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Abstract. Clays are layered aumino-silicates. Clays swell and expand in aqueous solution. This property
governs the usage of these materials in synthesis of nano-composites and is a source of many of its cata-
Iytic applications. We used both localized and periodic calculations within the realm of density functional
theory (DFT) on a series of monovalent (Li*, Na", K*, Rb*, Cs"), and divalent (Mg*, Ca®*, Sr**, Ba®")
cations, to monitor their effect on the swelling of clays. The activity order obtained for the exchangeable
cations among all the monovalent and divalent series studied is: Mg* > Ca®* > Sr** > Ba?* > Cs" >
Rb" > Na" > Li" > K*. We have studied two types of clays, montmorillonite and beidellite, with different
surface structures and with/without water using periodic calculations. We have calculated the layer spac-
ing at the first, second and third hydration shells of exchangeable cation, to compare with the experimen-
tal d-spacing values to correlate with humidity. A novel quantitative scale is proposed in terms of the
intermolecular relative nucleophilicity of the active cation sites in their hydrated state through Fukui
functions using hard—soft acid base (HSAB) principle. Finally, a swelling mechanism is proposed. Thisis
a unigue study where a combination of periodic and localized calculations has been performed to validate

the capability of reactivity index calculations in material designing.
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1. Introduction

Clays are lamellar alumino-silicates with alarge variety
of physicochemical properties, such as swelling, ad-
sorption, surface acidity, ion exchange etc. Smectites
are 2:1 dioctahedral structural units of clay, with
one octahedral layer sandwiched between two tetra-
hedral layers. Montmorillonite and beidellite are
members of this2: 1 dioctahedral smectite family. They
share the common feature that two tetrahedral sites
sandwich a sheet of octahedrally coordinated metal
ions. Substitution of a bivalent metal ion for octahedral
aluminum in montmorillonite and substitution of a tri-
valent metal ion for tetrahedral silicon in beidellite
results in a net negative layer charge, and interaction
with positive ions (exchangeable cation) to form an
interlayer hydrated phase. There exists a high repul-
sive potential on the surface resulting from isomor-
phous substitution. Interlayer cation and charged clay
surfaces interact strongly with polar solvents. As a
result 2:1 clays expand in the presence of water in
solution. This process is known as crystalline swelling.!
The extent of swelling is controlled by a balance be-
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tween relatively strong swelling forces, due to the hy-
dration potentia of the interlayer cations, charge sites,
electrostatic forces of attraction between the posi-
tively charged interlayer cation” and negatively
charged 2: 1 phyllosilicate layer. The amount of water
adsorbed by smectites is a function of the interlayer
cations, is shown by Cuardos et al® using different
experimental techniques such as BET surface area
measurements, X-ray diffraction (XRD) and thermo-
gravimetric (TG) analysis. The equilibrium hydration
state of a clay in integer-layer hydrates**® regime is
known to be a function of the magnitude and location
of the clay layer charge, the applied pressure, the
temperature, the interlayer ion identity and the water
chemical potential as determined by vapour pressure
or solution ionic strength using molecular dynamics.
A recent experimental study probed the influence of
layer charge on the hydration of the external surface
of expandable 2: 1 phyllosilicates.® The model assumes
that interlayer volume controls interlayer hydration
and the number of cation/charge sites on externa sur-
faces controls hydration of external surfaces. There
is consensus about the fact that swelling occurs through
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distinct steps forming one-, two-, and three-layer
hydrates.® Many computer simulations have been di-
rected to understand the swelling of clays or to study
the clay—water interface.”***

