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Abstract: The hydration of the basal surfaces of kaolinite is studied by theoretical methods. The
cluster method was used to simulate the positions of atoms. The positions of the atoms of the
basal surfaces of dry and hydrated minerals are optimized by minimizing the total energy in the
Hartree–Fock approximation. The adsorption energies of water molecules were calculated taking
into account the fourth-order correlation corrections of Møller–Plesset perturbation theory. The
formation of the IR spectrum of kaolinite in the range of wave numbers 2500–4500 cm−1 is studied.
The experimentally observed effect of the change in relative intensity and position of the band with a
change in the moisture content of the sample is interpreted.

Keywords: kaolinite; hydration; basal surfaces; cluster method; electronic and spatial structures;
Hartree–Fock method; correlation energy

1. Introduction

Hydration of clay minerals is currently being studied by experimental and theoretical
methods. Interest in such research is associated with a wide range of applications of the
information obtained, e.g., in the problems of construction, creation of ceramic products,
and solution of environmental problems.

The peculiarities of the hydration process depend on the properties of clay materi-
als [1] and determines the possibility of their use as building materials in the construction
of subgrades of highways and railways, and other soil structures. Strength and other
geotechnical properties of soil depend both on the history of the hydration process and on
its current state [2]. Another problem associated with the peculiarities of the hydration of
clay soils used in construction is associated with the possibility of swelling which leads
to significant material costs during the operation of artificial earth structures [3]. The use
of clay soils in the manufacturing of ceramic products for a wide range of applications
requires knowledge of all their properties, including the features of hydration [4]. The im-
portance of studying the adsorption of water by clay particles in environmental problems
is evident from the fact that in the Earth’s atmosphere, aerosols of mineral dust account for
up to 45% of the total aerosol load of the atmosphere [5].

Experimental methods for studying the process of hydration of clay minerals are
based on studies of mechanical properties of moist minerals, as well as on studying their
interaction with electromagnetic fields in the microwave and infrared frequency ranges.
The use of experimental microwave measurement methods makes it possible to determine
real and imaginary parts of the dielectric constant depending on the moisture content of
the sample [6].

The method of the IR spectroscopy makes it possible to study not only the electronic
and spatial structure of hydrated minerals, but also to perform a quantitative analysis of
the mineralogical composition of soils [7,8]. The results of studying the IR spectra of clay
soils make it possible to calculate a wide range of mechanical properties, including plastic
properties and characteristics of shrinkage and tension [9].
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Among the theoretical methods for calculating the interaction of individual H2O
molecules and clay particles, the density functional theory (DFT) methods are commonly
used. Simulating the hydration of clay particles with basal surfaces of imperfect shape
and in conditions of high moisture is usually carried out using molecular dynamics (MD)
methods. In [10], the mechanisms of hydration of kaolinite are studied by the DFT methods.
Simulations showed that the H2O molecules are predominantly adsorbed on the hydroxyl
surface of kaolinite. The most energetically favorable position of the water molecule
is an active center formed by three hydrogen atoms. The adsorption energy is 0.37 eV.
On a siloxane surface, which is less hydrophilic, a chemical bond is formed between
the hydrogen atoms of the water molecule and two surface oxygen atoms. Calculated
adsorption energy was 0.07 eV.

In [11], the DFT method was also used to study the interaction between water
molecules and the basal surfaces of kaolinite. Simulations at low moisture contents yielded
the adsorption energy of 0.57 eV for the hydroxyl surface. In [12], hydration of kaolinite
was studied by both DFT and MD methods. It was found that the adsorption energy of
one water molecule in different initial positions on the hydroxyl surface of kaolinite is
from 72.12 to 19.23 kJ/mol (0.74−0.20 eV) or, on average, 0.47 eV per molecule; this is
energetically more favorable than on the siloxane surface of kaolinite where the adsorption
energy varies from 19.23 to 5.77 kJ/mol (0.20–0.06 eV) or, on average, 0.13 eV per molecule.
In [13], hydrophilicity of hydroxyl and hydrophobicity of siloxane surfaces of kaolinite
were demonstrated by the MD methods.

