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The chemical and physical properties, thus the reactivity of phylloaluminosilicates can be tailored by intercalation,

delamination, and exfoliation processes. In going from the periodic crystalline to the molecular exfoliated phase, surface
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defects and modifications gain importance as each face of the phylloaluminosilicate becomes in direct contact with the

external chemical environment. In this work, we extend our earlier studies on molecular cluster modelling of exfoliated

kaolinite sheets by evaluating the positions and orientations of surface hydroxide groups and bridging oxide anions, as

sites of reactivity. The previous focus on inner chemical environment of a single kaolinite layer is shifted to the surface

exposed octahedral aluminium-hydroxide and tetrahedral silicon-oxide sheets. Combination of semi-empirical, ab initio

wave function, and density functional calculations unanimously support the amphoteric nature of the surface hydroxide

groups with respect to H-bonding donor/acceptor capabilities. To a lesser extent, we observe the same for the bridging

oxide anions. This is in contrast with the crystalline phase, which manifests only donor orientation for maintaining inter-

layer H-bond network. These results suggest that both electrophilic and nucleophilic characteristics of the octahedral and

tetrahedral sheets need to be considered during intercalation and concomitant exfoliation of the kaolinite sheets.

Introduction

Kaolinite is the simplest phylloaluminosilicates with 1:1 ratio of
aluminium octahedral (O) and silicon tetrahedral (T) sheets
forming an OT-layer. Kaolinite is a non-swelling clay in water;
however, with a limited set of small organic molecules (urea,
ethylene glycol, hexylamine) and salts (ammonium or
potassium acetate) it can form organoclay hybrid materials via
intercalation.” The mechanisms of intercalation, exchange
intercalation, and exfoliation with elimination of crystallinity
are not yet understood at the molecular level. However, this is
desirable for rationalized design of hybrid nanoclay materials.
We approached these mechanistic questions from the
exfoliated state (Fig. 1B) given that it can be probed by a very
limited set of analytical techniques than the crystalline phase
(Fig. 1A). We have already laid the foundation for utilizing
molecular cluster models based on coordination chemistry
principles.*® The surface hydroxide (s-HO'), inner hydroxide (i-
HO’), apical oxide (a-OZ'), and bridging oxide (b-OZ') groups
were treated as ligands to the AP and Si*" centres (Fig. 1). The
smallest coordination units for a single octahedral and
tetrahedral site are [AI3+(u2-s-HO')3(u2-i-HO')(u3-a-02')2]4' and
[Si**(u3-a-0%)(u*-b-0%);]", respectively. Additional AP and Si**
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ions from the outer sphere along with their ligands surround
these inner coordination sphere environments. We consider a
honeycomb-like unit as the building block of the molecular
model due to its importance in adsorption of small molecules,
and thus in intercalation and exfoliation processes.
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Fig. 1 Structural and compositional features of crystalline (A) and exfoliated (B)
kaolinite (pink: octahedral AP centres; grey: tetrahedral Si* centres).
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The position and orientation of the surface hydroxide
groups of an exfoliated kaolinite sheet (Fig. 1B) are
quintessential in determining acid/base properties of the
surface, thus its reactivity. For example, rotation of the s-HO"
groups along the AlI“Al axes can create nucleophilic sites and
induce Lewis base behaviour. The s-HO groups are
electrophilic when they are perpendicular to the O-sheet as in
the crystalline phase. Simultaneous presence of perpendicular
and parallel s-HO™ groups with respect to the O-sheet can
result in an amphoteric pattern of Lewis acid/base
characteristics.

The role of s-HO™ groups in clay reactivity has been shown
in numerous computational studies. A key difference to
previous works” '® is that we consider all possible orientations
in a systematic grid-like mapping. Therefore, we provide a
complete potential energy landscape description with both
global and local minima in comparison to those sampled by
molecular dynamics (MD) or Monte Carlo (MC) methods. In
addition, we carried out an extensive evaluation of structural
dependence of the level of theory. Based on our previous
works,ﬁ'8 the overly truncated computational models
manifest numerous artificial H-bonding interactions and
arbitrary constraints need to be applied. Thus, they cannot
provide a chemically reasonable picture for the s-HO’
orientation. The seminal work by Tunega et alt? using periodic
models and plane wave-based LDA and GGA level of theory
already indicated the flexibility of the surface hydroxide groups
even in the crystalline phase. They discussed a competition
between the inter-layer and intra-layer H-bonding. In the
periodic crystalline unit, the energy difference between the
folded and perpendicular s-HO™ was found to be 14 kJ mol™. In
agreement with our previous findings,7 as the surface
hydroxide groups distort from their crystalline positions, the
inner hydroxide groups also move in sync. For a hypothetical
isolated kaolinite and a dickite Iayer13 using two-dimensional
periodic models, MD simulations revealed that at room
temperature and in gas phase, fluctuation of various surface
hydroxide groups can take place. Two structures were
discussed with s-HO™ groups adjacent and on top of the i-HO"
groups that manifested the most movement. The former can
adopt positions between the perpendicular as in the crystal
structure and parallel positions in a folded conformation, while
the other s-HO™ groups remained unchanged relative to the
crystalline phase.

Similarly to the s-HO positions, wettability or water
coverage of kaolinite surface was studied by various periodic
boundary models. Man-Chao and Jian™® investigated the
adsorption and migration of water on kaolinite with LDA
functionals and plane wave basis set. They found that at low
coverage, the H,O molecule preferentially absorbs at the
three-fold hollow sites with a binding energy of approximately
100 kJ mol™. Two of the s-HO groups form H-bonds with the
adsorbed H,0 molecule, while the adsorbate also H-bonds to a
folded down s-HO group. At high water coverage9 using
molecular mechanical force field'* and various water models, a
‘nanodroplet’ of water (500-1,000 molecules) was found to
spread out at the O-sheet and form a monolayer. The same
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simulations showed that for the T-sheet, the water
‘nanodroplet’ stays together as a deformed sphere with a
contact angle of about 105°. The experimental value for
contact angle of approximately 20° indicates that the kaolinite
surface is overall hydrophilic.15 An extensive DFT study with
GGA functionals and plane wave pseudo-potentials16
corroborated previous results showing that the preferred
structure of water accepts two H-bonds from and donates one
H-bond to the O-sheet. Clustering of water molecules was not
found to be significant as they dissociated from the O-surface.
Unexpectedly, ice-like growth was not observed with multiple
layers of water molecules due a “hydrophobic behaviour of the
layered water”. They proposed that the amphoteric
characteristic of the O-sheet might be a key to wettability of
kaolinite.