In our earlier study*®*® we rationalized the struc-
ture property relationship in montmorillonite clays
and observed that these hydroxyl groups can be ex-
pected to play a crucial role in the catalytic activity
of dioctahedral clays. Pearson proposed the global
HSAB principle and the principle of maximum hard-
ness (PMH)™ which states that, for a constant exter-
nal potential, the system with the maximum global
hardness is most stable. Some DFT-based local
properties, e.g. Fukui functions and local softness,*®
have already been used for reliable predictions in
varioustypes of electrophilic and nucleophilic reactions.
Now, it is known that the reactivity of a chemical
species depends on the solvent associated around the
molecules.” Generally, when compared to gas-phase
calculations, the solvent environment alters the charge
distribution of molecules and there is thus an increase
in the dipole moment of the molecules. In addition
to that, water enhances the intrinsic reactivity of polar
molecules towards nucleophilic or electrophilic
attack."” In arecent study,'® we have used both localized
reactivity index and periodic calculation on a series
of monovalent and divalent cation in their monohy-
drated from to monitor their effect on the swelling
of clays, and have proposed a qualitative scale.

In the present study, we attempt to extend the
study for the same series of metal cations in the
presence of higher humidity to monitor the feasibi-
lity of two-layer or three-layer hydration using both
reactivity index and periodic density functional cal-
culation. We compare the hydration behaviour for
all these cations and propose a plausible mechanism
of hydration. We have calculated the layer spacing
at the first, second and third hydration shell of ex-
changeable cation for comparison with the experi-
mental d-spacing values to correlate with humidity.
A novel quantitative scale is proposed by the relative
nucleophilicity of the active cation sites in their hy-
drated state through Fukui functions within the hard
soft acid base (HSAB) principle.

2. Theory

In density functional theory, hardness (h) is defined

as, 14

h = V2(PE/N?)v(r) = 1/2(dndN),,
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where, E is the total energy, N is the number of elec-
trons of the chemical species and mis the chemical
potential.

The global softness, S, is defined as the inverse of
the global hardness, h,

S=1/2h = (dN/dm),.

Using the finite difference approximation, S can be
approximated as

S=1/(IE-EA), 1

where, |E and EA are the first ionization energy and
electron affinity of the molecule respectively.
The Fukui function f(r) is defined as mentioned,*®

f(r) = [dmfav(r)]n = [dr (r)/dN],. (2

The function f isthus alocal quantity, which has dif-
ferent values at different points in the species, N is
the total number of electrons, mis the chemical po-
tential and v is the potential acting on an electron
dueto all the nuclei present.

Thelocal softness s(r) can be defined as

s(r) = (dr (r)/dm).. 3
Equation (3) can also be written as
s(r) = [dn(r)/dN]v[dN/dm, = f(r)S. 4

Thus, local softness contains the same information
as the Fukui function f(r) plus additional information
about the total molecular softness, which is related to
the global reactivity with respect to areaction partner,
as stated in the HSAB principle. Atomic softness
values can easily be calculated by using (4), namely:

sc= [N + 1) —a(N)]S ®)
Sc= [ad(N) —a(N - 1)]S
se= SN+ 1) —g(N-1))/2.
3. Computational methodology and model
The software package CASTEP (Cambridge Serial
Total Energy Package), which has been described

elsewhere,”*% and associated programs for symme-
try analysis were used for the calculations. Becke—
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Perdew parameterization”? of the exchange-correlation

functional, which includes gradient correction (GGA),
was employed. The pseudo potentials are constructed
from the CASTEP database. The screening effect of
core electrons is approximated by LDA, while the
screening effect for valence electrons is approxi-
mated by GGA. To obtain equilibrium structures for
agiven set of lattice constants, ionic and electronic
relaxations were performed using the adiabatic or
‘Born—Openheimer’ approximation, where the elec-
tronic system is always in equilibrium with the ionic
system. Relaxations were continued until the total
energy had converged. In the present calculations ki-
netic cut-off energies between 600 and 1500 eV
have been used. The Monkhorst—Pack scheme® was
used to sample the Brillouin zone. The calculations
were restricted to one special K point in the Brillouin
zone, placed at (0%, 0%0, and 0x0).

