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Abstract

Delamination/exfoliation of book-like kaolinite particles is one of the most promising ways to
produce aluminosilicate nanoscrolls. For the delamination of the kaolinite layers, multi-step
intercalation/deintercalation procedures are used. In the first, direct intercalation step, the
intercalation reagents are typically small organic molecules possessing high dipole moment.
We modeled, evaluated and compared the incorporation features of formamide, urea and N-
methylformamide molecules into the interlayer space of kaolinite by classical molecular
simulations using realistic CHARMM-based atomic force fields. Besides the determination of
characteristic basal spacings of the intercalation complexes, we compared the density and
orientation distributions of the guest molecules, as well as atomic pair correlation functions.
From the simulations we also calculated the typical intermolecular interaction energies and
estimated the translational mobility of the different substances. Our results show that urea has
some preference over the other substances in  multi-step, heat-treating
intercalation/deintercalation procedures with kaolinite.
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1. Introduction

Kaolinite (Al,S1,05(OH),) is a layered aluminosilicate with a 1:1 layer structure. An
individual layer consists of an octahedral aluminum hydroxide sheet and a tetrahedral silica
sheet, sharing a common plane of apical oxygen atoms. Layers are held together by hydrogen
bonds between surface hydroxyl groups of the aluminum hydroxide sheet and the basal
oxygen atoms of the silica sheet, forming a distinct space between the layers. The equilibrium
basal spacing of natural kaolinite is around 0.72 nm. Kaolinite is often used for the
preparation of intercalated materials, as it can readily intercalate a few selected molecules.
Highly polar organic molecules such as urea (U), formamide (FA), or dimethyl sulfoxide
(DMSO), and alkali salts such as alkali acetates can expand the interlayer space of pure
kaolinite by spontaneously replacing the hydrogen bonds between the layers [1]. The
expansion caused by such primary intercalation reagents have been studied in several works
[2-11]. Multiple intercalation/deintercalation procedures using longer chain molecules as
secondary or tertiary reagents (which can replace the already intercalated reagents) [12-16]
are applied to increase the layer spacing, even to the extent that the attraction of the layers is
overcome. This delamination process enables the formation of kaolinite nanoscrolls.
Delamination/exfoliation of the book-like kaolinite particles is one of the most favorable ways
to produce aluminosilicate nanoscrolls, which have numerous applications in nanocomposite
materials (e. g. as catalyst carrier) [17].

In the present work, we focus on the intercalations of kaolinite with FA and its relative
compounds, U and N-methyl-formamide (NMF). U has one of the earliest practical
applications in preparation of kaolinite organocomplexes [16], but the kaolinite-FA and
kaolinite-NMF intercalation complexes have also been widely studied in experiments [3, 4, 9,

13]. Recent findings [18] highlighted the significance of utilizing U as primary reagent in



multiple intercalation/deintercalation procedures, and here application of other small amide
molecules is also worth considering. To compare the properties of these complexes in detail,
we used classical molecular simulation. Adsorption and intercalation of molecules in clays are
effectively studied by means of such techniques [19-24], uncovering material features that are
currently not available from experiments. In our earlier studies we provided predictions by
molecular simulations for intercalation complexes with potassium and ammonium acetates
[25-27], methanol [28], and cetyltrimethylammonium chloride [29], using the standard all-
atom force field, CHARMM [30], and its highly realistic extension for kaolinite,

INTERFACE [31].

2. Material and Methods

Classical Molecular Dynamics (MD) simulations were carried out with constant
number of molecules N, at constant pressure p (mostly 1.013 bar) and at constant temperature
T (mostly 298 K). The leap-frog integrator was used with the integral time step of 1 fs. The
temperature and pressure controls were realized by using the Nosé-Hoover [32] and
Parrinello-Rahman [33, 34] schemes, respectively. The pressure coupling was semi-isotropic:
isotropic in the x- and y-directions, but different in the z-direction, which latter is
perpendicular to the kaolinite layers. Periodic boundary conditions were applied in all three
spatial directions. The van der Waals interactions were truncated at 1.2 nm and the periodic
electrostatic interactions were calculated by the particle mesh Ewald (PME) [35] algorithm
with 1.2 nm cutoff. All the simulations were performed using the GROMACS [36, 37]
program package.