Theoretical values of the absorption energies reported in the literature, and the conclu-
sions about the properties of surfaces, are in qualitative agreement. The observed scatter of
theoretical absorption energies can be explained by the difference in the approximations
and models used; this increases the relevance of experimental verification of the results.

In this work, the features of hydration of kaolinite are studied by theoretical methods,
which made it possible to understand experimentally recorded changes in the position and
intensity of a broad band at 3400 cm−1 in the IR spectrum [14]. It is known that dangling
chemical bonds on the lateral surfaces of kaolinite particles take part in the chemical
adsorption of both ions and water molecules. This chemical interaction mechanism is
responsible for some unique properties of kaolinite, such as amphotericity [15]. In this
work, only the hydration of basal surfaces is considered since their area significantly
exceeds the area of the lateral surface, and then basal-surfaces processes should be the
principal factors determining the optical properties of the samples under study.

2. Theory and Methods
2.1. Cluster Models of Basal Surfaces

Theoretical studies carried out in this work include the calculation of the electronic
states energy and spatial positions of atoms of water and mineral molecules; a cluster
model of basal surfaces is used.

The initial construction of the crystal structure of kaolinite was carried out using the
experimental data presented at http://rruff.geo.arizona.edu/AMS/amcsd.php, accessed
on 22 July 2021 (American Mineralogist Crystal Structure Database, database_code_amcsd
0012237) [16].

A fragment of the crystal structure of the kaolinite layer is shown in Figure 1. Vi-
sualization of the mineral structure was performed using the MacMolPlt v 7.7 software
package [17]. Here and below, the following designations of atoms are used: •—Si, •—Al,
•—O, •—H.

When constructing computer models of the basal surfaces, the crystal structure of
kaolinite is represented by two single-layer clusters. The siloxane surface cluster contained
silicon atoms and surrounding oxygen tetrahedra, and the hydroxyl surface cluster con-
tained aluminum atoms, fragments of oxygen octahedra, and surface hydrogen atoms.
Basal surfaces clusters are shown in Figure 2.

http://rruff.geo.arizona.edu/AMS/amcsd.php
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Figure 1. A fragment of the crystal structure of the kaolinite layer.

Figure 2. Atomic clusters representing the basal siloxane (a) and hydroxyl (b) surfaces of kaolinite.
The atoms are marked in the same way as in Figure 1.

The chemical bonds of atoms that were cut off when constructing the clusters were
closed by hydrogen atoms; their vibrations were subsequently disregarded when calculat-
ing the IR spectrum. The moistening of kaolinite was simulated by adding water molecules
to the clusters. They were placed near the basal surfaces within the central hexagon at a
distance from the surface not exceeding 10 Å [12].

When performing the calculations, the position of atoms of H2O molecules, the
positions of six silicon atoms and six oxygen atoms forming the atomic structure of the
hexagon of the siloxane surface (Figure 2a), and the positions of six hydrogen atoms and
six oxygen atoms forming the atomic structure of the hexagon of the hydroxyl surface
(Figure 2b) were optimized. The positions of other atoms of the mineral were taken
unchanged and coinciding with the experimental ones (Figure 1).

2.2. Calculation of the Electronic Structure and Energy of Surface Clusters

Calculations of cluster properties were performed using Firefly v.8.2.0 package [18],
which is partially based on the GAMESS (US) source code [19]. Calculations of the optimal
position of atoms of basal surfaces clusters were performed in Hartree–Fock approximation.
To simulate the wave functions of atoms, we used the N21 basis supplemented for hydrogen
and oxygen atoms of surface clusters with optimized coordinates, and the atoms of water
molecules, with p- and d-diffuse functions, respectively. Calculated coordinates and
electronic properties of the surface clusters and water were used to calculate the IR spectra.

To refine the Hartree–Fock (HF) energies of the moistened basal surfaces, a calculation
was performed within Møller–Plesset perturbation theory taking into account fourth-order
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correlations (MP4). In this case, previously calculated coordinates were used. To simulate
the one-electron functions of atoms when calculating the energies, a Slater-type-orbital
basis with six Gaussian functions was used.