In the present study, all localized cluster calcula-
tions have been carried out with DFT?* using the
DMOL? code of Accelrys Inc. A gradient corrected
functional BLYP*?® and DNP basis set*” was used
through out the calculation. Basis set superposition
error (BSSE) was also calculated for the current ba-
Sis set in non-local density approximation (NLDA).
Single point calculations of the cation and anion of
each molecule, at the optimized geometry of the neutral
molecule were also carried out to evaluate Fukui
functions, global and local softness. The condensed
Fukui function and atomic softness were evaluated
using (3) and (5) respectively. The gross atomic
charges were evaluated by using the technique of
electrostatic potential (ESP) driven charges.

The ideal formula of the clay montmorillonite, a
member of 2: 1 dioctahedral smectite family, is (My,
nHzo) (A|4_XM gX)SigOzo (OH)4,12 where x = (12 —a— b)
is the layer charge, and M is the balancing cation
which is either monovalent or divalent. The desired
structures of montmorillonite and beidellite have
been generated from the structure of well-defined
pyrophyllite?® They have the formula MSigAlsMgOs
(OH), and MAISI;Al,O,(OH), respectively. Hydrated
phase calculations were performed with the mini-
mum energy structures of the clays at the unhy-
drated phase. The interlayer structure was held fixed
and the interlayer spacing was increased to accom-
modate the water molecule (figure 1). Unhydrated
respective clay structures were minimized using two
steps: (1) the tetrahedral layers were allowed to relax
with octahedral ions were kept fixed, and (2) all the
ions were relaxed simultaneoudly relative to a fixed
octahedral ion (magnesium or aluminum) until the
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total energies were converged. In both steps the in-
terlayer cation is relaxed. For the hydrated phases
we relaxed the cation water and the interlayer space, the
lower part of the structure was kept fixed to compro-
mise between CPU cost and accuracy.

The water complexes for the individual cations
were generated from the optimized periodic struc-
ture. The geometries of the localized cations were
isolated and then relaxed again for each neutral cati-
onic and anionic form for the calculation of reacti-
vity indices.

4. Resultsand discussion

This is known that at increasing humidity, smectites
adsorb water vapor and form one-, two- and three-
layer hydrates. The general swelling model within
the interlayer of the smectite clay is shown in Figure
2. Bonded water molecules are present as shown in
the figure while non-bonded water molecules, which
act as bulk water, are not shown here for visual clar-
ity. We first compared the structure of two types of
smectite, namely montmorillonite and biedellite. For
beidellite, the negative charge associated with the
tetrahedral layer substitution can be distributed over
just three oxygens of one tetrahedron. This means
that the water experiences a localized negative
charge, which results in strong binding of water and
interlayer cations.

Water experiences a more diffuse negative charge
associated with octahedral substitution, for montmoril-
lonite. It iswell observed that in terms of ionic radii the
cations studied are in the order Cs">Rb" >K" >
Ba?> Sr*?> Na' > Ca?> Li*>Mg™.

N

\3

Figure 1. The structure representing 2: 1 clay structure,
the top layer consists of tetrahedral Si and the bottom of oc-
tahedral Al.



536

Figure 2. (&) Smectite swelling model where the central
cation is hydrated with water molecules. (b) Model show-
ing the interlayer cation inside the clay layers.

