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Abstract A strategy for the structure analysis of interca-
lated layer silicates based on a combination of modeling
(i.e. force field calculations) and experiment is presented.
Modeling in conjunction with experiment enables us to
analyze the disordered intercalated structures of layer
silicates where conventional diffraction analysis fails.
Experiment plays a key role in the modeling strategy and
in corroboration of the modeling results. X-ray powder
diffraction and IR spectroscopy were found to be very
useful complementary experiments to molecular model-
ing. Molecular mechanics and molecular dynamics sim-
ulations were carried out in the Cerius2 and Materials
Studio modeling environments. An overview is given of
the structures of layer silicates, especially smectites
intercalated with various inorganic and organic guest
species. Special attention is paid to the ordering of guests
in the interlayer space, as it is important for the practical
applications of these intercalates, where the interlayer
porosity, photofunctions, etc. must be controlled.

Keywords Intercalated layer silicates · Structure analysis
modeling · Molecular mechanics · Molecular dynamics

Introduction

Intercalation means an insertion of a guest molecule or
ion into a suitable crystal structure without major
rearrangement of the solid host structure. [1, 2, 3]
Intercalation requires that the host structure has a strong
covalent network of atoms, which remains unchanged on
the intercalation reaction, 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 requirements very well, being able to
accommodate very large guest molecules in the interlayer
space by the free adjustment of the interlayer separations.

Intercalated phyllosilicates are of great technological
interest because of their applications in many fields of
material research, industry and environmental issues. [4,
5, 6, 7, 8, 9, 10, 11, 12, 13, 14] Two different ways of
intercalation can be used in the case of phyllosilicates: (1)
ion-exchange reactions and (2) ion�dipole interactions.
During intercalation based on ion-exchange reactions, the
interlayer metal cations are exchanged with the organic or
inorganic complex cations. Intercalation based on ion�di-
pole interactions means the adsorption of polar organic
molecules such as alcohols, ketones, amides etc. inter-
acting with interlayer cations and silicate layers. Smec-
tites and vermiculite represent layer silicates, which are
widely used as host structures for the intercalation of
various organic and inorganic guest species.

Smectites belong to the group of 2:1 layer silicates
with the disordered, so-called “turbostratic” layer stack-
ing, characterized by the random shift and random
azimuth rotation of two successive silicate layers. The
structure of the 2:1 silicate layer (shown schematically in
Fig. 1a, b) consists of one octahedral and two adjacent
tetrahedral sheets. [15] Octahedra share octahedral edges.
Tetrahedra in the tetrahedral sheet are linked, sharing
three corners to form a hexagonal mesh pattern (Fig. 1a).
The common plane of junction between the tetrahedral
and octahedral sheets consists of the shared apical
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
octahedral 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 dioctahedral. The octahedral cations are
usually Mg, Al, Fe2+ and Fe3+. The tetrahedral cations Si
may be substituted for Al or Fe3+. Substitutions of
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octahedral and tetrahedral cations for the cations with
lower charge produce a resulting 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 prevail-
ing octahedral substitutions are called montmorillonites

and analogically the trioctahedral smectites with prevail-
ing octahedral substitutions are called hectorites. Diocta-
hedral smectites with prevailing tetrahedral substitutions
are called beidellites and trioctahedral smectites with
prevailing tetrahedral substitutions are called saponites.

Both substitutions, in octahedral as well as in tetrahe-
dral sheets, create charge fluctuation in the surface
oxygen layers and it is evident that the charge fluctuations
caused by octahedral substitutions are lower. [16, 17]
Consequently, no pronounced strong active sites in the
host layer exist in montmorillonites and hectorites. As a
result of this character of silicate layers, the arrangement
of the guests and the layer stacking in intercalated
montmorillonites and hectorites is disordered. [17, 18, 19]
The irregularity in the positions of substituted atoms leads
to an irregularity in the charge distribution in the surface
oxygen layer, which is crucial for the anchoring of guest
cations on the silicate layer. This irregular charge
distribution leads to the irregular anchoring and arrange-
ment of guests, even in the case of saponite and beidelite
(smectites with prevailing tetrahedral substitutions),
where the charge fluctuations in the surface oxygen layer
are higher than in montmorillonite and hectorite. [16]
Hence, the intercalation compounds of smectites display
disordered guest structure and turbostratic disorder in
layer stacking. [16, 17, 18, 19, 20]

