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Abstract: Montmorillonite clay (MMT) has been widely used in engineering and environmental
applications as a landfill barrier and toxic waste repository due to its unique property as an expand-
able clay mineral that can absorb water easily. This absorption process rendered MMT to be highly
exothermic due to electrostatic interactions among molecules and hydrogen bonds between surface
atoms. A detailed study of a large supercell model of structural clay enables us to predict long-term
nuclear waste storage. Herein, a large solvent MMT model with 4071 atoms is studied using ab initio
density functional theory. The DFT calculation and analysis clarify the important issues, such as bond
strength, solvation effect, elasticity, and seismic wave velocities. These results are compared to our
previous study on crystalline MMT (dry). The solvated MMT has reduced shear modulus (G), bulk
modulus (K), and Young’s modulus (E). We observe that the conduction band (CB) in the density
of states (DOS) of solvated MMT model has a single, conspicuous peak at −8.5 eV. Moreover, the
atom-resolved partial density of states (PDOS) summarizes the roles played by each atom in the DOS.
These findings illuminate numerous potential sophisticated applications of MMT clay.

Keywords: clay minerals; montmorillonite (MMT); large-scale DFT; solvated MMT; electronic
structure; mechanical properties; sound velocity

1. Introduction

Clay minerals have recently gained attention due to their numerous desirable prop-
erties, such as mechanical strength, optical absorption, and cation exchange capacity.
Studying the structure and composition of clay minerals is expected to grow in the near
future due to the discovery of new applications and refinement of existing ones [1,2]. This
is particularly relevant for applications that require barriers for water movement, such as
earthen dams, leaks in ponds, and toxic waste landfills [3]. Furthermore, there is a recent
and fascinating application in the field of spectroscopy [4]. Clay minerals [5] are small
crystalline granules that occur during the formation process of silicate-bearing rocks. They
can make up to 40% of the minerals in sedimentary rocks and are a substantial part of soil.
Additionally, they are commonly classified as hydrous layer aluminum phyllosilicate parti-
cles with size less than 2 µm [6,7]. Moreover, they have highly reactive surfaces capable of
altering soil properties [8]. Clay minerals have always been of great interest to researchers,
particularly in the interrelated disciplines of physics, chemistry, and earth sciences. A
comprehensive understanding of their composition and physical characteristics is crucial
to comprehend fundamental aspects, such as bond strength, solvation effect, spectral char-
acterization, optical absorption, elasticity, and seismic wave velocities. This requires a
thorough understanding of the atomistic composition, electronic structure, interatomic
bonding, charge transfer, optical properties, and mechanical properties of these minerals.
Even though clay minerals have been the subject of extensive experimental research, they
still lack detailed understanding of their structure and characteristics, particularly when it
comes to atomic bonding, density of states (DOS), and mechanical properties [9]. Ab initio
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computational modelling is an ideal method to gain this knowledge, as opposed to the
expensive experimental trial-and-error approach in the laboratory. The ab initio approach is
based on density functional theory (DFT) and is more accurate than the classical approach.
The classical approach refers to methods that treat atoms as point particles with no internal
structure and uses empirical potential energy functions to model their interactions. This
approach is less accurate than ab initio methods since it does not account for the electronic
degree of freedom to compute the forces and relies on assumptions and simplifications. In
recent years, ab initio approaches have grown increasingly prominent in material research.
They have led to a number of impressive discoveries [10,11] and successful applications
of DFT to study the electronic structure and properties of atoms, molecules, and solids.
For example, DFT calculations have been used to predict the stability and reactivity of
transition metal catalysts, which are widely used in chemical reactions [12].