The lattice parameters of the kaolinite unit cell, Al,Si,05(OH)y4, are a = 0.5154 nm, b =

0.8942 nm, ¢ = 0.7391 nm, a = 91.93°, f = 105.05°, y = 89.80° (the space group symmetry is



C1) [38]. We constructed a simulation box that consisted of four clay layers built from 96
double unit cells that are arranged in a 6xX4x4 composition resulting in 816 atoms (96 Al
atoms, 96 Si atoms, 432 O atoms, and 192 H atoms) per kaolinite layers. The layers are
stacked upon each other forming four interlayer regions. The initial atomic positions were set
according to the experimental crystal structure of kaolinite [38]. This initial arrangement of

the simulation cell is shown in Fig. 1.

Fig. 1 Snapshot of the simulation cell with the initial configuration of the non-intercalated kaolinite.

The framework of a standard fully flexible all-atom force field, CHARMM [30] was
used for handling the atomic interactions. Only the bond vibrations including hydrogen atoms
(which are generally beyond the classical limits of molecular simulations based on force
fields) were constrained with the LINCS algorithm [39]. The energy expression of the
CHARMM force field contains quadratic bond stretching, angle bending, torsion and out-of-
plane potential terms (bonded interactions), as well as standard Coulombic and 12-6 Lennard-
Jones potential terms (nonbonded interactions). The van der Waals nonbonded interactions
were treated with the Lorentz-Berthelot combination rule. The parameters for kaolinite were
taken from the INTERFACE v1.5 force field [40]. For the investigated guest molecules (FA,
U, NMF and, for comparison, DMSO) the CHARMM?27 force field variant implemented in
GROMACS [41] were applied. For U, charges were taken from the work of Caflisch and
Karplus [42]. For NMF and DMSO, all the parameters are from CGenFF v. 2b8 [43] and the

molecular models were adapted from the work of Fisher et al. [44].



Due to moderate convergence of the simulations with such flexible guest molecules,
the starting configurations for the production runs were made with special care. Initially, the
guest molecules were created with random positions and orientations within artificially
enlarged interlayer spaces of the clay, generating four different guest molecule arrangements
in the four interlayer spaces. Then, after a short energy minimization of the system, an
equilibration period using the more robust Berendsen thermostat and barostat [45, 46] were
applied with 10 times the final compressibility (material ‘softness’) parameter in the z-
direction. The total production runs using the Nosé-Hoover and Parrinello-Rahman schemes

were 20 ns long.

3. Results and Discussion

3.1 Identification of stable complexes

We performed a series of NpT MD simulations with various guest molecule loadings
of kaolinite at p = 1.013 bar and T = 298 K and calculated the resulting basal spacings as
simulation averages (adsorption on the outer surface of the kaolinite particles was not
considered). Following the usual method [47, 23], we identified stable regions in the basal
spacing vs. loading plane, where the calculated basal spacing does not change substantially
with the guest molecule content. Due to its simplicity, this approach is a straightforward
choice for simulation analyses, even if it requires a series of simulation runs and the selection
of the lower and upper limits for the composition of the stable complexes is somewhat
arbitrary. The approach is upheld by our recent work using stability analysis with chemical
potential calculations [48]. An inflexion point that can always be found within the selected
region (typically a middle point or a point that falls near the middle point at a slightly higher

guest molecule content) can serve as a representative point of the region. Generally, this point



can be assigned to the experimentally detected complex, taking into account the similarity
between the width of the X-ray peak in experiments and the narrow range of basal spacing
identified from simulations (at least a part of the usual X-ray peak broadening can be
associated with the small change of basal spacing, for a rather large change of loading, within
the stability region in simulations).