Vermiculite belongs to the 2:1 trioctahedral phyllosil-
icates, but in contrast to saponite (i.e. trioctahedral
smectite), the silicate layer in vermiculite has significant-
ly higher layer charge. A priori, no qualitative distinction
can be seen between the structural formulae of silicate
layer for vermiculite and saponite: [21]

Si8�xAlx½ � Mg6�yAly
h i

O20 OHð Þ4
where the values of x and y determine the layer charge per
unit cell. According to [15], the formal charge per
formula unit in saponite is approximately 1 el. unit, in
vermiculite 1.2–1.8 el. units. Thanks to its relatively high
layer charge, intercalated vermiculite exhibits two spe-
cific features in intercalation behavior:

– A stronger host–guest interaction in vermiculite than in
saponite.

– A higher guest concentration in the interlayer space of
vermiculite than in saponite. Consequently, guest–
guest interactions become more important for the
arrangement of guests in the interlayer space of
vermiculite.

These conditions lead to the ordering of guests and
consequently to the ordering of layers in intercalated
vermiculite. The 3D order in the structure of intercalated
vermiculite has been observed using single crystal
diffraction data. [22, 23, 24]

The design of new intercalates with desired properties
requires understanding the structure–property relation-
ship. Hence, structure analysis plays a key role in research
and technology of intercalates. However, the structural

Fig. 1 a The top view of the silicate layer in dioctahedral 2:1
silicate, upper tetrahedral sheet (yellow) and lower tetrahedral sheet
(light green). b The side view of the dioctahedral silicate layer
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disorder present in intercalated layer silicates seriously
obstructs structure analysis based only on diffraction
methods. Therefore, in the present work we pay attention
to the method and strategy of structure analysis of
intercalates using a combination of molecular modeling
with experiment (diffraction methods and vibrational
spectroscopy). Molecular mechanics and classical molec-
ular dynamics simulations for structure analysis of
intercalates were carried out in the Cerius2 and Materials
Studio modeling environments (MSI/Accelrys). [25]

Strategy of structure analysis

The structure of intercalates is determined by the host–
guest complementarity as well as other supramolecular
systems. This can be characterized by the series of
chemical and geometrical factors like the character of the
active sites, the charge distribution on the host layers and
guest species, topology of the host layers, the size of
guests, etc. [26, 27, 28] These factors sometimes act in
concert, leading to perfect structural ordering. The
requirement of structural ordering is of great importance
in the design of new intercalates for special applications,
where one must control the interlayer porosity (selective
sorbents, molecular sieves) or control the photofunctions
of guest molecules in the interlayer space. Perfect three-
dimensional order in intercalated structures requires
perfect ordering of guest molecules in the interlayer
space and consequently perfect order in the layer
stacking. However, there is another factor that affects
the structural order in intercalates. This is the rigidity of
the guest molecules and the host layers. Intercalation of
organic molecules containing long aliphatic chains may
lead to chain distortions, depending on the chain length
and on the guest concentration in the interlayer space.
This effect will be illustrated in the next paragraph.

Intercalation is in fact an insertion of a known
molecule into a known layered crystal structure. Conse-
quently, structure analysis of layered intercalates must
solve specific problems:

– To determine the positions, orientations and arrange-
ment 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 the intercalated
structure

Intercalated layered structures very often exhibit
various degrees of disorder in the positions and orienta-
tions of guest molecules and, thanks to the disorder, single
crystals are not available for these materials. Powder
diffraction patterns affected by the disorder are in
addition influenced by the strong preferred orientation

of crystallites [29] and by surface absorption due to the
surface roughness effect. [30] Intercalation of organic
guests into an inorganic host structure introduces an
additional specific problem into the diffraction analysis of
intercalates. X-ray scattering amplitudes of guest atoms,
i.e. carbon, oxygen and hydrogen, are small in compar-
ison with the atoms building the inorganic host structures
and consequently the contribution of guest molecules to
the total intensity diffracted from the crystal is too small.
This complicates the localization of guests in the inter-
calated compounds from the diffraction data.