The aim of the present systematic investigation was to
extend our previous study of inner coordination environment
of an OT-layer to the outer surfaces of the O- and T-sheets. We
created two separate molecular cluster models that describe
both the inner and outer spheres of the [6Al-6(s-HO’)] (Al-
honeycomb) and [65i-6(b-02')] (Si-honeycomb) moieties,
respectively. These conceptually converged, coordination
chemistry-based molecular cluster models
interpretations of FTIR spectroscopic features for the inner
hydroxide stretching modes as indicators for the external
chemical environments."’

It is important to highlight that in contrast to the inner
hydroxide group, the surface hydroxide groups and bridging
oxide anions have an ill-defined coordination environment
(Fig. 1). Within an OT-layer, the inner-hydroxide immediate
coordination environment remains practically as in crystalline
phase. However, upon exfoliation, the properties of the
surface hydroxide groups and bridging oxide anions will be
greatly determined by the external chemical environment.
Therefore, we considered both ends of the chemical
environment spectrum from gas phase to aqueous solution
phase with explicit solvation and dielectric continuum. The
former is a realistic model for a clean surface before
dehydroxylation above 350 °C."® The aqueous phase model has
explicit solvation of a ring of six H,O molecules with H-bonding
interactions to the surface hydroxide groups and the bridging
oxide anions in the O- and T-sheet models, respectively.

allowed for

Methodology

Computational Models

All computational models were derived from a combined X-ray
and inelastic neutron diffraction experimental crystal structure
of kaolinite’® ?° obtained from the FIZ Karlsruhe Inorganic
Structural Database®" (structure reference number 078401).
The construction steps of the molecular cluster model were
defined in details in the previous publication.7 The inner
sphere coordination environments for the crystalline O-sheet,
exfoliated O-sheet, and exfoliated T-sheet honeycomb units
are shown in Figs. 2A, 2B, and 2C, respectively. The initial
structures of the computational models with the neutralizing

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 The orientations of the surface hydroxide groups and bridging oxide
anions, AI** and Si** ion positions in crystalline (A) and exfoliated kaolinite
models (B) for the Al-honeycomb and (C) for the Si-honeycomb.

counter ions are shown in Fig. 3. In addition to the previously
described centres and groups (Fig. 1), we defined additional
structural elements as the centroids of the various honeycomb
units. Xspo, Xp-or Xa, and Xg represent the centroid of six
oxygen atoms in s-OH™ and b-OZ', the centroid of six AI** and
Si* ions, respectively. The n, and ng values in A correspond to
the displacement of the crystalline (experimental) and
exfoliated (calculated) planes of AP and Si** ions, respectively.
The sizes of the honeycomb-like units were characterized by
their diameters (d, and dg; in A), which were derived from a
diameter for a circle from the circumference of the
honeycombs. The s-HO™ groups had to be differentiated as
three of them (proximal) located closer to the centre of the
honeycomb (X,.0) than the other three (distal), which are the
proximal groups of adjacent honeycombs. There is an
additional classification of the surface hydroxide groups that
we adopted, which is their relative position to the inner
hydroxide group. The a,-s-HO™ and a4-s-HO™ groups are the
proximal and distal surface hydroxide groups above the i-HO
groups as shown in Figs. 2A and 2B. The pairs of B,-s-HO™ and
B4-s-HO™ groups are located above the a-0> groups (Figs. 2A
and 2B). The complexity of labelling is required, since the
positions of HO™ groups and 0” anions matter a great deal as
will be shown below.

A change in the orientation of the s-HO group relative to
the surface can be followed by the centroid X, O-H(s-HO)
angles. In the crystalline kaolinite, these values are around 90°
as the s-HO groups in the inter-layer space point toward the T-
sheet of an adjacent OT-layer. Similarly for the T-sheet, the
a-b-0> and B-b-OZ' anions are located under the i-HO™ groups
and between the g-0> groups, respectively as shown in Fig.
2C. Change in the positions of the b-0> anions can be
represented by the centroid Xb_o“‘O(b-OZ') distances. Only
partial geometry optimizations were carried out for the inner
sphere environment of the surface hydroxide groups and the

This journal is © The Royal Society of Chemistry 2015

[6A1-6(s-HO)]

[6Si-6(6-0%)]

Fig. 3 Molecular cluster models for the (A) Al-honeycomb and (B) Si-honeycomb
(space filling CPK), inner (ball and stick) and outer spheres (tubes), neutralizing
ions (violet and light green crosses) with compositions of [Al;y(s-HO)4(i-HO )16
(0'02-)155i3(b’02-)16NauMgs]o and [5i1z(b'oz-)24(0'02-)12A|w(/"H0-)7(5'H0-)17Na1s]0,
respectively.

adjacent AP ions, as well as the bridging oxide and their si**
neighbouring ions (Fig. 3, atoms presented with ball-and-stick
style) while the outer sphere ions and groups, and the counter-
ions were kept frozen at their crystal structure positions (Fig.
3, atoms presented with bonds-only style).

We also considered periodic models in addition to the
molecular cluster models for the exfoliated state in order to
evaluate the performance of the levels of theory and use a
comprehensive coverage of computational models. The
periodic boundary model (PBCB'ZS) for the crystalline phase
contained a single unit cell (1x1x1 supercell), while the
exfoliated state was approximated by a four unit cell slab
model (2x2 supercell) along the crystallographic ‘a’ and ‘b’
directions.

Computational Levels of Theories

For comparability of the inner and surface hydroxide cluster
models, we used the same set of basis sets and set of density
functionals as rationalized by Scheme 2 of Ref. 7. The
molecular structure simulations were carried out using the
Gaussian09%® suite of quantum chemical packages. The
computational level of theory included pure DFT functionals
with Becke’s exchange and Lee-Yang-Parr’s correlation
(BLYP)27'29 and Perdew-Wang’s exchange and correlation
(PW91) functionals,so' 31, Becke’s empirically adjusted hybrid
exchange and Lee-Yang-Par’s correlation functionals (B3LYP),28
32 and pure molecular orbital (MO) calculations at the Hartree-
Fock (HF) level.>® Abbreviation HFLYP stands for a hybrid DFT
method where the complete density functional exchange term
was replaced by HF exchange, while keeping the full Lee-Yang-
Parr correlation functional. We have studied the basis set
effect by considering effective core potentials (ECP: sbD** 35)
and all electron basis sets (DZ: 6-31G>® ¥ and TZ: def2-TzvpP*®
39) with polarizationao'42 (ECP* or DZ*) and diffuse®® functions
(DZ+, DZ+*). An isotropic electrostatic environmental effect on
the exfoliated clay models was considered by using a
polarizable continuum model (PCM44 and COSMO“) with
water-based parameters. For an approximate treatment of
dispersion interactions, we utilized the empirical dispersion
correction developed by Grimme.*

Dalton Trans., 2015, 44, 1-11 | 3
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Table 1 Comparison of unit cell parameters (a, b (c) in A and a (B, y) in degrees
for crystalline and slab models) as a function of level of theory relative to
experimental values.