The use of a limited basis set leads to errors in the calculation of energies commonly
referred to as basis set superposition errors (BSSE). The compensation of errors in the
energy of interaction of the basal surfaces and the H2O molecules clusters was performed
by the counterpoise correction scheme (CP) by Boys–Bernardi method [20].

3. Calculation Results and Discussion
3.1. Electronic Structure of Basal Surfaces Clusters

To assess the quality of the cluster simulation of kaolinite crystal surfaces, the densities
of occupied and free electronic states are calculated in this section. For this purpose,
calculated one-electron orbital energies of clusters representing siloxane and hydroxyl
surfaces were used. According to Section 2.1, when the clusters were formed, to simulate
the bonds between them, the dangling chemical bonds were closed with hydrogen atoms.
Therefore, when calculating the densities of electronic states from a set of free and occupied
one-electron orbitals of the clusters, the states of these hydrogen atoms were removed.
The remaining discrete one-electron states of the clusters of the siloxane and hydroxyl
basal surfaces were replaced by Lorentzian components with a half-maximum width of
0.02 eV. The densities of states are obtained by summing all one-electron components of
both clusters; they are presented in Figure 3. The figure also shows the densities of states
calculated using the results of the DFT calculation for an infinite crystal performed in [21].

Figure 3. Density of electronic states calculated in this work (black line) and according to the data
of [21] (red line). The positions of the density of states maxima of the valence band (a) and the band
of free states (b), as well as the position of the Fermi levels (F), are marked.

In Figure 3, the bands of electronic states calculated in this work are shifted by 9.0 eV
so that the maxima of the valence band density calculated by the two methods had the
same position in the energy scale (position a). Figure 3 shows that such an energy shift
leads to a shift of the energy zeros (Fermi levels) in the two calculation methods, by 7.5 eV.
A shift of energy scales can be explained by the fact that the cluster calculation does not
take into account the Madelung potential created by the ions of an infinite crystal.

Comparison of the band shapes calculated in the two considered approaches (Figure 3)
allows one to note that, in the cluster approach, the valence band width is larger; however,
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the forbidden gap is reproduced well. In addition, the analysis of the results of this study
makes it possible to associate the band of free states (position b) with the 3s states of
aluminum, which correlates with the results of [21], where the partial density of the s-type
states are 1.5 times larger than that of the p-type states.

3.2. Sample Moisture

Studying the effect of moisture on the electronic and spatial structure of the mineral
using the cluster model involves performing calculations which take into account a given
number of H2O molecules. To compare the theoretical results obtained in this case with
the experiment, it is necessary to convert the number of adsorbed water molecules into
the moisture content of the sample as used in the experimental studies. In this work, this
transformation is performed by taking into account the following considerations.

The chemical formula of the unit cell of kaolinite is Al2Si2O5(OH)4, and its mass
number is 256. To form hexagons of silicon and aluminum (see Figure 1), the atoms of three
unit cells are required. In this case, six hexagons of the environment will be formed by one
third. Thus, three-unit cells give the total number of hexagons equal to three. Then the
mass number of one group of hexagons is M = 256. A water molecule has a mass number
mH2O =18. Then the addition of one water molecule is equivalent to the moisture content
of the sample:

w =
mH2O

M
× 100% = 7% (1)

In the case when the optimization of the coordinates of water molecules leads to their
belonging to several hexagons, the moisture value must be adjusted accordingly. Let us
illustrate the correction procedure by an example of calculating the moisture content when
placing five H2O molecules on the siloxane surface of the cluster (Figure 4). We will assume
that the molecule placed above the hexagon of the silicon atoms, after optimization of
cluster geometry, contributes to the moisture content with a weight of 1 (green rectangle in
Figure 4)). If the H2O molecule is placed over the side of the hexagon, its weight will be
0.5, and if it is placed over the vertex of the hexagon, 0.3 (black rectangles in Figure 4). As a
result, the total contribution of five H2O molecules is 2.3. In this case, the moisture content
of the sample is equal to w = 16.3%.

Figure 4. Siloxane surface cluster and five H2O molecules.

Table 1 shows the results of applying this procedure to the results of calculations
performed in this work.
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Table 1. Number of water molecules included in the calculations and the moisture content of
kaolinite samples.

