least 14 was found to be a prerequisite for moving Na* from the
hexagonal cavities toward the middle of the interlayer space
(Berkheiser & Mortland 1975) while all other solvent parameters
(dipole moment, dielectric constant, or surface tension) showed no
correlation (Onikata et al. 1999). Reducing the cation exchange
capacity from 87 to 27 meq/100 g led to no difference in crystal-
line swelling except for water (Berkheiser & Mortland 1975).
Yamanaka et al. (1973) concluded that the strength of the interac-
tion between cation and ligand is strictly dependent on the
polarizing power of the individual interlayer ion. Bissada et al.
(1967) worked out the influence of the type and charge of
interlayer cations for ethanol and acetone uptake. Solvent mole-
cules can not only be introduced to previously dried interlayer
spaces but are also capable of displacing water molecules of
hydrated clay minerals following the concept of hard and soft
acids and bases (Lagaly et al. 2006). Anhydrous clay minerals
have been swollen successfully by applying alcohols (Bissada
et al. 1967; Dowdy & Mortland 1967, 1968), acetone (Bissada
et al. 1967), various formamides and acetamides (Olejnik et al.
1974), dimethylsulfoxide (DMSO) (Olejnik et al. 1974), and
aromatic heterocycles (Weiss 1963). More recently, clear evidence
was presented that fluorohectorites show an enormous adsorption
capacity even for gaseous CO, at room temperature (Cavalcanti
et al. 2018). Brindley (1980) was, to the best of the present
authors’ knowledge, the only the researcher, who, up to the
present day, investigated the swelling in solvent mixtures (DMSO
and water). He reported osmotic swelling with Li-, Na-, and K-
montmorillonite at maximum DMSO contents of 45, 30, and
10 mol.% of DMSO corresponding to 76, 63, and 30 vol.%,
respectively.

MATERIALS AND METHODS

Chemicals

Acetonitrile and the 3 A molecular sieve for drying were
purchased from Sigma-Aldrich (Munich, Germany).

Synthesis of the Layered Silicate

Na-hec (Nag s ™ Mg, sLig 5]°'<Sis>"'0;oF,) was obtain-
ed by melt synthesis in a closed molybdenum crucible accord-
ing to a published procedure (Breu et al. 2001). The raw
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material was annealed for 6 weeks at 1045°C to improve
intracrystalline reactivity, charge homogeneity, and phase pu-
rity, as described recently (Stéter et al. 2013).

Swelling Experiments

Na-hec was dried for 12 h at 300°C and 10~ mbar and
stored under argon. The solvent mixtures were prepared by
adding appropriate aliquots of distilled water to carefully dried
acetonitrile. Dispersions of 10 wt.% Na-hec were prepared by
adding the various acetonitrile:water mixtures to dry Na-hec
followed by equilibration for 5 days at room temperature (r.t.).

Small Angle X-ray Scattering (SAXS)

SAXS data were measured using the small angle X-ray
system “Double Ganesha AIR” (SAXSLAB, Copenhagen
Denmark). The X-ray source of this laboratory-based system
is a rotating anode (copper, MicoMax 007HF, Rigaku Corpo-
ration, Tokyo, Japan) providing a micro-focused beam. The
data were recorded using a position sensitive detector (PILA-
TUS 300K, Dectris, Baden-Daettwil, Switzerland). To cover
the range of scattering vectors between 0.006 and 1 A,
various detector positions were used. The measurements were
done in 1 mm glass capillaries (Hilgenberg, code 4007610,
Malsfeld, Germany) at r.t. The circularly averaged data were
normalized to incident beam, sample thickness, and measure-
ment time before subtraction of the solvent. The subtraction
was done using the approximation I(g) dispersion-
1(g)_solvent mix, which proved to be well suited in the ¢ range
discussed. The data analysis was performed with the software
Scatter (version 2.5) (Forster et al. 2011).