MMT clay is a type of smectite clay mineral. It is naturally abundant and can be
chemically modified through the cation exchange [13–15]. Weathering of eruptive rock
materials leads to the formation of MMT. MMT is considered to be a valuable model for
studying the properties of smectite clay minerals, owing to its high swelling capacity and
ability to produce stable suspensions [16]. Crystalline MMT has a layered structure that
is characteristic of smectites, consisting of two tetrahedral sheets sandwiching a central
octahedral sheet, as shown in Figure 1. Its layer charge and exchangeable cations are easily
modifiable, making it a versatile material for investigating the properties of smectite clay
minerals. Moreover, crystalline MMT has been widely studied in the literature, and its
properties and behaviors are well documented, making it an excellent reference material
for exploring other smectites. MMT is a class of materials that is hydrophilic and is
capable of absorbing cations [17]. Therefore, it can be used in numerous fields, such as
oil refining, pharmaceutical preparations, sugar refining, catalyst, and as a binder for
insulating materials [18]. Moreover, MMT is used to design polymer–clay nanocomposites,
which are capable of changing its strength and resistance [19]. Furthermore, it can form
composites of biological entities, such as proteins and amino acids [20].
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Figure 1. Polyhedral structure for crystalline MMT model. SiO4 tetrahedra and AlO6 octahedra are
shown in blue and light blue, respectively.

Computational modelling can provide valuable information to gain insight into the
complex structures of clay minerals, including solvated montmorillonite (MMT). In com-
parison to crystalline MMT, the solvated MMT is far more challenging to study due to
the presence of water [21,22] and other elements, such as Na, Mg, and Cl between these
layers. Na+ has been identified as the main electric charge carrier [23] of the MMT layer.
When a divalent metal ion takes the place of an aluminum ion in octahedral structure of
MMT, it results in having a net negative charge. This layer attracts or binds to positively
charged ions (also known as exchangeable cations), such as sodium, potassium, calcium,
and magnesium, leading to the formation of an interlayer hydrated phase. These changes
to the structure may have environmental impacts since they affect the mineral’s ability to
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adsorb and release ions and molecules, which can influence soil fertility, nutrient cycling,
and water retention.

Understanding and predicting MMT clay’s interactions with water and other environ-
mental fluids is a critical topic in geotechnical engineering, geo-environmental engineering,
industrial applications, such as muds for oil well drilling, and water treatment. MMT
clay possesses a remarkable capacity to absorb water into its interlayer spaces. This water
absorption triggers a reaction within the clay, leading to its swelling. Due to the significant
interest in understanding and predicting the swelling behavior of MMT clay, it becomes
essential to develop and study a precise model that can effectively explain and forecast
this phenomenon.

To gain a deeper understanding of various material properties, researchers can employ
a range of approaches, such as theoretical simulations and experimental studies. These
methods can establish meaningful correlations and comparisons between different prop-
erties, providing valuable insights and a wider perspective. Nevertheless, performing
experimental research can be an expensive undertaking in terms of time and money due
to the requirement for multiple physical fabrication attempts and practical limitations
while computational simulations, such as the orthogonalized linear combination of atomic
orbitals (OLCAO) [24] and molecular dynamic (MD), supported by robust algorithms and
valid theoretical models, have emerged as a crucial element in contemporary research.
These simulations serve as a bridge between theory and experiments [25]. OLCAO is a
powerful computational tool for studying the electronic structure and properties of materi-
als. This method can calculate complex systems with up to more than 4000 atoms, making
it useful for investigating a wide range of materials, including complex minerals and alloys.
By combining these approaches, researchers can gain a comprehensive understanding of
the relationships between different material properties, paving the way for new discoveries
and applications in materials science.

In this work, we performed detailed DFT calculations on the solvated MMT model.
The model consists of 4071 atoms with metallic elements, such as Na, Mg, and Cl. Details
of the solvated model are described in Section 2. We focus on the electronic structure,
interatomic bonding, mechanical properties, and partial charge distributions of the solvated
MMT. The electronic structure and properties of materials have been altered by the presence
of both metallic elements and water molecules, leading to the possibility of unexpected
applications. From the interatomic bonding, we have provided critical parameters, such
as total and partial bond order density (TBOD and PBOD). The bond order can provide
information about the internal cohesion of a material. Additionally, these parameters can
be utilized to compare dissimilar materials and identify similarities and differences in
their bonding behavior, thereby facilitating the design and optimization of materials with
specific properties and functions.