In such a case, molecular modeling is a very powerful
tool in the structure analysis of intercalates, which is
helpful especially in the correct interpretation of electron
density maps obtained by X-ray diffraction data. Howev-
er, it should be emphasized that modeling can provide
reliable results only in conjunction with experiment. As
convenient complementary experiments to molecular
modeling, one can use X-ray and synchrotron diffraction,
infrared spectroscopy and NMR spectroscopy, STM and
AFM microscopy etc. Experiment plays an important role
in creating the modeling strategy and in confirming
modeling results. Complex structural analyses using a
combination of modeling and experiment can provide us
with a detailed structure model including characterization
of the disorder. In addition to the diffraction analysis, we
also obtain the total crystal energy, the sublimation
energy, host–guest and guest–guest interaction energy and
the charge distribution in the intercalated structure.

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. [25, 31] This simplified description of the crystal
energy enables us to model large supramolecular systems
that cannot be treated using ab initio calculations. The
energy terms describing the valence interactions, i.e. bond
stretching, angle bending, dihedral torsion and inversion,
may differ in various force fields [25] and it is evident
that the choice and testing of the force field belong to the
most important parts of the modeling strategy. The force-
field library in Cerius2 [25] contains the Universal Force
Field [32] and several special force fields designed for
modeling organic supramolecular systems, [33, 34] poly-
mers, [35] and sorption of organic molecules into silicates
and zeolites. [36] In the Cerius2 modeling environment,
the atomic charges are calculated using the Qeq (Charge
equilibration) method, [37] and the Ewald summation
method [38, 39] is used to calculate the Coulomb energy.
Lennard-Jones potentials are used for calculating van der
Waals interactions.

Classical molecular dynamics calculates the dynamic
trajectory of the system by solving the classical equations
of motion for a system of interacting atoms. [25, 31] The
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temperature and distribution of atomic velocities in the
system are related through the Maxwell–Boltzmann
equation. Introducing temperature and pressure control
into molecular dynamics enables us to study temperature-
dependent processes and to explore the local conforma-
tional space. However, for crossing large energy barriers,
molecular dynamics at high temperatures can be used.

All computational methods that search for the global
energy minimum must generate a large number of initial
models using one of three different ways: [31, 40]

1. A deterministic method for generating starting models,
performing a systematic grid search that covers all
areas of the potential energy surface [40, 41, 42]

2. Molecular dynamics generating the starting geometry
[25, 31, 43]

3. Stochastic methods (Monte Carlo, [43] Genetic Algo-
rithm, ... [44])

The first method, performing a systematic grid search,
can be used easily to generate starting models in the case
of small or rigid large guests and rigid host layers. On the
other hand molecular dynamics is very well suited for
generating starting models in the case of large flexible
organic guest molecules. For modeling layer silicates
intercalated with organic guests we used molecular
dynamics in Cerius2. The strategy of modeling consists
of building initial models, setting up the energy expres-
sion, the choice and testing of the force field, definition of
rigid fragments and setting up fixed and variable structure
parameters etc. Reliable results of modeling can be
obtained providing that all the steps in the modeling
strategy are based on available experimental data.

Diffraction data in the modeling strategy

Although the powder diffraction data may be affected by
structural disorder and sample effects like the preferred
orientation of crystallites and eventual surface roughness,
it can always provide us with some information that is
useful for the strategy of modeling. At the least, we can
obtain the basal spacing (interlayer distance) and an
indication of the type of the disorder. In more favorable
cases, we can even obtain the lattice parameters of the
intercalated structure. These experimental data are valu-
able in building the initial model for the energy
minimization. By comparing the diffraction pattern for
the intercalated and host structures, one can deduce the
changes of structural parameters after intercalation and,
consequently, set up the most suitable modeling strategy
(i.e. the variable and fixed structure parameters, rigidity
of the host layers etc.).

Comparison of diffraction line profiles of the host
structure and intercalate provide us with information
about the character and degree of disorder, which may
appear in the intercalated structure. Disorder in the
arrangement of guests in the interlayer space leads to
lattice strain accompanied by fluctuations in the basal

spacing and to disorder in the layer stacking. Both effects
(basal spacing fluctuation and disorder in the layer
stacking) exhibit characteristic broadening of diffraction
profiles. This information is very helpful for the modeling
strategy and for the interpretation of the modeling results.