Level of theory a b c o §] v
crystalline phase
Experimental®® 515 894 7.16 91.7 104.6 89.8
periodic crystalline model: 1x1x1

PWOI/ECP 0.18 034 022 -0.6 0.5 -0.4
PW91/DZ*  0.08 0.13 0.27 0.1 03 0.0
BP86/DZ*  0.09 0.15 0.28 0.1 03 -0.1
PWO1/TZ* 0.06 0.11 034 0.0 0.0 0.0
BP86/TZ* 0.07 0.13 033 -0.1 0.0 0.0

exfoliated state without an experimental reference
periodic slab model: 2x2

PWOI/ECP  0.19 0.38 -2.1
PWOL/TZ*  0.03 0.08 -1.7
BP86/TZ*  0.03  0.10 -1.6

Results and Discussion
Experimental Structure versus Periodic Unit Cell Models

The motivation of comparing the arrangements of s-HO
groups in the experimental and calculated crystalline
structures is to define the accuracy of basis sets and selected
density functionals. The calculated unit cell parameters
relative to their experimental values are summarized in Table
1, as a global measure for structural agreement.

As found earlier,7 the double-C quality basis sets (ECP)
without polarization functions do not provide reasonable unit
cell parameters with vector lengths being 0.2-0.3 A. Additional
polarization basis functions greatly improve the ‘a’ and ‘b’ unit
cell dimensions; however, the inter-layer H-bonding is
calculated to be weak compared to experiment that results in
expansion of the unit cell along the (001) direction. In going
from double- (DZ) to triple-C (TZ) quality basis set, there are
some improvements along the dimensions of the OT-sheets;
however, the agreement actually worsens in the inter-layer
distance. This suggests that the pure DFT or GGA density
functional methods used are not adequate to describe the H-
bonding interactions. As discussed in Iiterature,47‘ 8 the use of
hybrid functionals and dispersion corrections may improve the
agreement between experiment and theory.

The internal coordinates in the crystalline phase provide
further details about the accuracy of calculations. The s-HO
groups need to maintain their orientation for H-bonding with
the bridging oxide anions of the adjacent OT-sheet. The
experimental structural parameters in Table 2 clearly show the
different orientation of the proximal (67 and 73°) and distal
(107 and 115°) s-HO™ groups for a honeycomb-like unit and
also the difference between the s-HO groups above (o, 67 and
115°) the i-HO™ and in between (B, 73 and 107°) the a-0%
groups. Both pure GGA functionals (BP86 and PW91) closely
reproduce the crystal structure already at the DZ basis set level
as long as polarization functions are present. This was not the
case for the i-HO’, which delicate position was only maintained
when TZ quality basis set was used. We justify the
performance of the DZ* basis set with the fact that s-HO  is

4 | Dalton Trans., 2015, 44, 1-11

Table 2 Summary of s-HO™ orientation expressed by centroid X o...0-H(s-HO')
angles in degrees as function of levels of theory in crystalline phase and
exfoliated state of kaolinite; na is the measure of out-of-plane displacements in
A of AP* ions, and Ady is the relative diameter of the Al-honeycomb
(da(experimental) = 5.69 A).

Level of theory  a,-s-HO™ By-s-HO™ ag-s-HO™ Bg-s-HO™  na A‘k‘"
crystalline phase
experimental'*®  66.5 72.7 72.5 1149 106.8 106.7 0.00
periodic 1x1x1 crystalline model
PWOI/ECP 67.2 672 652 1138 114.1 112.6 0.20
PWIL/DZ* 66.0 72.5 72.2 1155 107.1 106.6 0.08
BP86/DZ* 66.0 72.5 72.1 115.6 107.1 106.6 0.09
PWOL/TZ* 66.1 72.0 71.9 1153 107.5 107.1 0.07
BP86/TZ* 655 71.0 71.3 1154 107.9 108.3 0.08
exfoliated state without an experimental reference
periodic 2x2 slab model

PWOI/ECP 233 62.1 555 155.6 1239 117.7 0.23
PWOL/TZ* 14 88.5104.6 1768 87.0 71.0 0.03
BP86/TZ* 2.0 100.7 97.1 176.0 78.6 74.1 0.05

molecular cluster model for the Al-honeycomb (Fig. 3A)
HF/ECP 350 60.6 61.2 1709 150.9 150.3 -0.09 0.02
HF/DZ 329 61.8 62.5 1723 152.0 151.4 -0.09 0.02
HF/DZ* 7.8 723 773 1778 172.7 1727 -0.09 0.01
HF/TZ 313 63.6 644 1732 1524 152.0 -0.09 0.02
HF/TZ* 138 71.7 73.9 1775 167.6 1674 -0.10 0.01
HFLYP/TZ* 2.0 681 702 1769 166.0 165.7 -0.12 0.02
B3LYP/ECP 204 655 66.4 1754 160.4 160.1 -0.08 0.01
B3LYP/DZ 20.0 66.0 669 175.6 159.5 1594 -0.07 0.01
B3LYP/DZ+D 11.6 663 669 1774 163.6 163.4 -0.08 0.01
B3LYP/DZ+PCM 11.5 70.7 71.9 170.1 161.7 160.0 -0.05 0.04
B3LYP/DZ* 49 751 814 175.7 176.5 1754 -0.08 -0.01
B3LYP/TZ 158 69.7 709 1774 1623 162.3 -0.08 0.01
B3LYP/TZ* 10.0 753 78.1 1799 1714 171.3 -0.08 0.00
BLYP/TZ* 10.3 754 782 179.7 171.6 1714 -0.07 -0.02
BP86/TZ* 56 763 79.6 177.7 1749 1749 -0.07 0.00
PWOL/TZ* 6.7 76.7 80.0 178.1 1742 1742 -0.08 0.00
involved in a stronger and more directional inter-layer

ion/dipole interactions than the intra-layer interactions of i-
HO". Thus, a lower quality, less flexible basis set (DZ*) may also
reproduce the crystal structure. A holistic measure of the Al-
honeycomb geometry is its diameter (dy in A). The
experimental value for d, is about 5.7 A. This is approximated
within 0.1 A for any of the periodic crystalline models with
sufficiently large basis set. As the size of the basis set increases
or we vary the nature of the functionals, the agreement
improves for periodic models, but not significantly.