As a demonstrative example, Fig. 2 shows the loading of kaolinite with DMSO as a
function of the calculated basal spacing, together with the first derivative of the loading. The
shape of the curve of loading and the intense peak of the curve of first derivative of the
loading suggest a stable intercalation complex at 1.12 nm, which agrees well with experiment
[1]. At this inflexion point, the DMSO loading per unit cell is equal to 0.50. At higher guest
molecule contents, the curves indicate another stable complex around 1.55 nm (with guest
molecule loading per unit cell around 1.25), but the existence of this complex is not confirmed
experimentally. Recently, a combined experimental and atomistic simulation study [49] dealt
with the intercalation with DMSO, also confirmed the experimental findings for the 1.12-nm
kaolinite-DMSO complex, the supposed monolayer arrangement of the DMSO molecules as

well as the role of hydrogen bonds.
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Fig. 2 Loading of kaolinite with DMSO as a function of the calculated basal spacing from NpT MD
simulations at 298 K and 1.013 bar.

The basic simulation results for the investigated amides are depicted in Fig. 3, and

Table 1 lists the key characteristics of the identified complexes in comparison with available



experimental data. For the first stable complexes (type-1, lower guest molecule contents),
good match was found between the calculated and experimental basal spacing values. The
experimental basal spacing is slightly underestimated with U but overestimated with NMF.
FA represents a special case, where two somewhat different experimental data exist with
relatively low guest molecule contents, one of which is perfectly reproduced by simulation.
For all the amides, we detected a second stable state (type-2) at higher guest molecule
contents, but the identification of this state is subject to higher uncertainty. Although the
reality of these complexes is still an open question, it is indirectly confirmed by the
experimentally proven existence of a second kaolinite intercalation complex with potassium

(and also ammonium) acetate [23, 25, 27].
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Fig. 3 Loading of kaolinite with the investigated amides as a function of the calculated basal spacing
from NpT MD simulations at 298 K and 1.013 bar (the statistical uncertainties do not exceed the

symbol size).

3.2 Structural comparison of the amide intercalation complexes

The following structural analysis refers to the simulated stable states presented in
Table 1. From the above results it seems that incorporation of the investigated amide
molecules leads to the formation of fairly similar intercalation complexes, and the obtained
differences in the first basal spacing (type-1 complex) only reflect the size dissimilarities

between FA, U and NMF molecules.



The density distributions of the guest molecules (Fig. 4, left panels) exhibit one
intense peak at the calculated first basal spacing (type-1 complex) and two distinct peaks at
the second one (type-2 complex), revealing single-layered and double-layered structures,
respectively.
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Fig. 4 Left panels: density profiles of the intercalated FA (a), U (b) and NMF (c) for the type-1 (1,
orange) and type-2 (2, blue) intercalation complexes (r is the distance from the center of mass of the
lower kaolinite layer with octahedral upper sheet in the direction perpendicular to the clay layers).
Right panels: representative simulation snapshots (the CPK color convention is used for the atoms,

except for carbon /cyan/).

The peak positions and intensities are very similar for all the amides, including the small
details such as a slight peak broadening when going from type-1 to type-2 complexes. The
corresponding simulation snapshots (Fig. 4, right panels) provide a visual confirmation of the
layering structure of the guest molecules. Both the density distributions and the snapshots
indicate that the double-layered arrangement is the more diffuse one. The snapshots also show
that most of the O-C-N planes of the molecules are constrained in more or less parallel
alignment with the kaolinite layers. This is also reflected by the orientation distributions (Fig.
5). The orientation of the guest molecules relative to the clay layers can be characterized by

two angles ® and @, whose definitions are given in Fig. 6 [51].
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Fig. 5 Distributions of angles @ of the intercalated FA (a), U (b) and NMF (c) for the type-1 (1) and
type-2 (2) intercalation complexes. Insets: most probable orientation of the guest molecules (the CPK

color convention is used for the atoms, except for carbon /cyan/).