2. Model Construction

The original model, created by N. Subramanian et al. [26] was constructed with five
layers of MMT clay stacked on top of each other. This unit cell is then replicated in the
a-b plane, followed by isomorphic substitution of Mg2+ for Al3+ in the octahedral sheet to
produce a MMT layer with hydroxyl groups in places compatible with experimental results
for Wyoming-MMT with a charge of −0.57e− per unit cell (O20(OH)4 [27]. Na+ was added
to neutralize the net structural charge of the MMT layer. N. Subramanian et al., created the
molecular structure of MMT using HRTEM lattice parameters as a monoclinic unit cell in
the C 121 space group; the lattice constants a = 5.25 Å, b = 9.03 Å, c = 10.07 Å, and β = 99.5◦

from Douillard et al. [28]. The solvated MMT layer used in this work was extracted from the
model of N. Subramanian et al., as illustrated in Figure 2. The solvated MMT model of N.
Subramanian et al. mainly has one layer, that is replicated five times to form a large model.
We chose to extract only one layer since we have a periodic boundary condition in our
model. One of the major difficulties we encountered during the extraction for the solvated
MMT layer was the cell size, which needs to be optimized. This has been successfully
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resolved by optimization via VASP code [29,30]. The optimized lattice parameters are
a = 51.29 Å, b = 49.12 Å, and c = 18.27 Å. The final large supercell model has 4071 atoms
including 1057 water molecules.
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3. Methods

In this study, we have used two DFT-based packages—Vienna ab initio simula-
tion package (VASP) [31] and the orthogonalized linear combination of atomic orbitals
(OLCAO) [24,32]. VASP is utilized for the optimization of the structures and for elastic
and mechanical properties. In VASP calculation, projector augmented wave (PAW) po-
tential [33] with a generalized gradient approximation (GGA) Perdew–Burke–Ernzerhof
(PBE) [34] was used for the exchange and correlation part of the DFT potential. We used an
energy cut-off of 600 eV, with electronic force convergence at 10–5 eV, and single KPOINTS
for the large solvated MMT model. The optimized structure obtained from VASP is used as
input in the OLCAO calculation for electronic structure and interatomic bonding. OLCAO
method uses atomic orbitals in the basis expansion [32]. The combination of OLCAO
method with VASP has been very successful in electronic property calculations, especially
for large and complex systems. This success is due to the flexibility and economic use of the
basis set [35–37]. We have used a minimal basis (MB) for the self-consistent potential, and
the total density of states (TDOS), effective charges Q*

α, and bond order (BO) calculations.
The effective charges Q*

α and bond order (BO) values ραβ were calculated based on Mulliken
scheme ραβ [38,39].

Q*
α = ∑

i
∑

m,occ
∑
j,β

C*m
iα Cm

jβSiα,jβ (1)

ραβ = ∑
m.occ

∑
i,j

C*m
iα Cm

jβSiα,jβ (2)

In Equations (1) and (2), the overlap integrals Siα,jβ are between the ith orbital in the
αth atom and jth orbital in the βth atom. Cm

jβ are the eigenvector coefficients of the mth band,

jth orbital in the βth atom [24].
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The partial charge (PC) ∆Q for each atom is calculated from the effective charge using
the following equation [24]:

∆Q = Q0 − Q* (3)

where Q0 is the charge of the neutral atom. The BO shown in Equation (2) quantifies the
relative strength of the bonds. By normalizing the total bond order of all the atomic pairs
with the cell volume, total bond order density (TBOD) is obtained. TBOD is a single metric
which evaluates the internal cohesion of the system and can be further resolved into the
partial bond order density (PBOD).

The stress (σj) vs. strain (εj) response analysis scheme [40,41] is applied to the fully
optimized structure to obtain the elastic coefficients Cij (i, j = 1, 2, 3, 4, 5, 6). From εj and the
calculated σj, Cij is calculated via solving the following linear equation:

σj =
6

∑
j=1

Cijεj (4)

From the elastic coefficients Cij, mechanical parameters, such as bulk modulus (K),
shear modulus (G), Young’s modulus (E), Poisson’s ratio (ï), and Pugh’s modulus ratio
(G/K) are calculated using Voight–Reuss–Hill (VRH) polycrystals approximation [42,43].
The Voight approximation assumes uniform strain distribution in the structure, which
results in an upper limit of the polycrystalline bulk moduli. Whereas the Reuss approxima-
tion [42] assumes a uniform stress distribution resulting in the lower limits. The average of
these two limits gives the so-called Hill approximation. Hill approximation is considered
more realistic and can be compared with measured elastic parameters.