Siloxane Surface Hydroxyl Surface

Number of
Molecules Weight Moisure

Content, %
Number of
Molecules Weight Moisure

Content, %

1 1 7 1 1 7

2 1.3 9.3 2 2 14

3 1.7 11.7 3 2.5 17.5

4 2 14 4 2.8 19.8

5 2.3 16.3 5 3.8 26.8

6 2.7 18.7 6 4 28

3.3. Effect of Adsorption on the Geometry of the H2o Molecule

When a water molecule is adsorbed, its atoms are affected both by the atoms of the
basal surface of the mineral and the atoms of other water molecules. These interactions will
change the geometric characteristics, i.e., the length of the O–H bond and the bond angle
of the molecule. In [22], it was obtained by the DFT method that at low moisture contents,
when all water molecules are near the basal surfaces of kaolinite, the O–H distance in water
molecules changes insignificantly on average, while the bond angle, depending on the
moisture, can vary within the range of 102.1◦–105.4◦. Thus, the change in the average bond
angle of the H2O molecules being taken into account in the calculations can serve as a
measure of the sorption capacity of surfaces varying with moisture.

In this study, it was found that the O–H distance of a free molecule equal to 0.95 Å,
remains unchanged in the entire range of the considered moistures, while the change in
the bond angle, equal to 103.93 ◦ for a free molecule, can noticeably change depending on
the moisture content and the properties of the sorbing surface. Calculated changes in the
average bond angle relative to the angle in a free molecule are shown in Figure 5.

Figure 5. Average change in the bond angle of the H2O molecule depending on the number of water
molecules per cluster, and on the type of basal surface (�—hydroxyl surface, •—siloxane surface).
The dashed line shows the change of the average bond angle (1.04◦) upon going from a free H2O
molecule to a water cluster consisting of 6 molecules.

Figure 5 shows that as the number of adsorbed water molecules on the siloxane surface



Crystals 2021, 11, 1146 7 of 14

increases, the bond angle becomes larger than the initial one, since the role of interaction
between water molecules increases on the background of weak interaction with surface
ions. When six H2O molecules are taken into account in the calculation, the averaged value
of the bond angle becomes close to that in the water cluster. Changes in the bond angle,
upon going from a free molecule to a cluster of six water molecules, are shown in the figure
by the dashed line. The results obtained indicate that the hydrophilicity of the siloxane
surface is small.

Upon the adsorption of one H2O molecule by the hydroxyl surface of kaolinite, a
sharp increase in the bond angle is observed. A further increase in the number of H2O
molecules placed on the surface leads to a decrease in the interactions stretching the angle.
However, when six H2O molecules are taken into account, the interaction with the cluster
surface is still significant, since the bond angle exceeds by about 2◦ that of the bond angle
in a free cluster of six water molecules. The results obtained indicate that the hydrophilicity
of the hydroxyl surface exceeds that of the siloxane surface; it does not disappear even at a
moisture content at the plastic limit, i.e., 25.9% [23] (Table 1).

In general, the changes in the bond angle of a water molecule depend on moisture
content and vary in the range of 103.0◦–108.5◦; this correlates with the data of [22]. An
increase in the H−O−H bond angle upon adsorption of water molecules indicates a
decrease in the role of interatomic interaction forces within water molecules against the
background of their additional interaction with the atoms of the mineral surface, and the
atoms of other H2O molecules.

3.4. Adsorption Energy

Investigations aimed at studying the adsorption of water molecules were carried out
by the methods of DFT [10,12], and MD [12,13]. A comparison of the results obtained was
made in [14] where it was noted that in the models used, H2O molecules are predominantly
adsorbed on the hydroxyl surface of kaolinite. The adsorption energies calculated in [10–12]
differ insignificantly. The difference may be due to the details of the simulations and the
accuracy of the potentials used in the calculations. A review of the results made in [14]
makes it possible to note that, in the absence of additional ions, the average adsorption
energies on hydroxyl and siloxane basal surfaces in kaolinite differ by a factor of about 5
and amount to 0.5 and 0.1 eV, respectively.