Fig. 6 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 molecular plane,

generally an O-C-N plane was used).

The cosine distributions of the dipole moment vector of the guest molecules typically have a
local maximum between 0.1 (@ = 84°) and 0.3 (® = 73°) (for convenience, we used here an
artificial dipole moment vector along the C=0O bond, pointing towards the C atom). This
means that, due to geometrical restrictions, the guest molecules tend to align parallel with the
kaolinite layers for all the amides, even in the case of type-2 complexes. However, the
detected small deviations from the parallel alignment (cos® = 0) indicate the preference of the
molecules to turn with the dipole moment vector to the tetrahedral silica sheet. In this way,
the guest molecules have a chance to form hydrogen bonds between the amine (-NH;) groups
and the adjacent silica sheet, as well as between the carbonyl (-CO) groups and the adjacent

octahedral aluminum hydroxide sheet. The curves of angle @ (not shown) turned out to be



relatively featureless, and we used them, in combination with the cos® distributions, only to
determine the favored orientations of the guest molecules (see insets in Fig. 5). It is somewhat
surprising that the most probable orientations of the investigated amide molecules in type-2
complexes are practically identical to those of type-1. At the expanded interlayer distance
(higher loading) there is more space for the guest molecules to realize orientations other than
the parallel one, but this possibility manifests itself only in a more diffuse cos® distribution
and not in the position change of the peak maximum.

The results for the most probable molecular orientations were cross-checked by

analyzing atomic density distributions with type-1 complexes shown in Fig. 7.
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Fig. 7 Atomic density distributions of the intercalated FA (a), U (b) and NMF (c) for the type-1

intercalation complexes (C: black; O: red; H: blue; r is the same as that in Fig. 4).

Here, three different atomic density distributions are displayed. The carbonyl C atom peaks
essentially matches the center of mass peaks of molecules (cf. Fig. 4) and the single O atom
peaks do not particularly deviate from each other, whereas the shape of the H atom
distributions is rather distinctive between these kaolinite-amid complexes. All the carbonyl O
atom peaks reside, as expected, between the middle plane of the interlayer space and the plane
of the adjacent octahedral sheet of kaolinite. At the same time, the H atom distribution curves
show that these atoms are spread over the whole interlayer space. The H atoms of FA form

one intense central peak and two weak peaks, near either the adjacent octahedral or tetrahedral
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sheet. Decomposing the overall H atom distribution into its components reveals that H atoms
of the amine group give the peak near the octahedral sheet and part of the central peak, while
the formyl (-(CHO) H atoms give the peak near the tetrahedral sheet and (the other) part of the
central peak. In contrast, U with uniform amine H atoms yields one wide peak, and the
average value of the distribution locates closer to the tetrahedral sheet, facilitating the
interactions with the silica surface. NMF has three different types of H atom, all of which
significantly contribute to the central peak. As obtained from our analysis, the peak appears
near the tetrahedral sheet correspond to the methyl (—CH3) and formyl H atoms, and the left
shoulder of the central peak being closer to the octahedral sheet correspond to the amine H
atoms.

To obtain further details about the character of the hydrogen bonds between the
interlayer molecules and the kaolinite surfaces, we calculated the atomic pair correlation
functions (local densities in spherical shells relative to the mean density as a function of

interatomic distance) for O-H atom pairs (Fig. 8).
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Fig. 8 Atomic pair correlation functions between the carbonyl O atoms and the outer hydroxyl H
atoms of the octahedral kaolinite sheet (a) and between the guest H atoms and the surface O atoms of

the tetrahedral kaolinite sheet (b) for the type-1 intercalation complexes (r is the interatomic distance).