4. Results and Discussion
4.1. Electronic Structure and Interatomic Bonding

Total density of states (TDOS) and atom-resolved partial DOS (PDOS) are the most
effective ways to summarize the electronic structures of a material. In this investigation,
the DOS computation was carried out using minimal basis (MB). These results for solvated
MMT are compared with crystalline MMT [44] and shown in Figure 3. We also calculated
the TDOS and PDOS for both models within an energy range from −20.21 eV to 15.88 eV. In
the crystalline MMT, the valance band (VB) DOS has the highest peak at −1.5 eV, while the
highest peak in solvated MMT is at −8.5 eV. In crystalline MMT, the DOS in the conduction
band (CB) has multiple peaks ranging from 6 eV to 15.88 eV, which mostly originates from
O, Si, and Al atoms. Whereas in solvated MMT, there is a single prominent peak at 8.5 eV,
which originates from O. The atom-resolved PDOS summarizes the contributions from
each atom to the VB and CB. In both cases, it shows the lower part of the VB DOS mainly
originating from the O atoms. There is a clear HOMO–LUMO band gap (Egap) of 5.11 eV in
the crystalline model, but no band gap in the solvated model due to the presence of water
molecules. Both oxygen and hydrogen atoms are filling the gap with further interaction
to Si and Al atoms. It is important to note that the location of 0 eV is not the same. The
0 eV is at the highest occupied state at HOMO–LUMO. In the solvated model, the water
molecules occupied those states. Furthermore, solvation refers to the process of dissolving
a material in a solvent, which can result in the formation of a solvated shell around the
material. The solvation shell can interact with MMT’s electronic orbital, leading to changes
in their energy levels or charge distribution. As a result, we can claim that when the size of
the alkali ions increases, the band gap decreases as in the hydrated MMT.
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The most critical component of the electronic structure is interatomic bonding. Crys-
talline MMT has only four types of bonds: O-H, Si-O, Al-O, and O· · ·H, which are also in
the solvated model. The solvated MMT is signficantly more complicated. It has a total of
fifteen types of bonds: Al-H, Al-O, Cl-H, Cl-Na, Cl-O, H-H, H-Mg, H-Na, O-H, O· · ·H,
H-Si, Mg-O, Na-O, O-O, and Si-O. In crystalline MMT, the O-H bond exhibits a strong
bond with a bond order (BO) value of approximately 0.29 e−, as depicted in Figure 4a.
Additionally, there are some hydrogen bonds (HB) O· · ·H with very low BO and larger
bond length (BL) between 2.47 and 3.49 Å. The Si-O and higher BO followed by Al-O bonds
and both bonds act as a unit in the crystalline MMT. In solvated MMT, there is a wide range
of BO for O-H, Si-O, and Al-O bonds. It is worth noting that the bond length has lower
variation, while the bond order fluctuates significantly. This fluctuation in bond order
could be explained by the presence of water molecules. Additionally, there is a notable
presence of weak O· · ·H bonds ranging from 1.50 Å to 3.49 Å. In solvated MMT, O-O bond
has the strongest BO value of around 0.51 e−, followed by the H-H bond with a BO value
of approximately 0.47 e−, as shown in Figure 4b. Interestingly, there are short H-H bonds
with higher BO in the solvated MMT. These short H-H bonds are from two different H2O
molecules. Mg-O and Na-O have bonds with noticeable BO. Cl-H has higher BO of around
0.28 e− in comparison to Al-H, H-Mg, H-Na, and H-Si bonds. Al-H, H-Mg, H-Si, and H-Na
have lower BO at higher BL and are overlapped by other data in Figure 4b. There is one
Cl-Na bond with BO of 0.06 e− at 2.69 Å. These bonds may not have a strong effect in the
solvated MMT.