In this study, the calculations of the adsorption energy per one water molecule were
performed for different numbers of the adsorbed water molecules. To this end, geometry
optimization and the calculation of total energies were performed for the following systems:

- Free clusters of basal surfaces (Ec0);
- Klusters and n H2O molecules adsorbed by the basal surfaces (EcnH2O);
- One free H2O molecule (EH2O);
- n isolated water molecules with atoms in coordinates optimized in the ‘cluster + nH2O’

system (EnH2O).

Now the adsorption energies per one water molecule are determined by the formula:

Eads = (Ec0 + nEH2O − EcnH2O)/n (2)

The adsorption energy (2) can be split into separate contributions from water molecules,
and from the cluster of basal surfaces. The contribution from water molecules is calcu-
lated by

Eads(H2O) =
(
nEH2O − EnH2O

)
/n (3)

Contribution from the clusters of basal surfaces is then

Eads(c) = Eads − Eads(H2O) (4)
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The results of the HF calculations in MP4 approximation are presented in Figure 6,
which shows the energies of adsorption on siloxane and hydroxyl surfaces, as well as
individual contributions to these values from the surfaces of the mineral.

Figure 6. Energies of adsorption of water molecules sorbed by the basal surfaces of kaolinite per
molecule. The following designations are used: cluster of the hydroxyl surface and water molecules—
�; hydroxyl surface cluster—�; cluster of siloxane surface and water molecules—•; siloxane surface
cluster—#.

Figure 6 shows that the hydrophilic nature of the hydroxyl surface can be characterized
by the adsorption energy of 0.65 eV for the numbers of the adsorbed molecules from 1 to 6,
i.e., in a wide range of moistures. At the same time, the contribution of the surface to this
value decreases with increasing moisture; this change is compensated by an increase of the
binding energy within the subsystem of water molecules.

When water molecules are adsorbed by the siloxane surface, hydrophilicity is also
observed, but the adsorption energy is noticeably smaller. When one water molecule is
adsorbed, the adsorption energy is close to 0.05 eV. With an increase in the number of the
adsorbed molecules, it increases to 0.3 eV; in this case, it is due mostly to the interaction of
water molecules with each other.

The BSSE-correction of Formula (2) for calculating the energy of water adsorption on
the clusters of basal surfaces was performed according to the Boys–Bernardi approach:

ECP
ads = Eads + δBSSE, (5)

where the counterpoise correction is designated δBSSE and depends on the optimized
coordinates of the atoms of the basal surface clusters and water molecules.

When studying the adsorption of one H2O molecule on the siloxane and hydroxyl
basal surfaces, the δBSSE values were obtained equal to −0.21 eV and −0.62 eV, respectively.
Taking these corrections into account in Formula (5) leads to underestimated adsorption
energies of −0.15 eV and 0.05 eV, respectively. In the HF approximation, the δBSSE values
turn out to be −0.17 eV and −0.51 eV which yields the adsorption energies of –0.11 eV and
0.31 eV, respectively. The reasons for the significant effect of BSSE on the results of calculat-
ing the energies were sufficiently discussed in the literature. In [24], counterpoise correction
overcorrecting is associated with the use of small basis sets. In [25], this was demonstrated
for the compounds with hydrogen bonds which include the cases of absorption of H2O
molecules by the basal surfaces of kaolinite considered in this work.
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3.5. Formation of the IR-Spectrum in the Range of 2500–4500 cm−1

The IR spectrum of water molecules in a vaporous state has been studied for a long
time. It is noted in [26] that the spectral range includes three modes: one stretching
mode (υ1) and two modes of deformation vibrations (υ2, υ3). Still, only two modes with
wavenumbers 1595 cm−1 (υ2) and 3755 cm−1 (υ3) are observed experimentally. These
modes appear in the spectrum as rather intense bands, so that the band associated with
the υ1 mode is masked by the overlapping intense υ3 band. The calculation of molecular
constants performed in [26] made it possible to determine the bond angle and the O–H
distance. They amounted to 104◦31’ and 0.9580 Å, respectively.