Looking at the differences in unit cell parameters and
internal coordinates of the periodic 1x1x1 crystalline models
we can suggests the likely due to error cancellations from
using small basis set and GGA density functionals with out
dispersion correction and HF exchange the non-saturated
calculations with DZ* basis set can give reasonable structures.

Periodic 1x1x1 Crystalline versus 2x2 Slab Models

A reasonable agreement in the unit cell parameters in Table 1
between the 2D periodic lattice structures and the 3D
experimental crystal structure is fortuitous. The slab model
does not have any inter-layer interaction, thus it should be
considered as a compositionally identical, but structurally very
different chemical system. However, we wish to use the slab
calculations as a reference for the molecular cluster based
models. Starting the optimization from the crystal structure,

This journal is © The Royal Society of Chemistry 2015

Page 4 of 12



Page 5 of 12

Dalton Transactions

the periodic 2x2 models show a different degree of systematic
changes in the orientation of the s-HO™ groups. An asymmetry,
also called misfit or slip between the O- and T-sheets, exists
due to the presence of the i-HO. As we found earlier,7 the
different chemical environment of i-HO™ relative to the g-O”
ions at the centre of an OT-layer manifests in the polarization
of the b-O anions at the T-sheet and in the orientation of the
s-HO™ groups of the O-sheet, as shown in Table 2. In the
exfoliated structure, the a-s-HO™ groups fold in and become
parallel with the plane of the OT-sheet. The proximal a-s-HO
group points toward (~0°) the centroid X,.on, While the distal
points away from it (~180°). The B-s-HO™ groups remain in H-
bonding donor position with respect to external chemical
environment. The interaction between the folded in a-s-HO
groups and the perpendicular -s-HO™ groups can be described
by a non-ideal H-bonding with a strong ion/dipole component.
The H(o,-s-HO)"O(B,-s-HO') distances are 2.58+0.01 A at
B3LYP/TZ* level showing great variability with the size of the
basis set (2.60+0.01 A at B3LYP/DZ).

It is also interesting to note that the periodic slab models,
especially at the PW91/TZ* level, approach the experimental
unit cell dimensions better than the periodic crystalline
models; however any improvement in the ‘@’ and ‘b’
dimensions is at the expense of the angle between the two
unit cell vectors. Similarly the diameter of the Al-honeycomb
(da) is calculated within 0.03 A of the experiment, which is
again better than the crystal calculations.

Periodic 2x2 Slab versus Molecular Cluster Models for Exfoliated
Kaolinite

The bottom part of Table 2 compares the results of systematic
evaluation of the performance of computational methods.” It
is remarkable that regardless of the level of theory the
exfoliated state can be characterized by folded a-s-HO™ groups
with angles 2-30°, while the f-s-HO groups remain
perpendicular to the OT-sheet in the molecular cluster model.
A notable difference in the molecular cluster model relative to
the periodic slab model is the different orientation of the 4-s-
HO™ groups that show their nucleophilic face to the external
chemical environment with X0 0O-H(s-HO") angles of 180°.
This difference is understandable since the coordination
chemical environment of the distal s-HO™ groups is incomplete
due to the lack of adjacent Al-honeycombs. Furthermore,
without exception the movement of the A" ions toward the
centre of the OT-layer was observed (n, values between -0.05
and -0.10 A) similarly to the earlier study due to lack of
external H-bonding interactions. This makes the proton of the
s-HO™ groups more acidic, which reduces the covalent nature
of the AI*"—0(s-HO') bonds. In turn the A**-g-0> bonds gain
more covalency manifesting shorter bonds and sinking of the
AP*" ions into the OT-layer. Despite these sizeable changes, the
approximate diameter (d,) of the Al-honeycomb remains
similar to that in the crystalline phase within 0.02 A.

The trends observed for the s-HO™ group orientations are
somewhat different from those described for the j-HO™ groups

This journal is © The Royal Society of Chemistry 2015

as a function of the levels of theory. Using small basis sets, the
changes are modest in the exfoliated model relative to the
crystal structure. The use of finer integration grid does not
influence the geometry significantly; however, dispersion
correction and the presence of a polarizable continuum show
an enhanced ion/dipole interaction between the folded a.- and
B-s-HO™ groups. This will be further highlighted in this study
when explicit solvent interactions will be considered. The
importance of the presence of additional polarization basis
function can be seen comparing the results of DZ and DZ* and
separately TZ and TZ* regardless of the level of theory. The o,-
s-HO™ group folds in more and in turn, the B,-s-HO groups
become more erected. Using the saturated TZ* basis set, the
orientation of the o,-s-HO™ group range from 2° (HFLYP), 6-7°
(BP86, PW91), and 10° (BLYP and B3LYP) to 13° (HF). We
conclude that the inherent nature of the exchange and
correlation functionals will determine the strength of the
ion/dipole interactions that drives the rearrangements of the
surface hydroxide groups.

From the results of in vacuo calculations of the Al-
honeycomb model, we can establish reference values for the
orientation of the surface hydroxide groups. X, o O-H(s-OH)
angles between 60°-120° correspond to vertical arrows in Figs.
1A and 1B with a typical values of 70° for proximal and 110° for
distal s-HO™ groups that are +20° from the perpendicular (90°)
orientation. This orientation is referred to electrophilic (E)
arrangement with respect to ion/dipole or donor (D)
orientation in H-bonding interactions. When the X, o O-H(s-
OH’) angle is between 0°-60° (for proximal) and 120°-180° (for
distal), the surface hydroxide adopts a nucleophilic (N) or
acceptor (A) orientation in H-bonding. This scenario is
represented by the close to horizontal arrows in Fig. 1B.