Let us illustrate the use of diffraction data in the
modeling strategy for montmorillonite intercalated with
cetylpyridinium cations. [45] Figure 2 shows the X-ray
powder diffraction pattern of montmorillonite intercalated
with cetylpyridinium. The strong basal reflections 00l
show the basal spacing of the intercalated structure to be
20.59 �. The line broadening of the 00l reflections
indicates the disorder in the interlayer structure (the full
width at half maximum for reflection profile 002 is ~0.60�
on the 2q scale). The position and profile of the hk band
(02,11) at 2q=19.80� indicates that turbostratic layer
stacking and the characteristic a,b lattice parameters
remain the same in intercalated and host structures. The
presence of hk bands in both structures indicates
turbostratic disorder in the host structure and intercalate.
The same position of hk bands in the host structure and
the intercalate shows that the lattice parameters a, b of the
silicate layer remain the same in the intercalate as in the
host structure. This means that the structure of the silicate
layers is not affected by the intercalation, i.e. the silicate
layers behave as rigid bodies during intercalation. This
conclusion is very important for the modeling strategy.

IR spectra in modeling strategy

Comparing the three IR spectra of (1) the intercalate, (2)
the pristine guest compound and (3) the host compound,
we can see possible changes in the bonding geometry and
conformation of guest molecules and host layers, which
may occur during the intercalation. If the spectral bands
corresponding to the host layers exhibit the same
positions and profiles in the host structure and intercalate,
one can conclude that there are no changes in bonding

Fig. 2 X-ray powder diffraction diagram of montmorillonite inter-
calated with cetylpyridinium
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geometry of the host layers during intercalation. The
rigidity of the host layers is very important 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.
The rigidity of the host layers is the crucial assumption in
the modeling of intercalates, as in this case force field
calculations of bonding geometry are not feasible.

Figure 3 shows a comparison of IR spectra for the host
structure Na-montmorillonite, rhodamine B–montmoril-
lonite and guest compound rhodamine B chloride. As one
can see, the IR spectrum for the intercalate includes all
bands characteristic for the silicate layer and also the
bands characteristic for the rhodamine B. This compar-
ison supports the rigidity of the silicate layers and
suggests also only small changes in the bonding geometry
of rhodamine B. (A detailed description is given in the
next section.)

Smectites intercalated
with inorganic complex cations

Various inorganic complex cations have been used as
guests for intercalation in smectites to design new
sorbents and catalysts. The goal in this case is to prepare
nanoporous structures, called “pillared clays”, where the
large inorganic cations are intercalated in the interlayer
space. The most frequently used pillars are complex
cations with aluminum, [17, 18] chromium, [46] iron [47]
and zirconium. [48] However, the main problem in
pillaring clays is the host–guest complementarity. The
structure of the inorganic complex cations used does not
exhibit perfect geometrical complementarity to the struc-
ture of the silicate layer. Consequently, the anchoring of
these guests to the host layers is not regular in smectites.
[18]

This disorder in the arrangement of the guests has
unfavorable consequences for all practical applications

where the interlayer porosity should be under control.
This is also the key enduring problem in the development
of selective sorbents based on clays intercalated with
large complex cations. Figure 4 shows the Keggin cation
[Al13O4(OH)24(H2O)12]7+ attached to the montmorillonite
layer. This cation has been used widely as the pillar in
smectite host structures [10, 11, 12, 13, 14, 19] and, as
one can see in Fig. 4, in addition to the absence of strong
pronounced active sites on the montmorillonite layer,
there is no geometrical host–guest complementarity.
Moving the cation along the host layer in any direction,
one obtains only small changes in the host–guest inter-
action and total crystal energy. Consequently, no prefer-
ential positions exist for anchoring the guests. [18] This
result of modeling [18] is in agreement with the results of
X-ray diffraction analysis.

Organically modified clays

On the other hand, 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 various cationic surfactants
must create precursors with a hydrophobic interlayer [8,
49, 50] for further intercalation of organic molecules or
oligomers to prepare sorbents, [51] catalysts, [9, 52]
polymer–clay nanocomposites [53] etc. The present
search for new materials based on organically modified
clays is focused on three main fields:

Fig. 4 Keggin cation [Al13O4(OH)24(H2O)12]7+ attached to the
silicate layer in the interlayer space of montmorillonite. For clarity
only octahedral and upper tetrahedral sheets are visualized. The top
view illustrates the geometrical host�guest incomplementarity

Fig. 3 Comparison of the IR spectra of the host structure Na-
montmorillonite (Na-mmt) and the spectrum of the pristine guest
compound rhodamine B chloride (RhB-chloride) with the spectrum
of the intercalate rhodamine B+–montmorillonite (RHB-mmt)
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– Development of a new sorbents and catalysts [49, 50,
51, 52]

– Development of new supramolecular systems with
optically active molecules attached to silicate layers
exhibiting new or improved photofunctions [4, 8, 54]

– Development of a new polymer–clay nanocomposites
[53, 55]

Intercalation with organoammonium cations

Organoammonium cations (especially alkylammonium)
belong to the widely used surfactants on the silicate
layers. They promote the sorption of neutral organic
molecules due to the hydrophobic effect. Consequently,
surfactants enhance the sorptive capacities of clays for
organic contaminants [56, 57, 58, 59] and enable the
subsequent intercalation of polar organic molecules for
various purposes (polymer–clay nanocomposites, photo-
functional systems).