In [27], the changes in the IR spectrum were studied upon going from the vapor-water
interface to water clusters and water in a liquid state. It is noted that the spectrum of
the vapor-water interface in the range of 2800–3800 cm−1 is assigned to three vibrations
with wavenumbers of about 3200, 3400, and 3700 cm−1. The spectrum contains two main
features: a broad band in the range of wavenumbers from 3100 to 3500 cm−1 and a relatively
sharp peak at 3690 cm−1 associated with the vibrations in free OH molecular bonds. In
the liquid state of water, a sharp peak is not observed, since in the bulk of liquid water
all free molecular bonds disappear due to intermolecular interaction. In this case, the
resonances between 3100 and 3500 cm−1 are usually attributed to the stretching modes of
hydrogen-bonded OH.

In this study, we calculated fragments of the IR spectra of kaolinite of different mois-
tures. The formation of the spectra is associated with the vibrations of oxygen and hydrogen
atoms of the basal surfaces, and those of water molecules. In experimental studies, this
spectral region is recorded in the range of 2500–4500 cm−1.

As can be seen from Figure 2b, the contribution of the surface to the IR spectrum is
determined by the vibrations of O and H atoms forming free molecular bonds (Figure 7).
The atoms of the siloxane surface of the mineral do not have spectral bands in the indicated
range of wavenumbers (Figure 1).

Figure 7. Vibrations in free bonds of O and H atoms on a dry hydroxyl surface. Red arrows indicate
the direction of motion of atoms during vibrations.

The adsorption of water molecules by the basal surfaces of the mineral leads to the
emergence of a chemical bond between the surface atoms and the atoms of water molecules,
as a result of which the positions of the bands of kaolinite and water change, new collective
vibrations of the surface and water atoms arise, as well as the collective vibrations of the
atoms of several water molecules. These oscillations are illustrated in Figure 8.
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Figure 8. Fragments of the hydroxyl surface and adsorbed water molecules. Sown are the vibrations
of the atoms of water molecule (a), of atoms of the surface of a mineral (b), collective vibrations of
atoms of water and the surface of the mineral (c), and collective vibrations of atoms of different water
molecules (d). Red arrows indicate the direction of motion of atoms during oscillations.

When calculating theoretical profiles of the bands, the width of the lines associated
with free vibrations of surface ions was estimated from the experiment and taken equal
to 5 cm−1. The line widths associated with the vibrations of water ions and collective
vibrations are taken from [14]; they are 400–500 cm−1, depending on the moisture con-
tent. These line widths were used to generate Lorentzian curves representing individual
calculated vibrations which were summed up. Calculated IR spectra of the hydroxyl and
siloxane surfaces at different numbers of adsorbed water molecules are shown in Figures 9
and 10. In the spectra, the lines associated with the vibrations of hydrogen atoms closing
chemical bonds broken during the construction of clusters are not considered. In addition,
for comparison of theory and experiment, the theoretical spectra of the hydroxyl surface
are shifted towards lower wavenumbers by 320 cm−1, and those of the siloxane surface
by 600 cm−1. The reasons leading to the need for a shift in the theoretical spectra can be
related to the limited size of the clusters, and the basis sets used to describe one-electron
orbitals, as well as with the need to use a multiconfigurational approach when calculating
the potentials of oscillators. Figures 9 and 10 also show the experimental O−H vibration
lines of the hydroxyl surface and water from [14].

Figure 9. IR spectra formed by hydroxyl surface and water molecules. Number of adsorbed water
molecules: 0——(red); 1——(green); 2——(blue); 3——(cyan); 4——(magenta); 5——(dark yellow);
6——(orange). The bands of the hydroxyl surface and liquid water are shown by the dashed line
(wine) and the dot line (navy), respectively.
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Figure 10. IR spectra formed by a siloxane surface and water molecules. Number of adsorbed
water molecules: 1——(green); 2——(blue); 3——(cyan); 4——(magenta); 5——(dark yellow); 6——
(orange). Liquid water band is shown by the dot line (navy).

The profiles of theoretical IR spectra are compared with the experiment in Figure 11.
Solid and dashed lines show the results for the hydroxyl and siloxane basal surfaces,
respectively. The spectra in Figure 11 are normalized so that the intensities of theoretical
and experimental bands are equal at 3330 cm−1. Relative intensities of the experimental
bands were assumed to differ by a factor of 2.7 at 3360 cm−1 [14].