Depending on the extent of increment in basal spac-
ing between two smectite sheets, two types of swelling
mechanism are proposed; (1) crystalline swelling and
(2) osmotic swelling. Crystalline swelling occurs for
a dsituation with monolayers of water adsorption
around the cations, held by hydrogen bonding to the
hexagona network of oxygen atoms. This could result
in an increase of d-spacing in the range of about 10—
20 A. Osmotic swelling is a phenomenon when inter-
layer spacing increases abruptly with water content to
3040 A due to the interaction of the layer. We have
explored the clay materials for their unigue catalytic
property.’® Here we have chosen models of mont-
morillonite- and beidellite-type clays with structural
formula MSigAlsMgO(OH)4 and MAISI7AlOx0(OH)4
respectively, and optimized the structure in their unhy-
drated forms. The internal coordinates matches with
the available experimental values. The deviation is
mostly at the basal oxygen atoms of the tetrahedral
layer due to the rotation of the SiO, tetrahedral by
13%2° and the tilt by 4>6° on the average. It is ob-
served that for montmorillonite the hydroxyl hydro-
gen attached with the octahedral aluminum makes
an angle of 24x2° with the a—b plane. We first op-
timized the montmorillonite/beidellite structure with
different monovalent and divalent exchangeable
cations. Then we added water around the cation cen-
tre starting from first hydration shell to third hydra-
tion shell. We have used a cut off distance for this
hydration shell, which is 2 A for one layer, 3 A for two
layers and 4 A for three layers of hydration. We have
calculated the cell parameters after hydration to ra-
tionalize the swelling phenomenon.
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The model used for calculation is shown in figure 3.
Water molecules are added until there is a constant rise
in the stabilization energy to allow the maximum
number of water moleculeto residein thefirst hydration
shell. For monovalent cations the number of water
molecules surrounding the cations is 5 and that for
bivalent cations is 3 in the first hydration shell as
observed at the forced boundary condition. This result
matches with our earlier Grand Canonical Monte
Carlo GCMC simulation.”

The general trend exhibits that for all the cases
there is a swelling along c-direction after hydration
except for potassium. This can be explained by the
fact that, in these types of clays one tetrahedral sheet
of one unit layer is adjacent to another tetrahedral
sheet of another layer. The oxygen atoms here are
opposite to one another and the bonding between the
layersis weak. Also there exists a high repulsive po-
tential on the surface of layers resulting form iso-
morphous substitution. These factors contribute to
the increase of the unit cell in c-direction due to the
penetration of water. The results obtained for both
the smectite type montmorillonite and beidellite
studied are shown in figures 4a and b respectively.
In both the cases we have plotted the layer spacing
with respect to the exchangeable cation studied. It is
observed for potassium that the layer even shrinks
after the first hydration in both the smectite varie-
ties. The swelling resulted from the first hydration is
more pronounced for monovalent interlayer cations
compared to the bivalent cations. The trend changes
for the layer spacing when calculated for higher
layer of hydration —two layers and three layers re-
spectively. The result shows a better trend for the
beidellite variety, as the layer spacing increases or
decreases in order with few exceptions. We have ob-
served that the layer expansion isless for monovalent
interlayer cation species compared to bivalent cations.
Thisis especialy observed in case of three layer hy-
dration. The results can be explained in terms of the
experimental proposition that as the layer charge in
case of beidellite is more localized, the resulting ex-
pansion due to swelling forces is less compared to
the diffused situation in montmorillonite, as the
layer charge is generated from the octahedral substi-
tution. The lower expansion observed for the
monovalent cations in their three-layer hydration
model validates the model of Ransom and Helges-
son.* In their model for sodium-type bentonite clay
based on thermodynamic calculation they treated the
15 A hydrate and the anhydrate as the end members
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Figure 3.
clay structure, where octahedral aluminum is substituted by magnesium. (b) Model
clay structure with cation to show water addition inside aradius of 2 A as an example.
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(a) Optimized structure of the sodium cation over montmorillonite type
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Figure 4. The effect of layer spacing in (a) montmorillonite and (b) beidellite in presence of different inter-

layer cations with varying layers of hydration.