TBOD is a useful metric to study the crystal cohesiveness. The TBOD for the crys-
talline MMT is 0.033 e−/Å3, whereas for the solvated MMT, it is 0.022 e−/Å3. To identify
the reason behind lower TBOD in solvated MMT, we further analyzed the percentage
contribution from the PBOD for each type of bond as shown in Figure 5. Si-O bonds with
62.29% contribution in TBOD of crystalline MMT is significantly higher. Si-O bonds form
a strong three-dimensional network of tetrahedral sheets, providing structural stability
and cohesiveness. On the other hand, solvated MMT contains water molecules and ex-
changeable cations between the layers, which create weaker electrostatic interactions with
the mineral, reducing its overall cohesiveness. Although the Si-O bonds in solvated MMT
are also covalent in nature, they contribute less to the stability than in crystalline MMT.
Therefore, understanding the difference in the contribution of Si-O bonds between the two
types of MMT is essential for understanding their distinct physical and chemical properties.
We observe that the Al-O bonds also make higher contribution of 29.67% in crystalline
MMT in comparison to solvated MMT with modest contribution of 12.34%.
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The presence of water in solvated MMT leads to the formation of a strong hydro-
gen [45] bonding network between the absorbed water in the interlayer, which is en-
ergetically favorable and exothermic. These findings have significant implications for
applications, such as nuclear waste storage. In addition, the strong O-H bonds found in
water molecules as well as in the hydroxyl groups have key contribution of 44.17% in the
solvated MMT. Whereas the O-H bonds have only 7.72% contribution in crystalline MMT.
Following a similar pattern, the solvated MMT has higher O· · ·H contribution in compari-
son to crystalline MMT. Higher O-H and O· · ·H contribution in the solvated MMT is clearly
due to water molecules, since MMT is known to be hydrophilic and this notable character-
istic differentiates it from crystalline MMT and other clay minerals. Furthermore, there is a
very low contribution of Mg-O, O-O, and H-H bonds as shown in Figure 5b. The lower BO
contribution of Al-H, Cl-Na, H-Na, H-Mg, and H-Si bonds leads to negligible percentage
contribution in TBOD. Solvated MMT leads to a significantly more complicated bonding
arrangement and a wide range of BO values. A comprehensive explanation of interatomic
bonding in a complex system, as this large model shows, is a challenging endeavor.

4.2. Mechanical Properties

The study of mechanical properties of clay minerals is critical, particularly for engi-
neering [46,47]. However, due to their tiny particle size the mechanical properties of clay
minerals are difficult to evaluate directly. It is hard to isolate a large enough individual
crystal of clay and impossible to directly measure their acoustic properties. However, we
employed a computational approach using VASP to calculate the elastic coefficients for
both crystalline and solvated MMT. Table 1 shows the calculated mechanical properties
of crystalline and solvated MMT. The calculated mechanical properties are bulk modulus
(K), shear modulus (G), Young’s modulus (E), Poisson’s ratio (η), Pugh’s modulus ratio
(k = G/K), and Vicker’s hardness (HV). Vicker’s hardness is calculated using Tian et al. [48]
equation HV = 0.92k1.137G0.708. Shear modulus (G) measures how resistant a material is to
shear deformation. On the other hand, bulk modulus (K) measures a material’s resistance
to volume compression. The compressibility of a material increases as its K decreases. Ad-
ditionally, the sound velocity is closely related to the G and K, making it a useful parameter
for analyzing the seismic and sonic log data [49]. Finally, Young’s modulus (E) measures
how stiff a material is or how well it can resist deforming in the direction of an applied force.
This study compares the mechanical properties of the solvated model to the crystalline
model and reveals a significant decrease in the G, K, and E of solvated MMT. This implies
that water solvation in MMT reduces the mechanical strength. However, the Poisson’s ratio
of both models remains similar, exhibiting only slight variations in their values. This means
that water has no effect on the material’s ability to contract laterally while being stretched
longitudinally. It is also interesting to note that Pugh’s modulus ratio and Vicker’s hardness
are slightly lower for solvated MMT. This indicates that solvated MMT is less stiff and less
resistant to deformation than crystalline MMT. We were unable to find any experimental
data on the mechanical properties of solvated MMT for compositions analogous to those
used in this paper. In order to visualize the anisotropy of the Young’s and shear moduli,
we have plotted the three-dimensional (3D) anisotropic surface figures using ELATE [50]
software for both crystalline and solvated MMT in Figure 6. The surfaces of Young’s
modulus are shown in green color in both crystalline and solvated MMT, indicating the
positive values.

