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Abstract

Intercalated layered structures are analyzed in order to estimate the rules governing their crystal packing. An overview
is given on structural types of layered intercalates based on various types of host structures and guest species. The factors
describing the host–guest complementarity in intercalated layered structures like: the character of active sites, the host–guest
and guest–guest interactions, the size of guests and topology of layers are investigated and their effect on crystal packing is
illustrated on examples. Special attention will be paid to the conditions for the regular ordering of guests in the interlayer
space, as the requirement of structure ordering is of great importance in design of intercalates for special applications, where
one has to control the interlayer porosity or electronic properties of guest molecules etc. A method of structure analysis based
on a combination of molecular modeling and experiments has been worked out for intercalates. Molecular modeling (force
field calculations) in conjunction with experiments (diffraction methods and vibration spectroscopy) enables us to analyze
the disordered intercalated structures, where the conventional diffraction analysis fails.

Introduction

Intercalation means an insertion of a guest molecule or ion
into a suitable crystal structure without major rearrangement
of the solid host structure (Jacobson [1]). Intercalation re-
quires that the host structure has a strong covalent network
of atoms, which remains unchanged on the intercalation re-
action and that there are vacant sites in the structure. These
vacant sites should be interconnected and of suitable size
to permit the diffusion of the guest species into the host
structure. Layered crystal structures satisfy these require-
ments very well being able to accommodate very large guest
molecules in the interlayer space by the free adjustment of
the interlayer separations. A strong intralayer and weak in-
terlayer bonding characterize layered structures. A survey of
different types of layered host structures and a discussion of
intercalation reactions for neutral and charged layers is given
in [1–4].

Intercalation provides new routes for the synthesis of
materials with controlled changes in the chemical and phys-
ical properties. These properties can be tuned by the proper
choice of the host–guest combination, by the guest con-
centration and by co-intercalation of further guest species.
This allows creating a large variety of structures for a wide
scale of practical use. Intercalates can be used as adsorb-
ents, catalysts, pharmaceutical products, chemical sensors,
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ionic conductors and various kinds of electrochemical and
opto-electronical devices [1–9]. Clearfield [6] formulated
the conditions, necessary for the intercalation of layered
structures:

• The interaction of the guest molecules with the host lay-
ers must be stronger than the mutual interactions of the
molecules themselves,

• the surface of the layers should possess active sites with
which the guest molecules can interact,

• the host layers must spread apart to accommodate the
guest molecules and must not exhibit the steric hindrance
to the free diffusion of the guests.
Intercalates obey the rules of host–guest complement-

arity like all other supramolecular systems [10–12]. This
complementarity in case of intercalated layered structures
can be characterized by a series of chemical and geomet-
rical factors describing the character and arrangement of the
active sites in the host layers, guest species and geometry
of guest molecules and host layers. In the present paper we
discuss the effect of factors describing the host–guest com-
plementarity on the crystal packing of intercalates using a
series of intercalates based on various types of host struc-
tures (zirconium and vanadium phosphates, clay minerals,
graphite, tantalum sulfide).

An interplay of chemical and geometrical factors res-
ults in a crystal packing of intercalated structures, which
may exhibit a certain degree of disorder, due to a departure
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from the perfect host–guest complementarity. The struc-
tural disorder, which is very often present in intercalates,
can obstruct the structure analysis based only on diffraction
methods. Therefore, in the present work we pay attention
to the method and strategy of structure analysis of intercal-
ates using a combination of molecular modeling (force field
calculations) with experimentation (diffraction methods and
vibration spectroscopy).

Structure analysis of layered intercalates

As the intercalation is an insertion of a known molecule into
a known layered crystal structure, the structure analysis of
layered intercalates has to solve specific problems:

• To determine the positions, orientations and arrangement
of the guest molecules in the interlayer space of the host
structure;

• To determine the possible changes in conformation of
guest molecules due to the crystal field in the interlayer
space of the host structure;

• To determine the way of layer stacking in the intercalated
structure;

• To characterize a possible disorder in an intercalated
structure;