Theoretical spectra were calculated by taking into account five water molecules near
the basal surfaces. According to Table 1, this case for a hydroxyl surface corresponds to
a moisture content of 26.8%. The experimental spectrum in Figure 11 was measured at a
sample moisture content of 25%. It is seen that the theory reproduces the main features
of the experimental spectrum. The principal disagreement is in overestimated intensity
of the theoretical spectrum above 3500 cm−1; this may be caused by the limitations of the
theoretical model used.

The placement of five water molecules near the siloxane surface, according to Table 1,
corresponds to a moisture of 16.3%. The experimental spectrum shown in Figure 11 was
measured at a sample moisture content of 18%. It is seen that in the case of a siloxane surface,
the theoretical spectrum does not contain resonance lines in the range of 3600–3750 cm−1;
this is explained by the absence of the O–H bonds on the siloxane surface.

The calculation results shown in Figures 9 and 10 are used to depict the dependence
of the position of maximum in the wide band on the moisture content of the sample. This
dependence is shown in Figure 12. When plotting the graphs in Figure 12, the relationship
between the number of adsorbed water molecules and the moisture content of the sample
given in Table 1 was used. Figure 12 shows that the theory reproduces experimentally
found [14] optical effect of the shift of the wide band towards smaller wavenumbers with
an increase in the moisture content of kaolinite. This effect can be interpreted as an increase
in the oscillators mass that determine the features of the spectrum in the considered range
of wavenumbers, due to additional chemical bond of surface atoms with the atoms of water
molecules. This influence increases as the moisture content of the mineral rises.
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Figure 11. Comparison of experimental (blue lines) and theoretical (dark yellow lines), IR spectra of
kaolinite formed by hydroxyl (solid lines), and siloxane (dashed lines) basal surfaces.

Figure 12. Spectral position of the wide band maximum (see Figures 9 and 10) depending on the
moisture content of kaolinite. Experimental results [14]: •—liquid water, �—kaolinite of different
moisture content; theoretical results of this work: •—hydroxyl surface; •—siloxane surface.

When analyzing the data shown in Figure 12, it is necessary to take into account the
adsorption energy on the basal surfaces of the mineral. According to the data shown in
Figure 6, hydration of the siloxane surface is energetically less favorable compared to the
hydroxyl surface, at least up to moisture content at the plastic limit when water begins to
fill the pores of the sample. At the same time, the reported results indicate that the nature
of the dependence of the wavenumber on moisture is retained even in the case of hydration
of the siloxane surface.

Figure 13 shows experimental and calculated relative intensities of the water band
depending on the moisture content of kaolinite. It can be seen that the calculation repro-
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duces an experimentally discovered tendency to increase in the intensity of the band with
an increase in the moisture content of the sample [14]. This can be explained by an increase
in the number of oscillators with an increase in the moisture content of the mineral.

Figure 13. Integral intensity of the wide water band depending on the moisture content of kaolinite.
Experiment [14]—�; theoretical results of this work: •—hydroxyl surface; •—siloxane surface.

4. Conclusions

This paper presents theoretical study of the effect of hydration on the formation of
the features of the IR spectrum of kaolinite in the range of 2500–4500 cm−1. Theoretical
calculations of the electronic and spatial structure of hydrated kaolinite are performed
in the Hartree–Fock approximation. The calculation results were used to simulate the
IR spectra at different moisture content of the mineral. When calculating the adsorption
energies, fourth-order electronic correlations were taken into account within the Møller–
Plesset perturbation theory. Calculated adsorption energies are in good agreement with
the values obtained by other methods which indicates the adequacy of the approximations
used in this work.

Simulation of the profile of theoretical IR spectrum in the range of 2500–4500 cm−1

made it possible to qualitatively interpret experimentally discovered regularities, i.e. the
shift of the maximum of the band towards smaller values of the wavenumber and the
increase in the relative intensity of the band with an increase in the moisture content
of kaolinite samples. This effect is interpreted as a manifestation of the chemical bond
between the surface atoms of kaolinite and the atoms of water molecules. This interaction
leads to an increase in the oscillators’ masses and in their number with an increase in the
moisture content of the mineral.
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