The interlayer structure of smectites intercalated with
alkylammonium cations is a result of an interplay of
several factors: the density of the layer charge, the degree
of exchange, [60] the length of the alkyl chain, [61] and
the host–guest and guest–guest interaction energies. The
structures of clays with cationic surfactants are disordered
thanks to the flexibility of these organic cations and due
to their irregular anchoring to the silicate layers. [45]
Figure 5 shows the liquid-like arrangement of cetyltri-
methylammonium cations in the interlayer space of
montmorillonite, which is typical for this type of struc-
ture. This structure was calculated using molecular

dynamics simulations in Cerius2 [45] and the calculated
basal spacing of 18.10 � was in good agreement with the
experimental value, 18.00 �. The same character of
structure was found for montmorillonite intercalated with
cetylpyridinium. [45]

Modeling of vermiculite intercalated with tetram-
ethyammonium (TMA) and anilinium [62] carried out
in Cerius2 led to ordered intercalated structures, which
have been observed by X-ray single crystal diffraction.
[22] This structure ordering in vermiculite is the result of
the high layer charge and consequently the high concen-
tration of guests compensating the high layer charge. In
this case, the stronger interactions between guests in the
interlayer space are among the important factors ruling
the interlayer guest structure. Let us compare the structure
of vermiculite and montmorillonite intercalated with
tetramethylammonium. Figure 6 shows the ordered
structure of TMA–vermiculite, while the disordered
structure of TMA–montmorillonite is in Fig. 7 (the same
disorder can be observed in all smectites). While in
montmorillonite with low layer charge and low guest
concentration the main interaction ruling the crystal
packing is the host–guest interaction, in vermiculite the
ordered structure is the result of competition between the
host–guest and guest–guest interactions.

Charge analysis revealed the differences in the inter-
calation behaviors of montmorillonite, beidelite and
vermiculite. [16, 63] Partial charges calculated in Cerius2

and summarized in the Table 1 are related to one supercell
2a�2b�1c. As one can see in Table 1, the host–guest
charge polarization increases on going from TMA–
montmorillonite via TMA–beidelite to TMA–vermiculite

Fig. 6 Ordered structure of vermiculite intercalated with tetra-
methylammonium. Top view shows the anchoring of the TMA
cations to the trioctahedral silicate layer

Fig. 5 Liquid-like arrangement of guest structure in montmoril-
lonite intercalated with cetyltrimethylammonium
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(compare the total layer charge and charges on the TMA
cations). Charge fluctuations on the surface oxygen sheet
exhibit the same tendency, as is evident from comparison
of the intervals of the oxygen charges for TMA–
montmorillonite, –beidellite and –vermiculite (first line
of Table 1).

Intercalation with rhodamine B

The intercalation of xanthene dyes in smectite-type clays
is followed by the changes observed in the absorption
spectrum (the so-called metachromatic effect), whereby
the main absorption band is shifted to higher energies.
[64, 65, 66] This effect is explained by (i) the interaction
between the aluminosilicate layers and the dye (i.e. the
interaction between the electron lone pairs of clay surface
oxygens and the dye p system) and (ii) the interaction
between the dye molecules in the interlayer space of the
clay structure (i.e. dimerization and the p�p interaction
between two monomers in the dimer). Rhodamine dyes

are considered good probe molecules for studying clay–
dye complexes, as they can easily be intercalated into the
clay structure via a cation-exchange mechanism and their
photophysics depends on the environmental factors.