Thanks to the disorder, which is very often present in in-
tercalated structures, single crystals are not available for
these materials and powder diffraction pattern affected by
the disorder is in addition influenced by the strong pre-
ferred orientation of crystallites and by surface absorption
due to the surface roughness effect [15]. Intercalation of
organic guests into an inorganic host structure introduces
an additional specific problem into the diffraction analysis
of intercalates. Scattering amplitudes of guest atoms, i.e.,
carbon, oxygen and hydrogen, are small in comparison with
the atoms building the inorganic host structures and con-
sequently, the contribution of guest molecules to the total
intensity diffracted from the crystal is too small. This fact
complicates the precious localization of guests in the inter-
calated compounds. For disordered guest molecules, which
in addition contribute very little to the diffracted intensities,
the diffraction analysis fails. In such a case, the molecular
modeling represents a very powerful tool in structure ana-
lysis of intercalates, providing that the modeling is combined
with an experiment. As a convenient complementary experi-
ment to molecular modeling one can use X-ray, synchrotron
and electron diffraction, vibration spectroscopy (IR and Ra-
man), NMR spectroscopy, STM and AFM microscopy etc.
An experiment plays an important role in creating the mod-
eling strategy and in confirmation of modeling results. The
complex structure analysis using a combination of modeling
and an experiment, can provide us with the detailed struc-
ture model, including the characterization of the disorder.
In addition to the diffraction analysis, we get the total crys-
tal energy, the sublimation energy and the host–guest and
guest–guest interaction energy.

Modeling of intercalates

Molecular modeling (molecular mechanics) is a method of
optimization of the structure and bonding geometry using
minimization of the total potential energy of the crystal or
molecular system. The energy of the system in molecular
mechanics is described by an empirical force field [16].
Classical molecular dynamics calculates the dynamic tra-
jectory of the system, solving the classical equations of
motion for a system of interacting atoms [13, 16, 20].
The temperature and distribution of atomic velocities in the
system are related through the Maxwell–Boltzmann equa-
tion. Molecular modeling of intercalates presented in this
paper was carried out using empirical force field calcula-
tions in a Cerius2/Materials Sudio modeling environment
(MSI/Accelrys) [13] and program SUPRAMOL [14] for
structure analysis of intercalates. In a Cerius2 modeling en-
vironment the atomic charges are calculated using a Qeq
(Charge equilibration) method [17] and the Ewald sum-
mation method [18, 19] is used to calculate the Coulomb
energy.

All the computational methods searching for the global
energy minimum have to generate the large number of initial
models using three different ways [14, 16]:

1. Deterministic method for generation of starting mod-
els, performing the systematic grid search that covers all
areas of the potential energy surface [14, 21, 22].

2. Molecular dynamics generating the starting geometry
[13, 20].

3. Stochastic methods (Monte Carlo [20] Genetic Al-
gorithm [23] . . . .

In the modeling of intercalated structures we used the first
two methods: the grid search using program SUPRAMOL
[14] with the final energy minimization in Cerius2 and mo-
lecular dynamics in Ceriuss [24, 25]. The first method,
performing the systematic grid search can be used easily to
generate starting models in the case of small organic guest
molecules or almost rigid large guests and rigid host layers.
On the other hand, molecular dynamics is a very convenient
method for the generation of starting models in case of the
large flexible organic guest molecules. The strategy of mod-
eling (i.e., the building of the initial models, the set up of
energy expression, the choice and test of the force field, the
definition of rigid fragments, the set up of fixed and variable
structure parameters etc.) should be based on the available
experimental data.

Diffraction data and vibration spectroscopy in the
modeling strategy

Although the powder diffraction data may be affected by a
structural disorder, sample effects like the preferred orient-
ation of crystallites and eventual surface roughness, it can
always provide us with some information, which is useful
for the strategy of modeling. At least we can get the basal
spacing (interlayer distance) and the type of the disorder. In
a more favorable case, we can even get the lattice parameters
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of the intercalated structure. These experimental data are
valuable in the building of the initial model for the energy
minimization. Comparing the diffraction pattern for the in-
tercalated and host structures, one can deduce the changes of
structure after intercalation and consequently set up the most
suitable modeling strategy (variable and fixed structure para-
meters, rigidity of the host layers etc.). The diffraction line
profiles indicate a possible lattice strain and disorder in guest
arrangement and in layer stacking due to the intercalation.

