Intercalation properties of kaolinite
from molecular simulations
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Introduction

Model

Intercalation of layered clay minerals and separation
of their layers are the principal methods for producing
clay-polymer nanocomposites and inorganic nanostructures with advanced sorption and catalytic properties.
Delamination of the platy 1:1 type clay mineral, kaolinite has been found to be one of the most promising ways to obtain curled aluminosilicate layers and
aluminosilicate nanoscrolls. For the delamination of
the kaolinite layers, a series of interdependent intercalation/deintercalation steps are applied, where, in
the first (spontaneous) intercalation step, only a few
selected small molecules can be used. We modeled,
evaluated and compared the incorporation characteristics of several primary as well as some intermediate
and final intercalation reagents in the interlayer space
of kaolinite by classical molecular simulations. Representative basal spacings and compositions of the intercalation complexes were determined from isothermalisobaric molecular dynamics (MD). In the structure and
stability analyses, distribution functions of the guest
molecules, and typical intermolecular interaction energies were calculated.
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Force fields used in the simulations
van der Waals non-bonded interactions:
standard 12-6 Lennard-Jones potential
(Lorentz-Berthelot combination rule)
• CHARMM [2,3,4]
Formamide (FA) [2,3]
Urea (U) [2,3,5]
N-methylformamide (NMF) [2,3,4,6]
Ammonium-acetate (NH4 Ac) [2,3]
Methanol (MeOH) [2,3]
Cetyltrimethylammonium chloride (CTAC) [2,3,4]
• INTERFACE [7]
Kaolinite
Identification of the stable complexes
Representative points corresponding to the experimentally detected complexes ((1) and/or (2))
were identified as inflexion points within the stability regions (with hand-picked upper and lower
limits for the composition of the stable complexes) [8].

Conclusion

NpT MD simulations were used with the GROMACS
software package [9]. Basal spacings were calculated
for kaolinite at various guest molecule loadings. Besides the determination of the characteristic basal spacing, the density and orientation distributions of the
guest molecules, as well as the typical intermolecular
interaction energies were calculated for the intercalation complexes.

The INTERFACE force field for kaolinite and the
CHARMM force field for the studied guest molecules
proved to be appropriate for predicting the material
properties. Simulations agree well with experiments
concerning the key characteristics of the intercalation
complexes. The investigations with the primary and
intermediate intercalation reagents lead to two general
conclusions:
(I) at least two different stable intercalation complexes
can be found with the guest molecules, and
(II) the guest molecules have significantly stronger interactions with the octahedral surface of kaolinite.
(I) In the first stable complexes, a single-layered structure of the guest molecules develops, whereas in the
simulated second stable complexes, a more diffuse
double-layered distribution can be observed.
(II) The intermolecular interaction energy analyses were also used to assist the explanation of
how heat treatments impact on some intercalation/deintercalation routes and why certain molecules
(e.g. urea) show advantageous properties in these procedures.

Comparison of simulation and
experimental basal spacings
Stable basal spacings (nm)

(1)
(2)
(1)
(2)
(1)
(2)
(2)
(2*)
(1)
(2)

FA
U
NMF
NH4 Ac (wet)
MeOH
CTAC
(methanol wet)

**

Experiment
type of
intercalating
agents

0.716

0.713 [10], 0.72 [11]

1.039
1.40
1.057
1.47
1.091
1.49
1.43
1.71
1.12
1.46

1.01 [12], 1.04 [13]

1.42 [14]
1.72 [14]
1.11 [11]

3.82

3.82 [15]

final

1.07 [12]

primer

—

Simulation

intermedier

Type

1.08 [12]

kaolinite/FA

kaolinite/U

kaolinite/NMF

References

*

Triple-layered structure
**
The experimental and theoretical characterizations of this complex consider
the possibility of partial methoxy-functionalization of kaolinite layers and of the
presence of free MeOH molecules in the interlayer space.

Top: Simulation snapshots and density profiles for some primary intercalation
reagents along the axis normal to the clay surface (z-axis).
Bottom: Orientation of molecules for some primary intercalation reagents (Θ is
the angle between z-axis and the molecular dipole moment ).

Representative simulation snapshot for the 1.4-nm kaolinite–ammonium acetate–water intercalate complexes.

Simulation snapshot with methoxy-modified kaolinite at
2:1 molecular ratio of MeOH to CTAC. According to the
energy analysis and experimentally measured data this
is the most probable composition. Important note: the
CTAC molecules are not straight chains, nor are they
aligned with (or at a small angle with) the z-axis.

Hypothetical loading of kaolinite as a function of the calculated basal spacing from
NpT simulations at 298 K
(the statistical uncertainties
do not exceed the symbol
size).

Methods

Results

Guest
molecule

The INTERFACE force field:
• extension of common harmonic force fields (same
functional form and combination rules)
• flexible models
• enables accurate simulations of inorganic-organic interfaces
• validity of the force field parameters has been tested
for layered silicates (mica, montmorillonite, pyrophyllite), silicates and aluminates in cement, other
inorganic compounds, such as FCC metals, sulfates,
phosphates, hydroxyapatite

Distributions of mobility of the guest
molecules in the interlayer space for the
(1) intercalation complexes at 298 K
(left) and 373 K (right) (r is the displacement observed in the time interval
of 13 ns). Inset: the whole curves for
FA and U at 298 K.
Lower panels: simulation snapshots of
the typical arrangements of the guestmolecule layers.

Sum of the average minimum image interaction energies between guest
molecules in the interlayer space and
the adjacent kaolinite layers as a function of temperature for the (1) intercalation complexes.
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