Surface Hydroxide Orientations for the Honeycomb Cluster
Models in the Absence of An External Chemical Environment

In order to localize all local and global stationary structures, we
carried out a systematic, grid-like search for the geometry and
relative energies of different structures corresponding to the
perpendicular and parallel orientation of the proximal s-HO’
groups with the most complete coordination environment.

Without any external chemical environment, we can
establish a well-defined reference for the surface hydroxide
orientations. This state of the exfoliated clay particle is
relevant for cleaned and thermally treated samples below the
dehydroxylation temperatures (at 350 °C and above) after
removal of adsorbed small molecules. The three proximal s-
HO  groups were considered in both nucleophilic/H-bond
acceptor (nucleophilic: N or acceptor: A) and electrophilic/H-
bond donor (electrophilic: E or donor: D) arrangements giving
rise to eight isomers. In the single shot, in vacuo modelling
(Table 2) starting from the crystal structure, we only obtained
a single orientation with a,-s-HO becoming parallel (N or A)
with the surface and the other two B,-s-HO™ groups remain
perpendicular (E or D).
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Fig. 4 Results of structural optimizations at various levels of theory for the orientations of the three proximal s-HO™ groups located toward the centre of the Al-
honeycomb for the in vacuo model of exfoliated kaolinite from HF, GGA, and hybrid-DFT calculations with TZ* basis set. Initial structures were obtained from the
crystalline phase atomic positional coordinates with adjustments according to electrophilic (E) or nucleophilic (N) orientations. Arrows indicate isomerization as a

result of going from one level of theory to the other upon structural optimizations

Fig. 4 summarizes the relative energies of the orientations
and how they interconvert shown by dashed lines as a function
of level of theory. To avoid artefacts due to basis set effects,
we report the results of saturated TZ* basis set. The initial
structures were obtained by setting the centroid X0 O-H(s-
HO") angles to the ideal values of 10° (folded) and 70°
(perpendicular) for the s-HO™ groups. The orientations of the
distal s-HO™ groups were left as in the crystalline structure. The
high initial energy is due to the erected positions of the distal
s-HO™ groups that fold down during structural relaxations.

Upon optimization, the proximal s-HO™ groups relax within
a 10 kI mol™ range and four species emerge as shown at the
bottom of Fig. 4. In the periodic and earlier molecular cluster
calculations, the s-HO™ groups above the i-HO™ fold in and
become parallel with the surface for the three lowest energy
structures (Na-EB-EB). In gas phase simulations, one of the
adjacent s-HO™ groups can also fold in and adopt a low-energy
orientation resulting in two folded s-HO™ (Na.-NB-Ef3 or Not-EB-
NP arrangements) groups, while the third remains erected. In
all calculations, the reverse arrangement to the most stable
orientation (Ea-Np-Np, top of Fig. 4) is at a highest energy (7-
10 kI mol™). It is also notable that while HF theory gives
practically identical results for the i-HO group to DFT,” the
results for the s-HO™ groups differ at HF and DFT levels. The use
of polarizable continuum model (PCM) for simulating the
electrostatic effect of a high dielectric (water) solvent
environment or considering dispersion correction affect the
relative ordering of orientations only as much as the variation
of the results as a function of functional (B3LYP versus PW91,
see Fig. 4).

6 | Dalton Trans., 2015, 44, 1-11

Table 3 Summary of s-HO™ group orientations as defined by the centroid X, o™

O-H{sHO}angle{degrees)as—funection—oftevels—of theory—in—the—exfoliated

molecular cluster model.

Orientation Level of theory a,-s-HO™  B,-s-HO™  ay-s-HO™  B4-s-HO"
HF/TZ* 138  71.7 739 1775 167.6 1674
Na-EB-Ep  B3LYP/TZ* 10.0 753 781 1799 1714 1713
PWI/TZ* 6.7 76.7 799 178.1 1742 1742
HF/TZ* 264 326 904 1762 1645 166.1
Na-NB-Ef  B3LYP/TZ* 243 280 944 1789 169.5 170.6
PWI1/TZ* 227 267 96.1 1788 171.8 173.2
HF/TZ* 27.7 888 30.1 1759 166.1 163.8
Na-EB-Np  B3LYP/TZ* 255 939 268 1788 170.5 168.4
PWI1/TZ* 244 948 258 178.8 172.8 170.8
HF/TZ* spontaneous conversion to No-EB-Ef
Ea-NB-Np  B3LYP/TZ* 822 271 294 1785 169.7 1694
PWIl/TZ* 90.8 203 256 179.1 172.7 172.6

The numerical results for the orientation of the s-HO"
groups summarized in Table 3 clearly illustrate the co-planar
(small angle values or close to 180°) and perpendicular (angle
values around 90°) arrangements relative to the exfoliate
kaolinite surface. The s-HO™ groups that fold in correspond to a
centroid Xgpo“O-H(s-HO') angle of 7-32° (for Na. or Nf
proximal hydroxide groups), while the others point upward
with angle range of 71-91° (for Ea or EB proximal hydroxide
groups). The different chemical properties of a nucleophilic or
an electrophilic arrangement suggest that the orientation of
the s-HO™ groups can be detected experimentally by high-
resolution transmission electron or atomic-force microscopy. A
limitation of this minimalist model is that the distal s-HO
groups all fold down and point away (164-180°) from the
central honeycomb due to the incomplete outer sphere
honeycombs.

This journal is © The Royal Society of Chemistry 2015
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Table 4 Summary of the distances (A) between the bridging oxide anions (b-0%)
and their centroid (Xp.0), out-of-plane movement of the centroid (ns, A), and
relative diameter of the Si-honeycomb (dsi(experimental) = 5.69 A ) as function
of levels of theory in crystalline phase and exfoliated state of kaolinite.