Comparing the three vibration (IR/Raman) spectra of:
(1) the intercalate, (2) the pristine guest compound and (3)
the host compound we can see a possible changes in the
bonding geometry and conformation of guest molecules and
host layers, which may occur during the intercalation [26,
27]. If the spectral bands corresponding to the host layers
exhibit the same positions and profiles in host structure and
intercalate, one can conclude, that there are no changes in
bonding geometry of host layers during intercalation. This
is very important conclusion for the modeling strategy, as in
such a case the host layers can be treated as rigid units during
energy minimization. The same conclusion can be derived
for the guest molecules. In case of rigid host layers and
rigid guests we obtain the IR spectrum for this intercalate
as a superposition of the host structure and guest compound
spectra [26]. The rigidity of host layers is the crucial assump-
tion in the modeling of intercalates, as in case of inorganic,
covalently bonded host layers we could hardly use the force
field calculations to reveal possible changes in their bonding
geometry.

Factors affecting the crystal packing of intercalated
layered crystal structures

The host–guest complementarity governing the crystal struc-
ture of intercalates can be described by a series of factors,
characterizing the mutual host–guest interactions and geo-
metry of the host and guest structures in the pristine state:

• The nature of the active sites on the host layer and guest
species, i.e., the charge distribution on the host layers
and guest species, the type of functional groups, etc.

• The ratio between the host–guest and guest–guest inter-
action energy.

• The topology of host layers, i.e., the distances and order-
ing of functional groups, the presence of steric barriers
for the diffusion of the guest molecules etc.

• The size and shape of the guest molecules, especially
the ratio between the size of guests and distances of the
active sites on the host layer.

Interplay of these factors leads to a large variety of inter-
calated structures with various degree of disorder depending
on the host–guest complementarity. The effect of these
factors on the crystal packing of layered intercalates will be
analyzed in details in the following paragraphs.

Ordering in intercalated structures: The role of active
sites

The requirement of structure ordering is of great importance
in the design of new intercalates for special applications,
where one has to control the interlayer porosity (selective
adsorbents, molecular sieves) or to control photofunctions
of guest molecules in the interlayer space, etc. It is evident
that the regular arrangement of guests in the interlayer space
is the necessary condition for the order in layer stacking.
However, there is another factor affecting the structural order
in intercalates. It is the rigidity of guest molecules and the
host layers. Intercalation of organic molecules containing
long aliphatic chains may lead to chain distortions, depend-
ing on the chain length and on the guest concentration in
the interlayer space. This can be illustrated in the example
of montmorillonite, intercalated with cetylpyridinium (CP)
[24] and octadecylamine (ODAM) [25], see Figure 1a,b.
Intercalation of cetylpyridinium into Na-montmorillonite is
the ion exchange reaction, where the interlayer Na+-cations
are replaced by the cetylpyridinium cations. The guest con-
centration in this case is given by the layer charge of
montmorillonite. The structure of CP-montmorillonite is in
Figure 1a [24], where one can see the liquid like arrange-
ment of guests in the interlayer space. On the other hand, the
intercalation of octadecylamine is based on the ion-dipole
interaction, that means the polar organic molecules intercal-
ate into the interlayer space of montmorillonite interacting
with the negatively charged layers and interlayer cations
Na+. In this case, the guest concentration is not limited with
the layer charge. That means for sufficiently high concentra-
tion of guests, the aliphatic chains can be more ordered than
in a liquid state, see Figure 1b [25]. Anyway the ordering of
chains in this case does not mean the regular anchoring of
the polar head groups to the host layers.

The intercalation of rigid organic molecules into a host
structure with rigid layers can lead to the ordered intercal-
ated structure, if all other chemical and geometrical factors
act in concert. Structure of tantalum sulfide intercalated with
methylene blue (MB) is the example of 3D ordered struc-
ture [28, 29], where the predominant electrostatic host–guest
interaction results in the equilibrium position of the guest
molecule shown in Figure 2. (Figure 2 shows the phase-I
of MB-TaS2 with the lowest guest concentration, for more
details see [29]).

The presence and character of the strong active sites on
the host layers and guest species, determine the way of an-
choring guest molecules on the host layers. It is evident that
the regular arrangement of strong pronounced active sites on
the host layers creates favorable conditions for the ordering
of guest molecules. However, it will be shown that the order-
ing of active sites is not sufficient and not even a necessary
condition for the ordering of guests in the interlayer space of
the host structure.