The structure of montmorillonite intercalated with
rhodamine B was investigated using a combination of
powder diffraction and molecular modeling in Cerius2.
[63] The molecular mechanics and dynamics simulations
result in two types of interlayer structure with basal
spacings of 18.1 � (phase 18 �) and ~23 � (phase 23 �).
The existence of these two phases was corroborated by
experiment (X-ray powder diffraction). The two phases
differ significantly in the interlayer structure, but they
exhibit certain common features. First of all, no regular
ordered positions for the rhodamine B anchoring to the
silicate layers were found, neither for phase 18 � nor for
23 �. Intramolecular rotation about the xanthene–amine
bonds has been observed in both phases. The car-
boxyphenyl rings may rotate about the xanthene–phenyl
bonds in both phases and in all arrangements of rhoda-
mine B cations. The carboxyl groups can rotate about the
phenyl–carboxyl (C–C) bonds. The slight distortion of the
planar xanthene part of the rhodamine B cation has been
observed in both phases 18 � and 23 � and confirmed by
IR spectroscopy.

In the phase 18 � (d001=18.1 �), the arrangement of
rhodamine B cations is bilayer. In both guest layers the
long axis of the xanthene ring along the N–N line is
nearly parallel with the silicate layers. The phase 18 �
exhibits two types of interlayer structures with the same
basal spacing and nearly the same total sublimation
energy:

1. Dimeric-sandwich type, called H-dimers in the liter-
ature [67, 68] (see Fig. 8a, b). In H-dimers the
rhodamine B cations interact with each other via the
carboxyl groups. A detailed view of the H-dimer is
shown in Fig. 8b. One can see the carboxyl groups
pointed to the oxygen atom in the xanthene ring of the
neighboring rhodamine B cation. It is also evident
from Fig. 8b that the double xanthene=amine bonds of
the two cations in the dimer are oriented in the same
direction (head-to-head arrangement). The total subli-
mation energy per one supercell of montmorillonite
3a�2b�1c is 876 kcal mol-1.

2. The monomeric bilayer arrangement is shown in Fig. 9,
which shows the top view of the interlayer arrange-

Table 1 Total charges per su-
percell calculated on the silicate
layer for the individual sheets of
atomic planes in electron units.
Q-silicate layer is the total
charge on the silicate layer per
2a�2b�1c supercell and Q-
TMA is the total charge on one
TMA cation

Charges (el. units) TMA–MMT TMA–BEID TMA–VER

Charge fluctuation
on the surface oxygen atoms

�0.63–(�0.66) �0.61–(�0.66) �0.63–(�0.70)

Q-oxygen (surface) �15.335 �15.382 �16.104
Q-Si/Al (tetr. cations) +20.648 +20.216 +19.331
Q-H +1.758 +1.775 +1.369
Q-oxygen (apical+OH) �16.052 �16.602 �15.109
Q-Al/Mg (oct. cation) +17.77 +19.316 +19.030
Q-silicate layer (total) �0.200 �0.668 �1.955
Q-TMA cation +0.050 +0.167 +0.244

Fig. 7 Disordered structure of montmorillonite (dioctahedral sili-
cate layer) intercalated with tetramethylammonium cations
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ment of the rhodamine B guests, where only weak
interactions between the guest were detected. The
basal spacing for this model is the same as for the H-
dimeric structure, 18.1 �. The total sublimation energy
is 842 kcal mol-1.

Inclusion of the water molecules into the interlayer
space of the phase 18 � leads to a significant increase in

the total sublimation energy. This means the sorption of
water to stabilize the structure is very probable. This
conclusion of modeling agrees with experimental obser-
vations.

The phase 23 � was observed using an intercalation
solution with a very low concentration of guests with a
prevailing monomeric arrangement. The modeling of the
monomeric arrangement in the interlayer space of mont-
morillonite led to: (i) the bilayer arrangement (phase 18 �)
described above and (ii) to the monolayer arrangement of
tilted monomers with basal spacing within 21–25 �,
which we have denoted as “phase 23 �”. An example of
this structure is shown in Fig. 10. In this phase 23 �, the
rhodamine B cations are tilted relative to the silicate
layers. The tilt angles are in the range 40–60o. This wide
range of positions and orientations of the rhodamine B
cations in the interlayer results in disorder and strain in
the interlayer space, which is additionally intensified by
the presence of interlayer water and leads to the large
fluctuations of the basal spacing. In the phase 23 �, a
mixture of monomers and dimers was found in the
interlamellar space. Two types of head-to-tail dimers
found in this structure are illustrated in Fig. 11a and b.
The dimer shown in Fig. 11a is the head-to-tail sandwich
type (note the position of the single and double xanthene–
amine bonds!). On the other hand, the head-to-tail dimer
in Fig. 11b is the so-called J-dimer, which has been
described in the literature. [67, 68] It is evident that the J-
dimer allows a higher degree of aggregation in the
interlamellar space of montmorillonite. Insertion of water
molecules into the interlayer structure of the phase 23 �

Fig. 8 a Dimeric sandwich-type of bilayer arrangement (H-dimers)
of the rhodamine B cations in the interlayer space of montmoril-
lonite in the phase 18 �. b Detailed view of the H-dimer

Fig. 9 Upper and lower layer in the monomeric bilayer arrange-
ment of rhodamine B cations intercalated in montmorillonite (the
phase 18 �)
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leads to fluctuations of the basal spacing within the range
21–25 �.

Intercalation based on ion�dipole interaction

Many organic molecules with polar functional groups can
be intercalated in the interlayer space of montmorillonite,
producing swelling. If the neutral molecules of alkyl-
amines are intercalated in Na-montmorillonite, the Na+

cations remain in the interlayer space and the structure of
the interlayer depends on the concentration of guest
molecules, on the host–guest and guest–guest interaction
and in addition on the ion�dipole interaction between the
guest molecules and Na+ cations. However, in case of the
ion exchange intercalation reaction the guest concentra-
tion in the interlayer space is ruled by the silicate layer
charge (see Fig. 5), and the neutral molecules of
alkylamine can enter into the interlayer space in high
concentration, arranged in monolayer or bilayer arrange-
ments. [69]

The effect of guest concentration on the interlayer
structure will be illustrated using the example of Na+-
montmorillonite intercalated with octadecylamine (ODA-
MIN). The intercalation reaction in this case is based on
the ion�dipole interaction; i.e. Na+ cations remain present
in the interlayer space. The aim of this study is to prepare
an intercalate useful as a precursor for subsequent
intercalation of further polar organic molecules with a
low energy of exfoliation for potential use in polymer/
clay nanocomposites technology.

Molecular mechanics and molecular dynamics simu-
lations showed that the arrangement of guests in
ODAMIN–montmorillonite can be monolayer or bilayer,
depending on the ODAMIN concentration. These two
phases with monolayer and bilayer guest structure were
found by modeling and observed by X-ray powder
diffraction. Structures are shown in Figs. 12 and 13,
where one can see that the alkyl chains are ordered in

Fig. 11 a Detailed view of the head-to-tail sandwich type of dimer
observed in the phase 23 � (monolayer arrangement of rhodamine
B cations). b Head-to-tail J-dimer observed in the phase 23 �

Fig. 10 Monolayer arrangement of [rhodamine B]+ in the phase
23 �. A mixture of monomers and dimers was found in this
interlayer guest structure
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comparison with the liquid-like arrangements of cetyltri-
methylammonium cations in Fig. 5. Modeling and X-ray
diffraction also confirmed that a series of intermediate
phases can exist, such as a disordered monolayer with low
ODAMIN concentration or two disordered overlapping
ODAMIN layers. The calculated basal spacing for the
pure phase with monolayer guests is 33.3 � (see Fig. 12),
while the measured value is 32.6 �. For the bilayer
arrangement of guests the calculated basal spacing of
58.6 � was in good agreement with the experimental
value of 58.0 �.

The significant difference between these two phases
was found in the values of the exfoliation energy related
to one 2a�2b�1c supercell of montmorillonite. This
parameter is important for polymer–clay nanocomposite
technology and characterizes the energy necessary for
breaking the interlayer bonding in the intercalated struc-
ture. For the monolayer arrangement of guests, the
exfoliation energy was found to be 144.7 kcal mol-1 and
for the bilayer arrangement 37.6 kcal mol-1.

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
concentration and by co-intercalation of further guest
species. This field represents a challenge for molecular
modeling. Molecular mechanics and classical molecular
dynamics (using empirical force fields) can provide us
with a fast analysis of the host–guest complementarity
and hence with a search for the most suitable host–guest
combination for a given purpose. Modeling is a valuable
tool in the structure analysis of intercalated layer silicates
with disordered structures, where pure diffraction analysis
is not feasible. In addition to the structure model, we can
perform analyses of charges and interaction energies.
These characteristics are very helpful in the design of
supramolecular systems. It should be emphasized that a
combination of modeling with experiment is necessary for
a reasonable use of modeling that leads to reliable results.
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