Level of theory 0,-b-0"  By-b-O"  ag-b-0"  Bu-b-0°  msi  Adg
crystalline phase
experimental > 234 235 235 2.83 2.81 2.80 0.00 0.00
periodic crystalline model 1x1x1
PWI1/ECP 241 242 242 297 291 291 0.21
PWI1/DZ* 2.38 2.38 2.38 2.88 2.85 2.84 0.08
BP86/DZ* 239 2.39 239 2.88 2.85 2.84 0.09
PWOL/TZ* 242 241 241 2.83 2.80 2.79 0.07
BP86/TZ* 244 244 244 2.82 279 2.78 0.08
exfoliated state without an experimental reference
periodic slab model 2x2
PWOI1/ECP 235 2.36 236 3.06 3.00 3.00 0.23
PWOL/TZ* 229 230 232 292 2.89 2.88 0.04
BP86/TZ* 231 231 231 293 2.88 2.89 0.05
molecular cluster model for the Si-honeycomb
B3LYP/DZ 227 227 227 292 2.86 2.86 -0.08 0.00
HF/TZ* 238 2.36 2.36 2.85 2.76 276 -0.04 0.05
B3LYP/TZ* 235 2.34 235 2.84 2.80 2.79 -0.04 0.02
PWOLl/TZ* 232 232 233 2.84 2.79 2.79 -0.03 0.03

Honeycomb Cluster Model for the T-sheet in the Absence of
External Chemical Environment

Modelling was also carried out for the position of the b-0%
anions at the surface of the T-sheet, which were monitored by
the centroid Xb_o“'b—OZ' distances as summarized in Table 4.
Differentiation between the proximal and distal b-0% positions
was made based on short (2.34-2.35 A) and long (2.80-2.83 A)
centroid Xb_o“‘b—OZ" distances. There is a small difference
between the b-O% anions adjacent to the i-HO (a) in
comparison to the a-0* groups (B). To a smaller extent, this
was observed for the s-HO™ groups, which indicate increased
covalent and ionic binding of the Si** ion to the 0% groups than
the AP ion to the HO® groups. In the periodic model of the
crystalline phase, the basis set converges at the TZ* level;
however, the agreement worsens relative to the experimental
values. This is the same observation as we did for modelling of
the O-sheet. With the given set of GGA functionals, it is not
possible to obtain a better agreement than 0.06-0.08 A for the
proximal b-0% anions, while the distal b-O% anion and Si-
honeycomb centroid distances are within 0.02 A. In the
periodic exfoliated model, the proximal b-0% anions move
closer to their centroid by about 0.05 A relative to the crystal
structure, while the distal b-O% anions move away by nearly
twice as much (0.07-0.09 A). The horizontal rearrangement of
the b-O” anions is another significant structural difference
between the periodic crystalline and exfoliated molecular
nanoclay.

The molecular cluster models reproduce the periodic slab
calculations for the proximal b-O% anions reasonably well.
There is a larger deviation between these two calculations for
the distal b-O® anions. This can be correlated with the
limitation of the current honeycomb model that describes
completely only the inner coordination sphere of the three
proximal groups and their adjacent Si** ions. Furthermore, we
observe here a significant (0.04-0.06 A) difference between
the levels of theory. As indicated above for the arrangements

This journal is © The Royal Society of Chemistry 2015

of the s-OH™ groups, the HF wave function based method no
longer gives comparable results to the DFT methods. The
sinking of the centroid (X,.o) of the six b-0% anions away from
the centre of the exfoliated OT-layer of the kaolinite is also
notable (0.03-0.04 A).

The diameter of the Si-honeycomb closely matches that of
the Al-honeycomb in the crystalline structure. The high
similarity between the Si- and Al-honeycomb dimensions gives
an overall isostructural O- and the T-sheets, which contributes
to the formation of the flat OT-sheets that can stack and form
the crystalline phase. However, upon any
expansion (mainly for the T-sheet) and shrinkages (for the O-
sheet) relative to the optimized crystal structure will results in
surface curvature. This suggests that the nanoclay materials
are not expected to be flat, but form bowl shaped platelets.
Indeed, experimentally it can be observed that well crystallized
exfoliated clay sheets can form scrolls and tubes.”

exfoliation

Explicit Aqueous Solvation of Surface Hydroxide Groups

In order to evaluate the reactivity difference of s-HO™ groups in
electrophilic/nucleophilic or Lewis acid/base orientation, we
carried out a additional studies by considering a ring of 6 H,O
molecules as explicit solvent environment on top of the
honeycomb model of the O- and T-sheets. The two
orientations of the six s-HO™ groups define 64 structures with
complementary H-bond donor (D) or H-acceptor (A)
interactions for the electrophilic (E) and nucleophilic (N)
arrangements. Thus, the centroid X, o4 O-H(s-OH) angle
between 60°-120° will be considered as H-bond donors (E),
and those between 0°-60° (folded in) or 120°-180° (folded
out) are H-bond acceptors (N).

The initial 64 structures with 6 water molecules were
generated by setting the donor and acceptor s-HO™ groups to
have X, on"O-H(s-OH') angle of 66°(ay,), 72°(B,), 115°(ay),
107°(Bg) and 10°(a,), 10°(Bp), 179°(0awg), 171°(Bg), respectively.
The O(s-OH)"H-OH and H(s-OH)"OH, distances were set
equally to 2.0 A. When the initial H,O0"HOH distances are set to
about 1.82+0.06 A, the size of the ring of 6 H,0 molecules
matches the size of the Al-honeycomb. A large number of
computations were carried out initially at the PM7 semi-
empirical level with COSMO polarizable continuum model
(CPCM) of the water solvent (¢=78.4). The spread of the single
point energies relative to the lowest energy structure is shown
in the left hand side of Fig. 5A. The initial arrangements of the
s-HO™ groups and the solvent water molecules clearly favours
the formation of a strong H-bonding interaction with all s-OH"
groups being folded in (A-A-A-A-A-A) and disfavours the
crystallographic arrangement (D-D-D-D-D-D), where the order
of the s-OH™ groups matches those listed in Tables 1 and 2.
When the ‘X’ and ‘y’ coordinates of the inner sphere atoms of
the Al-honeycomb model were allowed to relax with ‘Z’
directional movements restricted (PM7 CPCM z-coordinates
fixed results in Fig. 5A), the spread of the relative energies
increase. The crystallographic orientation remains the highest
energy for the exfoliated state, while structures with folded a-
s-HO orientation or H-bond acceptor positions and -s-OH’ in
perpendicular or H-bond donor positions become the lowest
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energy structures (green lines at the bottom of Fig. 5, A-A-D-A-
A-A and A-D-D-A-A-A). It was remarkable to observe that by
increasing the level of theory to B3LYP/TZ*, single point
calculations on the PM7+CPCM optimized structures with
frozen z-coordinates showed clustering of the energy levels.
The final structures of this large-scale computational mapping
of relative energies were obtained using the B3LYP hybrid DFT
method supplemented with polarization continuum model for
water solvent and dispersion correction (right hand side of Fig.
5A). The calculations at the most complete theoretical level
with partial optimizations of the inner sphere environment
indicate that there will be only 6 different structures out of the
total of 64 that we need to consider in further studies for the
orientation of the surface hydroxide groups in aqueous
environment.