Vanadyl phosphate dihydrate VOPO4·2H2O (Figure 3)
represents very convenient host structure for the intercala-
tion of organic molecules [31–36] with the regular network
of strong active sites. The structure of vanadyl phosphate di-
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Figure 1. (a) Structure of montmorillonite intercalated with
cetylpyridinium with liquid-like arrangement of the guest molecules
in the interlayer space. The pyridinium headgroups are positioned at
the silicate layer surface. (b) Structure of montmorillonite intercalated
with neutral molecules of octadecylamine in partially ordered monolayer
arrangement. Polar headgroups and Na-cations (small balls) are positioned
at the silicate layer surface.

hydrate has been determined by X-ray single crystal diffrac-
tion [37] and refined using neutron powder diffraction data
of deuterated compound VOPO4·2D2O [38]. Host layer con-
sists of distorted VO6 octahedra and PO4 tetrahedra linked
by shared oxygen atoms. Shared water molecules link the
VOPO4 layers together, creating the regular network of hy-
drogen bridges in the interlayer space (see Figure 3). When
water molecules are removed from the interlayer space, va-
nadium atoms act as strong active sites for the molecules,

Figure 2. Top view of the arrangement of methylene blue (MB) cations on
the tantalum sulfide layer for the phase I of MB-TaS2 intercalate with the
lowest MB concentration.

which can deliver their oxygen atom to complete vanadium
octahedral coordination. Vanadium atoms on the lower and
upper VOPO4 layer create the regular network of active sites.

Almost perfect 3D ordering can be observed in the
structure of vanadyl phosphate VOPO4 intercalated with tet-
rahydrofuran (THF) and diethyleneglycol (DEG) [30], see
Figures 4a–c. Both guest molecules, THF and DEG, are
anchored with their oxygen to the vanadium atom in the host
layer. Vanadium atoms represent the active sites on the host
layer for the anchoring of the organic guest molecules via
oxygen. Due to the tetragonal symmetry of the host layer
VOPO4 (4-fold axis in the V—O bond), the guest molecules
can be positioned in two equivalent orientations with respect
to the host layer, see Figures 4a–c. These two possible ori-
entations of guest molecules introduce a certain degree of
orientation disorder into these structures. Anyway, inter-
calated structures VOPO4·THF and VOPO4·DEG, clearly
illustrates the effect of guest size on the interlayer crystal
packing. In both structures, the guest concentration is the
same (one guest molecule per vanadium atom). The THF
molecule is small enough to fit the distances between active
sites (vanadium atoms) in the host layer and this favorable
size factor, together with the character of the guest–guest
interaction results in the mono-layer arrangement of THF
molecules in the interlayer space of vanadyl phosphate (see
Figure 4b). On the other hand, the DEG molecule is too large
with respect to the distances of active sites and consequently
the arrangement of guests in the interlayer space is bi-layer,
see Figure 4c.

Intercalates VOPO4·THF and VOPO4·DEG, show that
3D-ordered intercalated structure can exist, if the guest
molecules fit the regular network of active sites and the co-
operation of host–guest and guest–guest interaction keeps
the guest molecule in well-defined positions and orienta-
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Figure 3. The side view of the host structure VOPO4·2H2O. The network
of hydrogen bonds is marked by dotted lines.

tions. On the other hand, the vanadyl phosphate intercalated
with ethanol VOPO4·2CH3CH2OH represents intercalate
with the regular network of strong active sites on the host
layers, but with disordered guests [39, 40]. Two ethanole
molecules per one formula unit in VOPO4·2CH3CH2OH are
anchored by two different ways to the host layer. First, an
ethanol molecule is anchored with the oxygen to the vana-
dium atom to complete its octahedron and the second one is
hydrogen bonded to the oxygen atoms in the VOPO4 layer.
In this case the arrangement of guests is bi-layer, due to the
double guest concentration compared with VOPO4·THF and
VOPO4·DEG. Figure 5 shows the host layer VOPO4 with
the adjacent lower guest layer. The upper guest layer was
deleted for clarity. One can also see from Figure 5 that guest
molecules possess a high degree of freedom, thanks to their
size, especially those which are not attached to vanadium
with their oxygen. This leads to the disorder in interlayer
structure and in the layer stacking, which was observed
by X-ray powder diffraction and explained by molecular
modeling. (For more details, see [39, 40].)