Karl-Fischer (KF) Titration

KF titrations were made with a KF Coulometer 831 from
Metrohm (Filderstadt, Germany), which is applicable in the
region of 10 pg to 200 mg. Dispersions of 25 wt.% Na-hec
were prepared in order to improve the precision. The water
content of the supernatant was determined after an equilibra-
tion time of 5 days. To crosscheck for a potential influence of
the concentration, a sample of 10 wt.% Na-hec in 90 vol.%
acetonitrile was measured also and no significant differences
were found as compared to the 25 wt.% sample.

Wide-angle Powder X-ray Diffraction (XRD)

XRD patterns of the swollen crystalline Na-hec dispersions
were recorded in transmission mode on a STOE STADI P
powder diffractometer (CuK «; radiation, Ge monochromator,
DECTRIS MYTHEN 1 K strip detector, Darmstadt, Germa-
ny). The measurements were done in 1 mm glass capillaries
(Hilgenberg, code 4007610, Malsfeld, Germany) at r.t.

RESULTS AND DISCUSSIONS

Phase-pure synthetic Na-hec shows uniform
intracrystalline reactivity (Stoter et al. 2013) rendering it ide-
ally suited to study swelling in more complex systems such as
solvent mixtures of varying composition. Acetonitrile with a
Gutmann donor number of 14.1, a dipole moment 0f3.92 D, a
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dielectric constant of 38.8, and a surface tension of
29.29 dyn cm™' was chosen as an organic solvent and the
swelling in mixtures in the range up to 35 vol.% (61 mol%)
water was studied.

Na-hec does not require any purification or ion-exchange
and shows a homogeneous intracrystalline reactivity. With this
material at hand, swelling can be studied starting with a 1D
crystalline dry powder (tactoids) all the way from crystalline to
the osmotic swelling regimes simply by adding increasing
amounts of the swelling medium. With water vapor applied
for swelling, crystalline swelling of Na-hec is limited to the
1 WL (water layer) and 2 WL hydration states obtained at 30—
70% r.h. and >90% r.h., respectively. When the water activity
increased to 55 mol L' (liquid water), osmotic swelling oc-
curred instantly. Previously, the separation of adjacent silicate
layers was studied as a function of increasing volume of liquid
water being added. In the initial state of swelling (Rosenfeldt
et al. 2016), the separation scaled with the reciprocal volume
fraction &' of Na-hec, which below a volume fraction of
0.0015 changed discontinuously to & %% (Rosenfeldt et al.
2016). Due to the large diameter (median 20.000 nm (Stéter
et al. 2013)), rotation of the individual silicate layers in disper-
sion is hindered and consequently the dispersions are not
isotropic. At a solid content of 10 wt.% as applied in this study,
rather nematic phases (Rosenfeldt et al. 2016) form as shown
by interference peaks (oscillations) observed in small-angle X-
ray scattering (SAXS, Fig. 1); these correspond to the very
large separations of adjacent layers (>20 nm). As proposed for
nontronites and montmorillonites (Michot et al. 2006), layered
antimony phosphates (Gabriel et al. 2001; Davidson et al.
2018), graphene oxide (Liu et al. 2017), and titanate/niobate
nanosheets (Wang & Sasaki 2014; Sano et al. 2016), the
negatively charged individual Na-hec layers adopt a cofacial
arrangement due to strong electrostatic repulsion.

Here the swelling was studied as a function of varying
water activity. The volume of the swelling medium was kept
constant, while the solvent composition (acetonitrile:water)
was varied systematically over a range stretching from 65 to
100 vol.% acetonitrile.

When immersing Na-hec into the solvent mixtures, osmotic
swelling of the complete material was observed up to a max-
imum acetonitrile content of 65 vol.% (39 mol.%). With this
mixture, a separation of 252 A was observed (Fig. 1; Fig. 2.1).
As expected for a layered material, the scattering of hectorite in
the osmotic swelling regime showed a ¢ > scaling law at small
and intermediate ¢ (Stoter et al. 2015).

