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Introduction & aim
Molecular simulations are suitable tools to study the adsorption
and intercalation of molecules in clays. In this work, a recently
proposed thermodynamically consistent force field for
inorganic compounds (INTERFACE [1]), which enables accurate
simulations of inorganic-organic interfaces, was tested for a
two-sheet type clay mineral.
All-atom NpT molecular dynamics simulations were used to
describe the main characteristics (basal spacing, loading) of
some intercalate complexes of kaolinite with ammonium
acetate (AAc).
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Control experiments
Simulated system volume as a function of pressure.
From the linear fit of the simulated data (gradient): K= 44.9 GPa.
Experimental bulk modulus: K=37.5–55.5 GPa [7].

Results

XRD patterns of the original Zettlitz kaolinite (0.7 nm), the 1.4 -nm and the
1.7-nm intercalate complexes. For more details see É. Makó, A. Kovács, E.
Horváth, and J. Kristóf: „EFFECT OF WATER ON THE INTERCALATION OF
SOLID AMMONIUM ACETATE INTO KAOLINITE”

In addition to the expected 1.4-nm complex [12,13,14], we could confirm the existence of a stable 1.7-nm complex. In the simulations
the experimental 1.72-nm basal spacing could be reproduced by stable structures around two different compositions: (1) 63.1 wt% of
kaolinite, 9.4 wt% of AAc and 27.5 wt% of water (the calculated basal spacing is 1.71 nm) and (2) 62.9 wt% of kaolinite, 13.3 wt% of AAc
and 23.8 wt% of water (the calculated basal spacing is also 1.71 nm). In both cases, the water content is higher than that of the 1.4-nm
case. The corresponding density profiles and the most probable orientations of the species are shown below.

Snapshots and density profiles for different types of kaolinite/ammonium acetate intercalate complexes
Representative simulation
snapshots for the kaoliniteammonium acetate-water
intercalate complexes. The
CPK color convention is
used for the atoms except
for the C atoms in the
acetate ion (to better
visualize water, this is in
cyan).

Methods
NpT MD simulations were used with the GROMACS [3] program
suit. Basal spacings were determined for kaolinite at various
guest molecule loadings. The system is similar to the kaolinitepotassium acetate-water system [4], where the identified
lower and upper limits for the acetate ions per clay layer.
Exploring the possible composition range, the appropriate
molar ratio of AAc to water was determined as 1:7 - 1:13.

Force fields used in the simulations
Ammonium acetate: CHARMM [5]
Water: SPC/E [6]
Kaolinite: INTERFACE [1]
Van der Waals nonbonded interactions are represented by
standard 12-6 Lennard-Jones potential (Lorentz-Berthelot
combination rule)
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.

Calculation of the orientation of molecules
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The
definition
of
the
orientation of molecules. d is
the dipole moment of the
molecule, z is the axis
normal to the clay surface,
and n is a normal vector of
the molecular plane. For the
acetate ion the electroinertial dipole moment is
used.

Density profiles along the axis normal to the clay surface.

The distribution of angles Θ and Φ.

The molecular simulations show that the AAc molecules are mainly connected to the inner layers of kaolinite through water molecules
in both complexes. In the 1.4-nm complex, there is a double-layered structure for the acetate ions and the water molecules, and the
ammonium ions can move freely between the two water and acetate layers. In the 1.7-nm complex, the double-layered structure for
the acetate ions together with the diffuse single-layered distribution of the ammonium ions can also be observed, but the water
molecules form a quasi-triple-layered structure. According to the calculations, the favored orientations of water molecules are very
similar in both complexes and the acetate ions are typically in perpendicular alignment with the clay layers.

Conclusion
The INTERFACE force field proved to be appropriate for predicting the material properties of kaolinite.
Simulations agree well with experiments concerning the key characteristics of the intercalate complexes of
kaolinite. The most probable structural configurations of the kaolinite-ammonium acetate intercalate
complexes were determined from the simulations. Our examinations confirmed the supposed (single- or
double-layered) arrangements of guest ions. It was ascertained that the intercalate complexes with larger
basal spacing (>1.4 nm) are only formed with the incorporation of water into the interlayer space.

References
[1] H. Heinz, T.-J. Lin, R. K. Mishra, F. S. Emami, Langmuir 29 (2013) 1754.
[2] M. Hauser-Fuhlberg, PhD Thesis, Karlsruhe (2005)
[3] D. van der Spoel, E. Lindahl, B. Hess, G. Groenhof, A. E. Mark, H. J. C. Berendsen,
J. Comp. Chem. 26 (2005) 1701.
[4] Z. Ható, É. Makó, T. Kristóf, J. Mol. Model. 20 (2014) 2140.
[5] A.D. MacKerell Jr., Computational Biochemistry and Biophysics, (2001) 7.
[6] H.J.C. Berendsen, J.R. Grigera, T.P. Straatsma, J. Phys. Chem. 91 (1987) 6269.
[7] N. H. Mondol, J. Jahren, K. Bjorlykke, The Leading Edge 27 (2008) 758.
[8] D. L. Bish, Clay. Clay Miner. 41 (1993) 738.
[9] K. Orzechowski, T. Słonka, J. Głowinski, J. Phys. Chem. Sol. 67 (2006) 915.
[10] K. Tsunematsu, H. Tateyama, J. Am. Ceram. Soc., 82 (1999) 1589.
[11] J. E. Gardolinski, F. Wypych, M. P. Cantao, Quim. Nova 24 (2001) 761.
[12] A. Weiss, W. Thielepape, G. Grring, W. Ritter, H. Schaffer, in: Clays Clay Miner. Proc.
11th Nat. Conf.(1963) 287.
[13] G. Lagaly, Phil. Trans. R. Soc. London. A 311 (1984) 315.
[14] F. Bergaya, G. Lagaly, Handbook of Clay Science, Vol.5, (2013)
É. Makó, A. Kovács, Z. Ható, B. Zsirka, T. Kristóf,
Characterization of kaolinite-ammonium acetate complexes prepared by one-step
homogenization method, J. Colloid Interface Sci. 431 (2014) 125

Acknowledgement

Very recent results with realistic sized finite kaolinite particle
Two systems studied in parallel:
Kaolinite particle (~6.5 million atom) +
solution (a) or (b)

10 nm

(a)
Initial configuration of the kaolinite particle

(a) Water (~43.8 million molecules)
+ potassium acetate
(~5.9 million potassium and acetate
ions)

(b)
+ time

nanoscroll formation

(b) Hexyl-amine (~5.8 million molecules)
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