α-zirconium phosphate intercalated with ethanol
Zr(HPO4)2·2CH3CH2OH is another example illustrating
that the perfect ordering of active sites does not guarantee the
perfect ordering of guest molecules. α-zirconium phosphate
α-Zr(HPO4)2·H2O is a widely used host structure with the
regular network of strong active sites [6–8]. The layers in α-
Zr(HPO4)2·H2O consist of infinite sheets of ZrO6 octahedra,
where the Zr atoms lie almost in a plane and are bridged by
the phosphate groups, creating the six-sided cavities on the
layer surface [41]. The OH groups in the vertex of each
PO4 tetrahedron are active sites on the host layer. The
ethanol molecules reside in the cavities on the host layer,
hydrogen bonded to OH groups (Figure 6) [42]. Looking
at the structure of the host layer and orientation of the OH
groups in Figure 6, one can see that there are two types

Figure 4. (a) Vanadyl phosphate intercalated with tetrahydrofuran (THF);
two possible orientations of THF molecules attached with their oxygen to
vanadium atoms. The THF molecules over the oxygen atom (left and right
octahedron) are attached to the upper VOPO4 layer, THF molecules over
the vanadium atom complete its octahedron (i.e., upper and lower octahed-
ron in the figure) are attached to the lower VOPO4 layer. (b) The side view
of the structure VOPO4·THF with monolayer arrangement of guests.

of cavities on the host layers differing in the orientation
of the PO4 tetrahedra and OH-groups. Consequently the
anchoring of ethanol molecules is different in both types of
cavities. In the first cavity the ethanol molecule is fixed by
three hydrogen bonds to the surrounding OH groups in a
well-defined position. The ethanol molecule in the second
– more open – cavity is bonded to one OH group only (see
Figure 6) and possesses a certain degree of freedom in its
position inside the cavity. Thanks to this bonding and the
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Figure 4c. (c) Vanadyl phosphate intercalated with diethylene glycol
(DEG); bilayer arrangement of guests with two possible orientations of
DEG molecules attached with their oxygen to vanadium atoms.

Figure 5. Structure fragment of vanadyl phosphate intercalated with eth-
anol. The host layer of VOPO4 with one attached guest layer of ethanol
molecules. The upper guest layer in the bilayer guest arrangement in the
interlayer space was removed for clarity. One can see in the figure, that one
half of the ethanol molecules is attached to vanadium with their oxygen.
The second half of the ethanol molecules positioned above the vanadium
has their OH group positioned out of vanadium octahedron.

Figure 6. Structure of an α-zirconium phosphate intercalated with ethanol.
Guest molecules in a bilayer arrangement are partially immersed in the host
layer cavities. One can see two types of cavities with a different orientation
of PO4 tetrahedra and a different position of ethanol molecule. Hydrogen
bonds are marked with dotted lines (some of them are hidden).

size of the guests, the ethanol positions and orientations in
the second cavity are slightly disordered. This disorder of
guests results in a slight disorder in the layer stacking, where
the magnitude of the shift vector characterizing the positions
of two successive host layers exhibits a maximum value of
∼ 0.8 Å [42].

In the example of graphite intercalated with tantalum
chloride (TaCl6-graphite) [43], we can show that the ex-
istence of a regular network of strong active sites is not a
necessary condition for the ordering of guests in the inter-
layer space. In spite of the absence of strong active sites
in the graphite layers, the intercalated structure of TaCl6-
GIC exhibits ordered guest structure in the interlayer space
(see Figure 7) [43]. However, the ordered guest structure in
the interlayer space does not lead to the ordered host layers
and TaCl6-graphite is an example of intercalate with ordered
guests and disordered (turbostratic) stacking of the host lay-
ers. This structure will be discussed in more details in the
next paragraph dealing with the host layers without strong
active sites.

Host structures without strong pronounced active sites

The arrangement of guest molecules in the host structures
with the strong active sites is mainly ruled by the strong
host–guest interaction. However, in the case of the host lay-
ers without strong pronounced active sites, the role of the
guest–guest interactions and geometrical host–guest com-
plementarity become more important for the arrangement of
guest molecules. This situation can be demonstrated using
two examples: (1) graphite intercalation compounds (GIC)
and (2) intercalated layer silicates, especially smectites
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Figure 7. (a) The regular network of TaCl6 octahedra in the interlayer space
of graphite. (b) The side view of the TaCl6-graphite structure, second stage
(i.e. every second interlayer space is intercalated).

with prevailing octahedral substitutions (montmorillonite
and hectorite).