Applying the densities of Na-hec and this solvent mixture,
the volume fraction of Na-hec in this dispersion was 3.6 vol.%.
This volume fraction belongs to the first regime of osmotic
swelling where the separation of adjacent silicate layers is
expected to be proportional to (layer thickness)x® . Assum-
ing a thickness of 9.6 A (= 1 nm) for the 2:1 silicate layer, the
observed separation meets the &' scaling which in turn proves
that all hectorite crystals were utterly delaminated and that all
silicate layers were separated to the same maximum distance
by the complete volume of the swelling solvent mixture avail-
able. This resembles the swelling behavior in pure water
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(Rosenfeldt et al. 2016) and indicates electrostatic repulsion.
Apparently, because of this repulsive nature, the modulation of
the electrostatics by the varying dielectric constant does not
influence the layer separation.

The @' scaling furthermore indicated that not only the
water content but the complete volume of the solvent mixture
is driving the swelling to the maximum distance. At 68 vol.%
acetonitrile, an osmotically swollen phase with a layer separa-
tion 0of 492 A (Fig. 2.11a) and a crystalline swollen phase with a
basal spacing of 36 A (Fig. 2.1Ib) coexisted (Fig. S1). The
relative proportion of the two coexisting phases cannot be
determined safely by the intensities. A significant proportion
of the Na-hec, however, was bound to the crystalline swelling
state where less swelling agent was intercalated. The remaining
solvent mixture was available for osmotic swelling of the
remaining part of Na-hec. Consequently, the layer separation
in the osmotically swollen phase was much larger than would
be expected based on the complete Na-hec volume ratio.

In the crystalline swelling regime, the basal spacings ob-
served are determined solely by the water activity while the
solvent volume available is irrelevant. The various solvation
stages represent distinct individual phases in the Gibbs sense.
Transitions from one stage to the next as a function of decreas-
ing water content of the swelling agent represent phase transi-
tions. Cooperativity in intrinsically 2D solids is limited to two
dimensions. From a thermodynamic point of view, all individ-
ual interlayers should expand or collapse at the same water
activity, equilibrium might not necessarily be achieved for
kinetic reasons. The materials were equilibrated at room tem-
perature for 5 days. Nevertheless, in many cases irrational 00/-
series were observed indicating that the two uniformly swollen
phases encompassing this swelling stage occur concomitantly
and randomly stacked in the tactoids. For an equilibrated
material with uniform intracrystalline reactivity, plateaus with
constant basal spacings over a range of compositions are
expected (Stoter et al. 2015). The quasi-continuous shift of
apparent basal spacings caused by random interstratification
(Moore & Reynolds 1997) partially masks the plateaus and
makes identification of the discrete swelling steps more diffi-
cult. The 00/-series were, therefore, checked carefully for
rationality. According to Bailey (1982), a coefficient of varia-
tion (CV) of <0.75 indicates rationality with all interlayer
spaces being swollen uniformly. Applying this criterion, six
distinct solvation steps (Fig. 2.1II-VIII; colored squares corre-
spond to rational, black squares to irrational 00/-series) could
be identified (Table 1) for 71 vol.% (Fig. S2), 78 vol.% (Fig.
S3), 84 vol.% (Fig. S4), 90 vol.% (Fig. S5), 94 vol.% (Fig. 3),
and 100 vol.% (Fig. S6). Note that acetonitrile and water form
an azeotrope with 83.7 wt.% acetonitrile and a boiling point of
76.5°C suppressed by 5.5 K as compared to 82°C for pure
acetonitrile. Consequently, the swollen samples cannot be
isolated, because, upon drying, the composition of the swelling
agent would inevitably change. The diffraction patterns were,
therefore, recorded in transmission mode with dispersions
filled into capillaries and, therefore, the tactoids were not
oriented preferentially. Not surprisingly, broad humps were
caused by the solvent. Most diffraction patterns showed only
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Fig 1 SAXS pattern of osmotically swollen Na-hec in 65 vol.%
acetonitrile.