The positions of the first peak in the atomic pair correlation functions between the outer

hydroxyl (-OH) H atoms of the octahedral kaolinite sheet and the carbonyl O atoms of guest
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molecules are nearly identical for all the amides (0.2 nm) and clearly indicate the existence of
medium strong hydrogen bonds. This finding is consistent with a number of infrared
spectroscopic results [4, 9]. The peak intensities here are relatively high; the slightly less
intense peak of U implies less H-O interactions with the octahedral surface. The pair
correlation functions between the surface O atoms of the tetrahedral kaolinite sheet and the
different H atoms of guest molecules exhibit broader peaks and their positions suggest weak
hydrogen bonds, on average, with the tetrahedral surface. The significantly smaller intensities
obtained here indicate that the hydrogen-bonding structure is less probable with the
tetrahedral surface. The somewhat exceptional case is again U, where the appearance of the
left shoulder of the curve shows that at least a part of the O-H interactions between the silica

surface and U are quite strong.

3.3 Energetic analysis of the amide intercalation complexes

From the outputted trajectory frames of the simulations, we calculated the average
minimum image interaction energies between the guest molecules in the interlayer space and
between the guest molecules and the adjacent kaolinite layers (the direct layer-layer
interaction energy in the complexes was found to be practically zero). The interaction energy
between the guest molecules in the interlayer space and the bordering kaolinite layer with
octahedral or tetrahedral surface contact sheet are shown in Fig. 9. The curves are, to a certain
extent, mirror images of the loading vs. basal spacing curves: their nearly vertical sections
locate the stable regions for type-1 and type-2 complexes (the latter with higher uncertainty).
The generally more negative energies in the octahedral case imply stronger attractions

between guest molecules and the aluminum hydroxide sheet.

12



= = FA =2
8 es | £
= =
£ *» NMF 2
= 400 A = 400 A
£ £
5 5
=} =}
Q Q
S S
£ 800 £ -800
= =
5 S

08 12 16 2 0.8 1.2 1.6 2

oy /1M dyy, /MM
(a) (b)

Fig. 9 Average minimum image interaction energies between the guest molecules in the interlayer

space and the adjacent kaolinite layer with octahedral (a) or tetrahedral (b) surface contact sheet.

The characteristic energies for the identified type-1 complexes are listed in Table 2. Here, the
fairly large negative surface-molecule interaction energies mean an energetically favorable
interlayer environment with affinity of the investigated molecules to both kaolinite surfaces. It
is also seen, however, that the octahedral surface plays a more important role in the
stabilization of these complexes. The contrast is very marked between U and the other amides
as U molecules have significantly stronger attraction to the clay surfaces, as well as to each
other. This might be connected with the physico-chemical properties of the bulk substance
(see, the melting point of U is 406 K, while the melting points of FA and NMF are around
room temperature). The apparently higher stability of the complex with U also means that it is
more difficult to replace U by additional reagents in room temperature multi-step
delamination/exfoliation experiments. The separate interactions of the carbonyl group and the
rest of the molecule (mostly amine groups) uncover well-balanced attractions of U to both
kaolinite surfaces, whereas the attractions of the other amides to the octahedral or tetrahedral
surfaces almost exclusively come from the interactions with the carbonyl group or with the
rest of the molecule, respectively (in Table 2, the ratio of group contribution to the total
interaction energy above 1 implies net repulsion of that group with the opposite surface).
While from the pair correlation functions (Fig. 8 (b)) it was apparent that a part of the
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hydrogen bonds between the O atoms of the tetrahedral surface and the H atoms of U are
relatively strong, the calculated mean attractive energy between the tetrahedral surface and U
without its carbonyl group is the least negative of the three amides (Table 2, last column).
This indicates a more ordered complex, even though it turned out from the corresponding pair
correlation functions (not shown) that the strength of the guest-guest hydrogen bonding
interactions are very similar to that of the other amides.