Graphite is the typical example of the host structure
without strong active sites. In spite of the absence of strong
active sites we can get the graphite intercalation compound
with ordered guest species. Figure 7a,b shows the structure
of graphite intercalated with tantalum chloride, where the
TaCl6 octahedra are ordered in a two-dimensional regular
hexagonal network. The mutual positions and orientations
of guests in this case are ruled by the strong guest–guest
interaction. The strong repulsion between guests keeps the
TaCl6 octahedra in the hexagonal plane lattice, see Figure
7a. This figure also shows that the structures of host and

guest layers are incommensurate, anchoring of TaCl6 octa-
hedra to the graphite layer is not regular and consequently
the ordering of guests does not lead to the order in the stack-
ing of the host layers. The structure of TaCl6-graphite was
analyzed by modeling and the results of modeling have been
confirmed by X-ray and electron diffraction [43–46]. Graph-
ite intercalation compounds with transition metal chlorides
are analyzed in [47] and their experimental investigation is
presented in [48–51]. For the general overview of graphite
intercalation compounds, see for example [9, 52].

Smectites represent widely used host structures without
strong pronounced active sites (functional groups) on the
host layers. Smectites belong to the group of 2 : 1 layer
silicates with the disordered – so-called “turbostratic” layer
stacking, characterized by the random shift and random
azimuth rotation of two successive silicate layers. The
structure of 2 : 1 silicate layer (schematically shown in the
Figure 8a,b) consists of one octahedral and two adjacent
tetrahedral sheets [53]. Octahedra are linked to sharing octa-
hedral edges. Tetrahedra in the tetrahedral sheets are linked
to sharing three corners, to form the hexagonal mesh pat-
tern (Figure 8a). The common plane of junction between the
tetrahedral and octahedral sheets consists of the sheared ap-
ical oxygens plus unshared OH groups that lie at the center
of each tetrahedral six-fold ring at the same z-level as the
apical oxygens. The smallest structural unit contains three
octahedra. If all three octahedra are occupied, i.e., have oc-
tahedral cations at their centers, the silicate layer is classified
as trioctahedral. If only two octahedra are occupied and the
third octahedron is vacant, the layer is classified as diocta-
hedral (see Figure 8a). The octahedral cations are usually
Mg, Al, Fe2 and Fe3+. The tetrahedral Si cations may be
substituted for Al or Fe3+. Substitutions of octahedral and
tetrahedral cations for the cations with lower charge, pro-
duce negative charge on the silicate layer, which is balanced
by interlayer cations; these are commonly Na+, Ca2+ and
Mg2+, but a wide range of inorganic and organic cations can
be introduced by exchange reactions.

Dioctahedral smectites with prevailing octahedral sub-
stitutions are called montmorillonites and analogically the
trioctahedral smectites with prevailing octahedral substi-
tutions are called hectorites. Dioctahedral smectites with
prevailing tetrahedral substitutions are called beidellites and
analogically the trioctahedral smectites with prevailing tetra-
hedral substitutions are called saponites. Both substitutions:
in octahedral as well as in tetrahedral sheets, create the
charge fluctuations in the surface oxygen layers and it is
evident, that the charge fluctuations caused by octahedral
substitutions are lower than those cased by tetrahedral sub-
stitution [54, 55]. Consequently no pronounced strong active
sites on the host layer can exist in montmorillonites and hec-
torites. As a result of this character of silicate layers, the
arrangement of the guests and the layer stacking in intercal-
ated montmorilonites and hectorites is disordered [55–57].
The irregularity in the positions of tetrahedral substitutions
leads to the irregularity in the charge distribution in the sur-
face oxygen layer, which is crucial for the anchoring of guest
cations on the silicate layer. This irregular charge distri-
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Figure 8. The top (a) and side (b) view of the silicate host layer.

bution leads to the irregular anchoring and arrangement of
guests even in the case of saponite and beidelite (smectites
with tetrahedral substitutions), where the charge fluctuations
in the surface oxygen layer are higher than in montmorillon-
ite and hectorite [54]. Hence, the intercalation compounds of
smectites display disordered guest structure and turbostratic
disorder in layer stacking [57–60]. This disorder has unfa-
vorable consequences for all practical applications, where
the interlayer porosity should be under control and this
is also the key enduring problem in the development of
selective sorbents, based on clays intercalated with large
complex cations (so called “pillared clays”). Figure 9 shows
the Keggin cation [Al13O4(OH)24(H2O)12]7+ attached to the
montmorillonite layer. This cation was widely used as pillar
in smectite host structures [57, 59–63] and as one can see in
Figure 9, in addition to the absence of the strong active sites,
there is no geometrical host–guest complementarity. Moving
the cation along the host layer in any direction, one ob-
tains only small changes in the host–guest interaction energy
and consequently no preferential positions for anchoring of
guests exist in this intercalate [56, 57]. Therefore, smectites
can be used as a convenient host matrix for intercalates,
where the ordering of guest structure is not important for
the desired properties. For example, an intercalation of vari-
ous organoammonium cations has to create precursors with
hydrofobic interlayer [5, 64–66] for further intercalation of
organic molecules or oligomers to prepare sorbents [67],
catalysts [68, 69], polymer-clay nanocomposites [70] etc.