00/-reflections indicating a turbostratic stacking of the individ-
ual layers. In the diffraction patterns of samples swollen with
100 vol.% (Fig. S6), 94 vol.% (Fig. 3), and 90 vol.% (Fig. S5)
acetonitrile, however, many sharp /4l reflections were visible,
indicating partial or 3D crystalline order. Unfortunately, efforts
to date to index these diffraction patterns have failed. For air-
dried and anhydrous montmorillonite swollen with acetoni-
trile, basal spacings of 19.6 A (Berkheiser & Mortland 1975)
and ~16 A (Muminov et al. 2006) were reported. The first
agrees perfectly with the basal spacing observed at 90 vol.%
acetonitrile while the latter is significantly greater than ob-
served for 100 vol.% acetonitrile which would indicate random
interstratification with higher swelling stages. The 19.6 A basal
spacing was significantly larger than values reported for 3 WL
(18.7 A) (Méller et al. 2010) which might be a first hint that
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this basal spacing indicates a mixed occupancy of this inter-
layer space by water and acetonitrile (see Table 2 and SI
Section 3).

Notably, an ordered interstratification could be identified at
94 vol.% acetonitrile as indicated by a clearly visible super-
structure reflection at 34.4 A (Fig. 3, Fig. S7) followed by a
rational (see red ticks in Fig. 3) series with a maximum visible
order of / = 23. To the best of the present authors’ knowledge
this is the first example of a layered silicate with the same type
of cation in all interlayers to be differentiated into two distinct
interlayer spaces upon swelling. Ordered interstratifications for
Na-hec have been reported previously for different interlayer
cations being segregated into a strictly alternating sequence
(Stoter et al. 2015). A partial reshuffling of Na* between
adjacent interlayers cannot be ruled out. The fact that this
phenomenon was observed with a solvent mixture, however,
made it likely that the two distinct interlayer spaces differ in
solvent composition. Because the basal spacing of the ordered
interstratification matched perfectly with the sum of the basal
spacings observed for 100 vol.% acetonitrile and 90 vol.%
acetonitrile (14.8 A + 19.6 A = 34.4 A), a sensible assumption
is that these two phases are stacked in an ordered fashion. This
would indicate that a purely acetonitrile swollen interlayer
would alternate with an interlayer of mixed occupation (aceto-
nitrile and water). The diffraction pattern of the ordered inter-
stratification, however, cannot be explained by a superposition
of the patterns of 33.3 A tactoids with 71 vol.% acetonitrile and
19.6 A tactoids with 90 vol.% acetonitrile. Moreover, given
thermodynamic control, these two largely separated phases
cannot coexist in equilibrium (Fig. S8).

While the sequence of swelling could be followed easily by
X-ray diffraction, conclusive experimental evidence regarding
the composition of the interlayer space (or, in the case of the

Acetonitrile content (mol %)

39 42 46

55 64 76 84

500 -
450 lla
400 J
350 4
300 4 |
250 A

A\

lIb
35 Il
u

30

d-value (A)

25

20

15 H

60 65 70 75

Acetonitrile content (vol %)

Fig. 2 Series of rational (colored marks) and irrational (black marks) d values of swollen Na-hec depending on the applied acetonitrile:water ratio.
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Table 1 d values and coefficient of variation (CV) for various
solvent mixtures of acetonitrile and water with Na-hec.

Vol.% Mol.% Basal spacing cv

acetonitrile acetonitrile (A) (%)

71 46 333 0.16
78 55 28.5 0.03
84 64 23.8 0.06
90 76 19.6 0.24
94 84 344 0.34
100 100 14.8 0.26

94 vol.% sample, the two different interlayer spaces) cannot be
obtained. While for hydrated interlayer spaces structural
models exist based on single-crystal structure refinements
and on molecular dynamics simulations (Ferrage et al. 2005),
no such reliable evidence exists in the literature for acetonitrile
or mixed occupied interlayers. Theoretical calculations sug-
gested that acetonitrile coordinates octahedrally to Na*
(Spangberg & Hermansson 2004). A coordination of one
acetonitrile molecule per Na* was shown experimentally
to be retained in montmorillonite even in vacuum (1072
mm Hg) (Dios-Cancela et al. 2000), suggesting a signifi-
cant binding energy. Moreover, Na* was found to be
solvated preferably by acetonitrile in acetonitrile:water
mixtures (Hawlicka 1987). These observations might sug-
gest a preference of acetonitrile over water also to inter-
layer Na*. Applying Karl-Fischer titrations of the super-
natants, however, proved clearly an enrichment of aceto-
nitrile as compared to the starting composition (Table 2).
This would indeed suggest a greater selectivity of water
over acetonitrile for the interlayer space. To improve the