of a solid solution series and chose to disregard the
19 A regimes because they assumed that water con-
tent has thermodynamic properties about the same as
those of bulk water. This effect is contradicted by
Basett et al,** where they show that this 19 A regime
holds good for bivalent metal cations, e.g. Ca and
Mg. The order of swelling in terms of layer spacing,
as observed for one-, two- and three-layer hydration
respectively for al the interlayer cations studied, is
as follows. Li>Ca>Na>Cs>Sr>Rb>Ba>
Mg>K; Mg>Ca>Ba>Sr>Na>Cs>Rb>Li>
K; Sr>Ba>Ca>Mg>Na>Cs>Rb>Li>K. The
order is given only for montmorillonite as there are

no experimental results available for comparison
with beidellite. It is observed that experimentally® in
terms of d-spacing, the order is Mg>Ca> Sr>
Rb>Ba>Li >Na>Cs>K. This order is obtained
at afixed humidity and so the expansions are related
to the number of water layer present at that humid-
ity. Our layer spacing results are therefore only a
partial match with experimental findings, and can
reproduce the lowest expansion of potassium as ob-
served by experiment very well. Whereas, considering
the humidity of 30%, the energetic characteristic ob-
tained from the periodic calculations reproduces the
trend of experiment. This trend is therefore mostly for
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Figure 5. The model for (a) monovalent cation mono hydrated complex with five water
molecules and (b) bivalent cation complex with three water molecules as obtained from peri-

odic calculation.
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Figure6. The plot of relative nucleophilicity with respect to the interlayer cations.

the monolayer hydration, the effect for increased humi-
dity condition cannot therefore be obtained though
the periodic calculations. We cannot see any pro-
nounced difference between monovaent and diva
lent cations to account for the difference in swelling
phenomenon at higher humidity. This shows that the
bulk calculation is unable to match the experimental
trend of swelling. Hence, it appears that it would be
worth while to monitor the localized water environ-
ment around the cation, which may then be able to
reproduce the experimental trend, and predict the
mechanism of multilayer hydration situation for a spe-
cific exchangeable cation. We need to answer why
one set of cations (bivalent) has shown increased
swelling at the same humidity when the other cation
(monovalent) cannot. We have performed localized
calculations with both monovelent and divalent
cations in their solvated forms to study the cation—
water complex. We have taken out the cation—water
complex as obtained from the optimized periodic cal-

culation of the specific hydration model for a cation
and performed a localized calculation to compare the
reactivity index at that specific configuration using
the method described elsewhere.”® The models and
the results are shown in figures 5 and 6 respectively.

The results show that in terms of relative nucleo-
philicity (which is the ratio of nucleophilicity of a
particular atom centre) the order of activity for one-,
two- and three-water scenario for montmorillonite is
as follows. Ca>Sr>Mg>Rb>Ba>Na>Li>
Cs>K; Mg>Ca>Sr>Ba>Cs>Rb>Na>Li>
K; Mg>Ca>Sr>Ba>Rb>Na>Cs>Li>K. This
activity order is in close resemblance with the ex-
perimental d-spacing results. We have as well seen
from the optimized geometry of the cation water
complex, the most stable bivalent hydrate complex
Mg is surrounded by 6 water molecules in a two-
layer hydration with a cut-off radius of 3 A. One of
the H atoms of each water molecule is pointed di-
rectly towards an oxygen atom of the adjacent clay
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layer. This also confirms that a tetrahedral network
of water molecules similar to pure ice or water does
not form due to the complicated influence of clay sheets
and the interlayer cation. The difference in behaviour
of monovalent and divalent cation is therefore mainly
due to localized cation—water interactions.

5. Conclusions

In this communication we have studied a range of
monovalent and divalent interlayer cations and their
interactions with water during the swelling process
for 2: 1 dioctahedral smectite clay with special em-
phasis on montmorillonite for all possible 1-, 2- and
3-hydration layer situations. A quantitative order of
activity comparable with the experimental d-spacing
is obtained. It is observed that at low hydration the
water molecules try to squeeze themselves in a flat
orientation and the trend is quite random depending on
the location of layer charge. With increase in water
content the water molecules form stretched H-bonds
with the clay surface and other water molecules. Mg
proves to be the best cation for swelling with higher
water and K always remains bound to the clay sur-
face and acts as a swelling inhibitor.
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