Additional simulations were also performed at elevated temperatures with the
kaolinite-guest molecule compositions of type-1 complexes, modeling autoclave experiments
with methanol as intermediate intercalation reagent [52, 18]. Using the equilibrium vapor
pressure data of methanol, these simulations were carried out at 348.15 K and 1.51 bar, at
373.15 K and 3.54 bar, and at 398.15 K and 7.36 bar. Figure 10 shows the sum of the

interaction energies between guest molecules in the interlayer space and the adjacent kaolinite

layers.
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Fig. 10 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 type-1

intercalation complexes.

As already seen in Table 2, the calculated data predict a more problematic replacement of
intercalated U by methanol in conventional room temperature stirring and (multiple) washing
experiments. At temperatures near 373 K, however, the attractions of U become weaker than
those of FA or NMF, and this fact suggests that U has some preference over the other

14



substances in the autoclave replacement experiments. According to the analysis, the greater
energy change of U with temperature, and thus of the shift in the stability order of the
complexes, is due to that the interactions of both the carbonyl and amine groups of U weaken

profoundly with approaching the melting point of bulk U.

3.4 Mobility of the guest molecules

The existence of spatial ordering in the interlayer structure can indirectly be revealed
by the low mobility of the interlayer molecules. A suitable way of looking at the translational
mobility is provided by the Van Hove correlation function [53], the self-term of which (G(r))
gives the probability that a particle moves a distance of r in a given time interval. The
differences between the mobilities of the guest molecules in type-1 complexes at two different

temperatures are well illustrated in Fig. 11.
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Fig. 11 Distributions of mobility of the guest molecules in the interlayer space for the type-1
intercalation complexes at 298 K (a) and 373 K (b) (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 guest-molecule layers (the CPK color convention is used for the atoms,

except for carbon /cyan/).
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At 298 K, the curves of FA and U suggest a nearly crystalline character as contrasted
to the normal liquid-like behavior of NMF. At 373 K, however, the differences between the
curves are not as pronounced, and all the amides show liquid-like mean displacement values.
The inset of Fig. 11 emphasizes that the mobility of U at room temperature is far more
constrained than that of FA, which indicates a more ordered complex in the case of U.
Simulation snapshots of some typical arrangements of the guest-molecule layers
(perpendicular to the z axis) also show that the most uniform in-plane and out-of-plane

molecular orientations develop with U at 298 K.

4. Conclusions

We studied the key characteristics of kaolinite-simple amide intercalation systems by
classical atomistic simulation. Using FA, U and NMF, two types of stable kaolinite-amide
intercalation complexes were identified and the basal spacings of type-1 complexes are in
good agreement with experiments. We characterized the interlayer structure of the complexes
by calculating several molecular distribution functions. These confirmed the expected single-
layered arrangement of the guest molecules in the first stable (type-1) complexes and a more
diffuse double-layered distribution in the second (type-2) ones. It was found that the favored
orientations of amide molecules in the first and second stable complexes are similar to each
other, exhibiting a roughly perpendicular alignment with the clay layers. Our examinations
revealed the existence of weak to fairly strong hydrogen bonds between the amide molecules
and the kaolinite surfaces. From energetic analysis of the experimentally relevant type-1

complexes, the prevailing impact of the octahedral surface on stability was detected. At
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ambient temperature, U shows the largest guest-guest attraction energy as well as the largest
binding energies to the clay layers. As opposed to the other amides, its functional groups also
have well-balanced attractions to both kaolinite surfaces, which may arise as a consequence of
a more oriented and more symmetrical molecular arrangement. A more crystalline-like
interlayer structure of its type-1 complex at 298 K is uncovered by the highly constrained
mobility of the interlayer molecules. At the same time, this structure turned out to be quite
sensitive to temperature increase and the clay-U attraction can weaken with temperature to the
utmost extent. This fact facilitates the replacement of U as a primary reagent by other reagents
at higher temperatures in multiple intercalation/deintercalation procedures with kaolinite.