The negligible computational cost of the semi-empirical
PM7+CPCM level in comparison to the hybrid DFT with
saturated TZ* basis set calculations is attractive. Therefore, we
correlated the relative energies of these methods as shown in
Figs. 5B and 5C. The correlation is only of 77% and 85% (R2
values) and the absolute values deviate by 30% due to
underestimating the relative energy differences at the semi-
empirical level. The dispersion corrected absolute values
deviated by more than 50% due to the lack of dispersion
correction in the PM7+CPCM calculations for the Al and Si
centres. However, we consider that the 77-85% correlation is

8 | Dalton Trans., 2015, 44, 1-11

already reasonable for using PM7+CPCM method as an initial
survey of a large set of structures or providing a low-level
quantum chemical method in integrated QM/QM or
QM/QM/MM calculations.*®

Starting from 7 initial structures as summarized Fig. 6, we
carried out full structural optimizations for the inner sphere
atoms of the molecular cluster model for the Al-honeycomb
and the ring of 6 water molecules. The gas phase B3LYP/TZ*
calculations in the presence of the explicit water solvent
molecules resulted in 7 stationary structures, but with
considerable energetic rearrangements relative to the initial
PM7+CPCM structures (left hand side of Fig. 6). In the light of
the in vacuo results from above, it is expected that the lowest
energy structures correspond to where the s-HO™ above the i-
HO™ group (a) is folded in for acceptor position (Aa) with
various combinations for the [-s-HO™ groups. The
experimentally observed arrangements of s-HO™ groups (Da-
DB-DP) as in the crystalline kaolinite was not found to be the
stationary structure at any of the levels of theory either in gas
or solution phase models. While the simulations without
external chemical environment (Fig. 4 and Table 2) only
showed practically two energetically accessible orientations;
the external chemical environment defined by explicit solvent
water molecules gives 7 well-defined stationary structures.

The inclusion of implicit solvation model and dispersion
correction in addition to explicit solvent environment alters

This journal is © The Royal Society of Chemistry 2015
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Fig. 6. The potential energy landscape for the orientations for the s-OH™ groups in the presence of six explicit solvent H,0 molecules in the molecular cluster model of

the Al-honeycomb of exfoliated kaolinite.

the relative energies. They even change the energy ordering
from single point energy calculations (see energy levels
corresponding to the vertical axis with dashed lines in the
middle of Fig. 6). Therefore, we carried out further
optimizations with the most comprehensive level of theory
(B3LYP/TZ*+PCM+dispersion correction), which resulted in 4
groups of different energy levels and 6 stationary structures.
The lowest two orientations (Aa-AB-Df3 and Aa-DB-AB) can be
considered as enantiomers due to an approximate mirror
image relationship (see bottom right hand side of Fig. 6). The 2
kJ mol™ energy difference is due to the slightly different
arrangements of the water molecules on top of the surface.
These two structures are well separated by 7 kJ mol™ from the
Do-AB-AB, which was found to be the highest energy structure
for the clean surface models (Fig. 4). The effect of external
chemical environment in determining the surface structure is
well exemplified by the Aa-DB-Df} orientation, which is among
the second highest group of structures, while this was
practically degenerate in the in vacuo models with the lowest
energy structures. This is the result of the relative differences
in the strength of ion/dipole interaction between the s-HO"
groups and the H-bonding interactions between the s-HO
group and explicit solvent H,0 molecules. The (H,0)¢ cluster
sits on top of the surface at a shorter 1.66-1.72 A and longer
1.89-2.55 A distances for acceptor O(s-OH’)"H-OH and donor
H(s-OH")"OH, interactions, respectively (Table 5). The initial
H,0"HOH distances of ~1.82(12) A change to 1.89(10) A at
B3LYP/TZ*+PCM+D level upon optimization. This corresponds
to a slightly activated H-bond interaction due to the presence
of the kaolinite surface, since the ring of six water molecules

This journal is © The Royal Society of Chemistry 2015

calculated at the same level of theory without the kaolinite
surface shows H,O"HOH distances of 1.71 A.

As the distal s-HO™ groups fold out of the Al-honeycomb
(Xs.Ho"O-H(s-HO") angles are about 180°), they uniformly adopt
a H-bond acceptor positions and the H"O distances range
1.65-1.77 A with an average value of 1.71+0.03. The last two
orientations in Table 5 (Da-AB-DB and Da-DB-AB) have H"O
distances that are longer than 2.5 A, which are due to one of
the absorbed water molecules forming two H-bonds as it lands
in the outer solvation shell. However, these structures are at
17 and 13 kJ mol™ above the lowest energy structure and their
contribution to the overall structure is negligible. It is also
notable that the lowest energy orientations (Aa-ApB-DB and
Aa-DB-AB) have the shortest H"O distances, which indicate the
presence of the strongest H-bonding interactions.

Explicit Aqueous Solvation Model for the Bridging Oxide Anions

A more limited in scope, but similar analysis was carried out
for the b-O> anions at the surface of the T-sheet compared to
the s-HO™ groups of the O-sheet. The initial structures were
constructed by building a symmetrical ring of six water
molecules on the top of the T-sheet model with initial O"HOH
distances of 2 A. Similarly to the Al-honeycomb, the size of the
Si-honeycomb matches the size of (H,0)s cluster with
H,O"HOH initial distances of ~1.84(11) A. This optimizes to
1.79(1) A at B3LYP/TZ*+PCM+D level, which is shorter than the
comparable distances at the O-sheet surface model (1.89 A).
The former value is closer to the kaolinite surface free
H,O...HOH distances (1.71 A). This is indicative of considerably
weaker b-O”"..HOH interactions. The top section of Table 6

Dalton Trans., 2015, 44, 1-11 | 9
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Table 5 Summary of s-HO™ group orientations expressed by the centroid
Xsh0 O-H(s-HO) angle (degrees) and H"O distances (A) in H-bonding interactions
at B3LYP/TZ*+PCM+D levels of theory in the exfoliated molecular cluster model
with a ring of six water molecules on top of the Al-honeycomb.