In contradition to smectites, vermiculite intercalated with
small rigid organoammonium cations creates the 3D ordered
structures in spite of the absence of strong active sites on the
host layer [71–74]. Vermiculite belongs to 2 : 1 trioctahedral
phyllosilicates with prevailing tetrahedral substitutions, but
in contradiction to smectites, the silicate layer in vermiculite
has significantly higher layer charge. A priori, no qualitative

Figure 9. Top view of the Keggin cation [Al13O4(OH)24(H2O)12]7+
attached to the silicate layer.

distinction can be seen between the structural formulas of
silicate layer for vermiculite and saponite (saponite is trioc-
tahedral smectite with prevailing tetrahedral substitutions)
[75]:

[Si8−xAlx ][Mg6−yAly]O20(OH)4,

where the value of x-y determines the layer charge per
unit cell. According to [53, 75], the formal charge per
formula unit in saponite is approximately 1 el. unit, in ver-
miculite 1.2–1.8 el. units. Thanks to the relatively high layer
charge intercalated vermiculite exhibits two specific features
in intercalation behaviour:

• the stronger host–guest interaction in vermiculite than in
saponite,

• the higher guest concentration in the interlayer space
of vermiculite, than in saponite and consequently the
guest–guest interactions become more important for the
arrangement of guests in the interlayer space of vermi-
culite.

These conditions lead to the ordering of guests and con-
sequently to the ordering of layers in intercalated vermi-
culite. The 3D ordered structures of vermiculite intercal-
ated with tetramethyammonium and anilinium cations were
solved using single crystal diffraction data [71, 73] and
modeling in Cerius2 [74]. Figure 10 shows the ordered
structure of TMA-vermiculite [74], where one can see the
ordered guests in the interlayer space and the order in layer
stacking. Two adjacent tetrahedral sheets belonging to the
two successive host layers are visualized as polyhedra and
cylinders.

Let’s compare the structure of vermiculite and montmor-
illonite intercalated with tetramethylammonium (Figures 10
and 11). Figure 11 shows the disordered structure of TMA-
montmorillonite [54], where one can see, in contrast to
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Figure 10. Structure of vermiculite intercalated with tetramethylam-
monium, top view showing the position of guests and the mutual positions
of two successive host layers. For clarity only, two adjacent tetrahedral
sheets are visualized as tetrahedral and cylinders.

Figure 10, the irregular attachment of TMA cations to the
silicate layer and disorder in positions and orientations of
guest. The same disorder can be observed in all TMA-
smectites [54]. In montmorillonite, the layer charge and
consequently the guest cation concentration is very low, that
means, the main interaction ruling the crystal packing is the
host–guest interaction. On the other hand, in vermiculite, the
high layer charge and consequently the high guest concen-
tration leads to the increased significance of the guest–guest
interactions. Consequently the ordered structure of TMA-
vermiculite is the result of competition between the strong
host–guest and guest–guest interactions.

Conclusions

Intercalation is a very promising route to synthesis of new
materials with desired properties, which can be tuned by the
proper choice of host–guest combination, by the guest con-
centration and by co-intercalation of further guest species.
The scale of practical applications is very wide, based on
sorption and catalytic properties, photofunctions, biological
activity etc. The understanding of a structure-properties re-
lationship is crucial for the design of new intercalates and
their applications and this field is the challenge for molecu-
lar modeling. Molecular mechanics (using empirical force
field) is a very helpful tool in design and analysis of new
intercalates. It can provide us with the quick analysis of
the host–guest complementarity and hence with the search
for the most suitable host–guest combination for a given
purpose.

Figure 11. Structure of montmorillonite intercalated with tetramethylam-
monium cations, with low concentration of disorderd guests.
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