002
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analytical precision of these experiments, equilibration
was done at a greater Na-hec concentration (25 wt.%).
As indicated above, the observed basal spacing at 90
vol.% acetonitrile cannot be explained by hydration but
indicates a mixed solvent uptake. Generally, observed
basal spacings and solvent ratios of the supernatant can
only be explained consistently if a concomitant adsorption
of both acetonitrile and water is postulated.

Unfortunately, the total adsorption capacities could not be
determined reliably because removal of surface-adsorbed sol-
vents and intercalated solvent overlaps and the azeotropic
behavior modulates the latter. With a few simple and well
justified assumptions, nevertheless, a semi-quantitative analy-
sis can be deduced (see SI Section 3 and Table S1 for details).
In short, first the adsorbed volume per unit cell (@ = 5.2401(10)
A, b =9.0942(10) A) (Breu et al. 2003) was calculated from
the observed basal spacing. This volume was then subtracted
from the total volume of the swelling solvent. Taking into
account the water content determined experimentally and the
density (Fig. S9) of the supernatant, the absolute volumes of
acetonitrile and water in the supernatant were calculated,
which correlate with the adsorbed volumes of both solvents.
These were normalized to a gram of Na-hec (Table 2). With all
solvent mixtures applied for swelling, both acetonitrile and
water were intercalated into the interlayer space. Even though
a surplus of water would be available, its selectivity for ad-
sorption is never sufficient that acetonitrile could not compete
in significant amounts. The selectivity for water, however, rose
steadily with increasing water content of the swelling solvent.
The amount of acetonitrile and water adsorbed at 94 vol.%,
resulting in an ordered interstratified structure which,
corresponded well with the arithmetic mean of the 90 vol.%
and 100 vol.% samples (see SI Section 4 for details) which
gave further support for a strictly alternating structure of pure

T
10 15 20 25 30

35 4
°20

45 50 55 60 6

Fig. 3 Ordered interstratification of two different solvent compositions in Na-hec using 94 vol.% acetonitrile. Theoretical 00/ peak positions and

indexed 00/ peaks are displayed in red.
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Table 2 Calculated solvent adsorption capacities of Na-hec in
water:acetonitrile molar ratio.

Clays and Clay Minerals

the respective acetonitrile:water mixtures and their adsorbed

Acetonitrile content 71 vol.% 78 vol.% 84 vol.% 90 vol.% 94 vol.%
Acetonitrile capacity (mmol g™) 9.0 7.6 6.0 52 4.5
Water capacity (mmol g™') 23.8 17.9 12.5 6.0 29
Water : acetonitrile ratio 2.6 24 2.1 12 0.6
Total capacity (mmol g ') 32.8 25.5 18.5 11.2 7.4

acetonitrile interlayers (3.7 mmolg ™' acetonitrile) and the in-
terlayer composition of the 90 vol.% sample (5.2 mmol g
acetonitrile and 6.0 mmol g ' water).

CONCLUSION

Crystalline swelling of Na-hec in aqueous acetonitrile
yielded well defined solvates with giant basal spacings
(33.3 A) as compared to swelling in pure water. The resulting
interlayer height was larger than most organic molecules.
Preliminary results showed that this eases kinetic hindrance,
e.g. when exchanging Na* for large organic or metal-organic
pillars as needed in the synthesis of MOPS (Bérwinkel et al.
2017; Herling et al. 2018; Riel3 et al. 2018). The most surpris-
ing result was certainly the formation of an ordered interstrat-
ification based on different compositions of neutral solvent
molecules in the interlayer space. The future will show if this
is a general phenomenon in solvent mixtures. If adding a
second swelling agent already induces such dramatic changes
in the swelling behavior, extending swelling studies into ter-
nary solvent compositions will, of course, be most interesting.
Work in that direction is in progress.
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