orientation op Bp Bp og Ba Ba
Aa-AB-DB 13.7 17.1 1009 1781 1763 177.1
Aa-DB-AB 14.0 100.1 16.1 177.8 177.1 176.0
Da-AB-Ap 102.4 15.0 163 1795 1779 177.7
Aa-DB-DB 45 1042 99.6 177.0 178.1 1782
Da-AB-Dp 91.1 5.7 829 1785 178.6 1713
Do-DB-AB 87.0 88.5 48 1780 1775 1777
H-bonding * a, Bp Bp o4 Ba Ba
Aa-AB-DB 1.69 1.72 1.89 1.72 1.77 1.72
Aa-DB-AP 1.70 1.89 1.71 1.69 1.75 1.76
Da-AB-Ap 1.91 1.70 1.72 1.73 1.73 1.76
Aa-DB-DB 1.67 1.93 1.93 1.65 1.74 1.70
Da-AB-Dp 1.94 1.66 2.55 1.69 1.72 1.69
Do-DB-AB 2.48 1.92 1.69 1.69 1.68 1.72

* O(s-OH") "H-OH and H(s-OH-)...OH2 distances are shown
for acceptor (A) and donor (D) interactions

shows the positions of the b-O% anions not being affected as a
function of level of theory by more than 0.01-0.02 A relative
to the clean surface model from Table 2. The Si**-0>-Si**
interaction appear to be difficult to affect by H-bonding
interaction, which is the opposite to the above discussed AP
(OH')—AI3+ interaction, where the orientation of the s-HO
groups can vary greatly as a result of internal and external
ion/dipole and H-bonding interactions. The bottom of Table 6
compares the distances between the H-bond donor of the H,0
molecule and the b-0% acceptor ions. The effect of polarizable

continuum model and dispersion correction is dramatic. These
clearly highlight the need for using both implicit solvation
models in addition to explicit solvent environment as well as a
correction for dispersion interactions for achieving chemical
accuracy.

Furthermore, it is worth emphasizing the role of hydroxide
groups in determining the surface properties of exfoliated
kaolinite. For the Al-honeycomb model, we saw the different
behaviour of s-HO™ groups above the i-HO™ group. For the Si-
honeycomb model, we calculated about 0.1 A difference
between the H-bonding interaction for the a- versus the f3-s-
HO™ groups. This can be rationalized by the earlier observation
where the i-HO™ group changes its orientation upon exfoliation
and form a strong directional H-bonding interaction with the
diagonal b-0% anion. This reduces the nucleophilicity of this b-
o* anion, which in turn results in a weaker H-bonding
interaction as can be also judged from the elongated H-
bonding distance of 2.01 versus 1.88 A with the explicit
solvent H,O molecules relative to b-O% anions in between two
a-0% anions. These results provide a confirmation of self-
consistency of previously seen changes in the position and
orientation of the i-HO group that was obtained for an
independent molecular cluster model developed separately.7

Conclusions

Our holistic approach to the modelling of the surfaces of
exfoliated kaolinite revealed a remarkably complex network of
interaction between the OT-sheet and its external chemical

10 | Dalton Trans., 2015, 44, 1-11

Table 6 Summary of distances (A) involving b-O> anions for Si-honeycomb model
of exfoliated kaolinite T-sheet between centroid X,, and H atoms of the H-
bonded water molecules.

Level of theory oy Bp o4 Ba
Xpo" b-0” (A)
B3LYP/TZ* 235 235 236 2.84 280 280
B3LYP/TZ*+PCM 236 236 236 2.82 277 277
B3LYP/TZ*+PCM+D 2.35 234 236 2.83 278 278
H-bonding

B3LYP/TZ* 287 236 231 3.11 232 233
B3LYP/TZ*+PCM 2.09 196 195 220 193 194
B3LYP/TZ*+PCM+D 2.01 1.89 187 2.00 1.83 1.85

environment. The position and orientation of the surface

hydroxide groups are ill-defined in in vacuo models. This
results in multiple energetically degenerate orientations.
However, this is not a random distribution. We localized
preferred orientations and evaluated their stability as a
function of levels of theory. Overall, the 8 possible orientations
for 3 proximal surface hydroxide groups resulted only 2 energy
with 3 stationary structures excluding potential
enantiomers. At temperatures below the dehydroxylation
threshold (~350 °C), there will be one dominant surface
arrangement for the exfoliated kaolinite OT-sheet. The surface
hydroxide above the inner-hydroxide folds in parallel with the
O-sheet, while others remain perpendicular as in the crystal
structure.

levels

We localized only 7 stationary structures from the total of
64 possibilities for surface hydroxide groups being H-bond
donors or acceptors when considering a ring of water
molecules. The use of implicit polarizable solvent models and
dispersion correction eliminated a stationary structure. Among
the remaining 6 structures only one enantiomer pair will be
energetically relevant with a folded surface hydroxide above
the inner hydroxide group. In addition, an additional hydroxide
group may also point toward the centre of the Al-honeycomb.

With respect to computational methodology, the HF
method no longer gave comparable results to DFT methods,
which is an opposite conclusion to the inner surface hydroxide
study. We also urge using at least triple- basis set with
polarization functions for achieving basis set saturation. We
found a correlation between the energies calculated by the
low-cost PM7+COSMO method and those of hybrid DFT
calculations with large basis set, polarizable continuum model,
and dispersion correction. This suggest that the semi-empirical
Hamiltonian can be effective in screening a large set of
structures and providing pre-optimizations a priori to higher
level and considerably more expensive DFT calculations.

The self-consistence between our previous study on the
inner-hydroxide environment and the compositionally and
structurally ill-defined surface hydroxide position and
is also notable. These studies used different
molecular cluster models, focused on different chemical
phenomena and structural features, yet they came to identical
conclusions  with  respect to large-scale structural
reorganization in going from crystalline to exfoliated state.

orientation

We conclude that the molecular cluster model is a viable
approach to modelling surface phenomena for exfoliated

This journal is © The Royal Society of Chemistry 2015
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kaolinite. We critically evaluated our cluster models and
pointed out a limitation in capturing the full network of weak
interactions. As a fix, an algorithm is being developed for
generating neutral, counter-ion free nanoparticle models by
replacing the sphere of neutralizing ions with protons. These
models are expected to allow for constraint free potential
energy surface calculations for deeper insights into the
tantalizing kaolinite reactivity.
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New insights: Surface hydroxide groups of the O-sheet and bridging oxide anions of the T-sheet adopt very different orientations in the exfoliated kaolinite
than in the crystalline phase as a function of the presence and absence external chemical environment that significantly influences clay reactivity.
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