The evaluation techniques applied in this work are independent of the type of guest
molecules or the layered aluminosilicate. Thus, it can be applied to rank the potential
performance of adsorbates and adsorbents of similar systems before any experimental effort is

made.
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Tables

Table 1 Simulation results for the basal spacing (dyy;) and number of guest molecules per

unit cell (n) of the kaolinite-amide intercalation complexes at 298 K and 1.013 bar.

door/nm (type-1) n(type-1) | doo/nm (type-2) | n (type-2)
Simulation| Experiment
pure kaolinite 0.716 0.713 [38] - - -
kaolinite/FA intercalation complexes LOT[1]
1.039 1.04 [50] 0.750 1.40 1.75
kaolinite/U intercalation complexes 1.057 1.07 [1] 0.583 1.47 1.67
kaolinite/NMF intercalation complexes 1.091 1.08 1] 0.583 1.49 1.75

Table 2 Average minimum image interaction energy (in kJ/mole of simulation cells) between
the guest molecules in the interlayer space and the adjacent kaolinite layer with octahedral (G-
O) or tetrahedral (G-T) surface contact sheet, as well as average intermolecular energy
between the guest molecules (G-G) for the type-1 kaolinite-amide intercalation complexes at
298 K and 1.013 bar. -CO/G-O is the ratio of the contribution of carbonyl group to the total
G-O interaction energy, (NH)/G-T denotes the contribution of the guest molecule without its
carbonyl group to the total G-T interaction energy.

G-G/(number of

G-O G-T -CO/G-0| (NH)/G-T
guest molecules)
kaolinite/FA intercalation complex -558.6 2253 337 1.016 2372
kaolinite/U intercalation complex -620.1 4255 405 0.502 0.596
kaolinite/NMF intercalation complex -552.1 3692 242 1.010 1.973
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Figure captions

Fig. 1 Snapshot of the simulation cell with the initial configuration of the non-intercalated
kaolinite.

Fig. 2 Loading of kaolinite with DMSO as a function of the calculated basal spacing from
NpT MD simulations at 298 K and 1.013 bar.

Fig. 3 Loading of kaolinite with the investigated amides as a function of the calculated basal
spacing from NpT MD simulations at 298 K and 1.013 bar (the statistical uncertainties do not
exceed the symbol size).

Fig. 4 Left panels: density profiles of the intercalated FA (a), U (b) and NMF (c) for the type-
1 (1, orange) and type-2 (2, blue) intercalation complexes (r is the distance from the center of
mass of the lower kaolinite layer with octahedral upper sheet in the direction perpendicular to
the clay layers). Right panels: representative simulation snapshots (the CPK color convention
is used for the atoms, except for carbon /cyan/).

Fig. 5 Distributions of angles @ of the intercalated FA (a), U (b) and NMF (c) for the type-1
(1) and type-2 (2) intercalation complexes. Insets: most probable orientation of the guest
molecules (the CPK color convention is used for the atoms, except for carbon /cyan/).

Fig. 6 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
molecular plane, generally an O-C-N plane was used).

Fig. 7 Atomic density distributions of the intercalated FA (a), U (b) and NMF (c) for the
type-1 intercalation complexes (C: black; O: red; H: blue; r is the same as that in Fig. 4).

Fig. 8 Atomic pair correlation functions between the carbonyl O atoms and the outer
hydroxyl H atoms of the octahedral kaolinite sheet (a) and between the guest H atoms and the
surface O atoms of the tetrahedral kaolinite sheet (b) for the type-1 intercalation complexes (r
is the interatomic distance).

Fig. 9 Average minimum image interaction energies between the guest molecules in the
interlayer space and the adjacent kaolinite layer with octahedral (a) and tetrahedral (b) surface
contact sheet.

Fig. 10 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 type-
1 intercalation complexes.

Fig. 11 Distributions of mobility of the guest molecules in the interlayer space for the type-1
intercalation complexes at 298 K (a) and 373 K (b) (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 guest-molecule layers (the CPK color convention
is used for the atoms, except for carbon /cyan/).
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