The degree of deviation of the surfaces in Young’s and shear moduli from the spherical
shape determines the anisotropy. Figure 6a,b shows that the degree of elastic anisotropy
in Young’s and shear moduli is higher in crystalline MMT compared to solvated MMT, as
shown in Figure 6c,d. This can be attributed to the fact that crystalline MMT has a more
spherical shape in all three planes, which leads to a more isotropic distribution [51]. In
solvated MMT, the presence of absorbed water molecules in the interlayer region causes the
clay to swell, resulting in a more elongated shape and a higher degree of elastic anisotropy.
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In contrast, crystalline MMT has a more compact and ordered structure, which leads to a
lower degree of anisotropy in its elastic properties.

Table 1. The calculated bulk modulus (K), shear modulus (G), Young’s modulus (E), Poisson’s ratio
(η), Pugh’s modulus ratio (k = G/K), and Vicker’s hardness (HV) for crystalline and solvated models.

Model K (GPa) G (GPa) E (GPa) η G/K HV (GPa)

Cryst-MMT * 31.85 23.74 57.05 0.2015 0.7453 6.201

Solv-MMT 21.55 16.03 38.53 0.2019 0.7438 4.685
* From reference [44].
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It is crucial to determine the sound velocities once we have the elastic tensors for the
solvated MMT. The following equations can be used to obtain the transverse sound velocity
VT and longitudinal sound velocity VL [52].

VT =

√
G
ρ

, VL =

√
K + 4

3 G
ρ

(5)

where ρ represents the density. In Table 2, we compare the calculated densities, VL and VT,
of crystalline and solvated MMT. In the solvated MMT, VL and VT are both larger than in
the crystalline case. These results may have applications in seismology and geosciences.
The values of VL and VT can be used to determine the elastic properties of a material and
to infer its geological structure. Compared with other clay minerals, such as illite, it has
been found that the elastic properties of MMT are highly dependent on the layer charge
density and the nature of the interlayer cations. This makes them a potentially useful tool
for exploring geological structures and characterizing subsurface environments.

Table 2. Density (ρ) and values of sound velocities (VL and VT).

Model ρ (g/cm3) VL (m/s) VT (m/s)

Cryst-MMT * 2.76 4797 2933

Solv-MMT 1.64 5115 3126
* From reference [45].
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In particular, the high swelling capacity of MMT and its ability to form stable sus-
pensions make it a promising candidate for use in drilling fluids, where it can help in
stabilizing boreholes and prevent blowouts.

5. Conclusions

In this article, we explore the computational simulation of montmorillonite (MMT) in
both crystalline and solvated forms. Our study presents a comprehensive analysis of the
electronic structure, interatomic bonding, and mechanical properties for solvated MMT clay
mineral. This is the first study on solvated MMT using large-scale supercell modelling based
on density functional theory (DFT). Our meticulous analysis involves bonds between each
pair of atoms in the solvated MMT model, which reveals the complexity of covalent and
hydrogen bonds. One of the key findings is that the presence of water in this model leads
to a strong hydrogen bonding network with adsorbed water molecules in the interlayer.
The O-H, Si-O, Al-O, and O· · ·H are important components of interatomic bonding, which
is found in both crystalline and solvated MMT. We can see that O-H and O· · ·H bonds
have a higher contribution in the solvated MMT compared to crystalline MMT due to water
molecules. Conversely, the Si-O and Al-O bonds have less contribution in the solvated
MMT compared to crystalline MMT. Moreover, our analysis of the electronic structure
revealed a single prominent peak in the DOS in the conduction band (CB) located at −8.5 eV
in the solvated MMT model. In addition, we analyzed the atom-resolved partial density
of states (PDOS) to determine the contributions made by each atom in the VB and CB.
We found that the majority of the lower part of the VB DOS originates from the O atom,
while the CB DOS is contributed by H atoms. One of the most significant findings is that
the solvation of montmorillonite (MMT) leads to a significant decrease in its mechanical
strength, as evidenced by reduced values of G, K, and E. The presence of water does not
affect the material’s lateral contraction ability while being longitudinally stretched, as
indicated by similar Poisson’s ratios for solvated and crystalline MMT. These results from
mechanical properties also reveal important insights into sound velocities. Comparing
the densities, VL and VT, we observe that both values of VL and VT are higher in solvated
MMT compared to crystalline MMT, while the converse is true in densities. Our findings
have implications for the potential application of MMT clay in environmental applications
as a landfill barrier and toxic waste repository. In summary, our study sheds light on the
electronic structure and bonding network of solvated MMT clay, which can guide future
research into its potential applications.
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