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Abstract Expansive soils are known to be haz-
ardous materials for infrastructure due to their high 
shrinking or swelling potential. Understanding the 
shrinking factors of expansive soils such as mont-
morillonite (MMT) is essential for predicting their 
mechanical properties. The interactions between the 
components of Na-MMT clays, e.g., MMT layer–
layer (LL), layer–cation  (LC), layer–water (LW) and 
water–cation  (WC), are responsible for its shrinking 
behavior. In this study, molecular dynamics simula-
tion and grand canonical Monte Carlo simulations are 
used to investigate the interaction energy evolution in 
the layered structure of Na-MMT for the shrinkage 
mechanisms analysis of clay. The results of simula-
tion indicate that the magnitude of the interaction 
energy contributed by the interlayer cations dehydra-
tion is the driving force of the interlayer shrinkage. 
Furthermore, in the hydrated state, with one water 
layer, two water layers and three water layers, the 

attractive interactions between WC and LW, main-
tain the stability of the clay layers. However, at the 
dry state, the interaction energy between layers and 
cations appears to be the most essential component 
in holding the stacked layers together, which pro-
vides structural stability to the clay sheets. Finally, 
the study reveals that intermolecular interactions con-
tribute to the mechanical properties of clays such as 
cohesive and elastic properties.

Keywords Molecular dynamics simulation · 
Interaction energy · Shrinkage behavior · Cation 
dehydration

1 Introduction

Smectites are ubiquitous clay minerals in the earth 
surface environments, where the minerals display a 
wide range of crystal–chemistry properties. Smec-
tite clays are observed to swell significantly when 
exposed to water, and shrink as the water drains (Fu 
et  al. 1990). The swelling-shrinkage behavior of 
smectite clays is the basic factor of many geotechni-
cal and geo-environmental engineering challenges 
(Amarasinghe and Anandarajah 2012; Acharya et al. 
2015; Anandarajah and Amarasinghe 2013; Song 
et  al. 2024). The swelling–shrinkage rotation may 
produce a great deal of stress, which might dam-
age a variety of engineering structures (Wang and 
Wei 2015; Acharya et  al. 2015; Anandarajah and 
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Amarasinghe 2013), as shown in Fig. 1. With regard 
to the multi-scale responses from micro- to atomistic-
scale of the soil, understanding the swelling-shrink-
age process of smectite is crucial for predicting soil 
behavior in the short- and long-term requirements.

As montmorillonite (MMT) is the principal com-
ponent of smectites, which plays a vital role in the 
swelling and shrinking behaviors of expansive soils, 
it has been studied extensively by experimental and 
numerical methods (Amarasinghe and Anandara-
jah 2013; Boek 2014; Boek et al.1995; Bowers et al. 
2011; Katti et al. 2018; Li et al. 2024; Norrish 1954; 
Tajeddine et  al. 2015; Villar et  al. 2012; Zheng and 
Zaoui 2013; Vydelingum et al. 2023). Norrish (1954) 
used X-ray diffraction to study the swelling of mont-
morillonite in salt solutions and found that the type 
of interlayer cations and their hydration energy affect 
the initial swelling. Fu et  al. (1990) found that the 
clay structure varies during the swelling-shrinking 
cycle and is governed by the relative humidity and 
bending of the adsorbed water, as well as the level 
of interaction between the clay layers. Michot et  al. 
(2005) investigated the effect of layer charge on the 
swelling-shrinkage process. The result demonstrated 
that cohesiveness between layers rises with increas-
ing layer charge, and highly charged clay layers are 
difficult to swell in the early swelling state. He et al. 
(2020) conducted an experimental investigation to 
study the effects of salt solution on the swelling and 
shrinkage behavior of expansive soils and found that 
the swelling strain of bentonite decreases from 177% 
in pure water to 75% in NaCl solution. Henok et al. 

(2021) presented that the swelling-shrinking behav-
ior of the examined soils is closely related to tem-
perature: the higher the temperature, the larger the 
shrinkage. These results show that thermal and saline 
environments have a significant impact on the swell-
ing-shrinkage behavior of MMT soils.

Besides experimental techniques, molecular simu-
lations are complementary techniques for studying 
the complex structure and interlayer interactions in 
montmorillonite. Molecular simulations can provide 
a more detailed picture of the interlayer structure 
evolution, the interlayer water and cations transition, 
and their thermodynamic properties (Al-Zaoari et al. 
2022;  Chen et  al. 2023; Cygan et  al.  2021), which 
are challenging to accurately measure in experi-
ments. For the simulation of swelling-shrinkage in 
clay mineral systems, there are two major methods: 
molecular dynamics (MD) and Monte Carlo (MC), 
which are based on dynamics and classical statisti-
cal mechanics, respectively (Anderson et  al. 2010). 
Yotsuji et  al. (2021) examined the crystalline swell-
ing of MMT with diverse interlayer cations with 
experimental measurements and MD simulations and 
found a good agreement between MD simulation and 
experimental results in terms of swelling mechanism 
and interlayer cation influence. MD and discrete-ele-
ment method (DEM) simulations were used to study 
the swelling mechanism of MMT, and it was found 
that the interlayer forces, as well as the interlayer ions 
species, play a key role in the crystalline expansion 
(Amarasinghe and Anandarajah 2013; Anandara-
jah and Amarasinghe 2013). Other MD simulations 

Fig. 1  Schematic diagram of expansive soil hazards to engineering structures and an illustration of various scales of swelling clay
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focused on the structure and dynamic features of the 
hydrated MMT, calculation of the diffusion coef-
ficient of water molecules and interlayer cations, as 
well as the basal spacing (Chang 1995; Marry 2002; 
Norrish 1954; Zhang 2016; Zheng and Zaoui 2011; 
Liu 2021), which showed that the hydration swell-
ing of MMT is influenced by interlayer cation and 
internal surface charge (Young and Smith 2000). 
Wei et al. (2022) investigated the sensitivity of water 
content and structural anisotropy on the mechanical 
behavior of MMT with the help of hydrogen bonds 
in MD simulations. The Monte Carlo approach was 
used to simulate the hydration swelling of Li-MMT, 
Na-MMT, and K-MMT, revealing that sodium and 
lithium are considerably easier to hydrate than potas-
sium (Boek et al. 1995).

Molecular interactions in the interlayer of MMT 
are responsible for clay strength, durability, and 
thermal properties. With varying amounts of water 
adsorbed or desorbed in the interlayer of clays, the 
interlayer spacing is determined by the equilibrium 
of nonbonded interactions between clay layers, water 
molecules, and cations at a constant temperature 
and pressure (Li 2020; Pradhan 2015; Ewis et  al. 
2022; Liu et  al. 2022; Dai et  al. 2023; Ghazanfari 
et  al. 2023). A detailed understanding of microscale 
swelling-shrinkage as well as particle layer and inter-
layer species interactions is demanded. Smith et  al. 
(2006) carried out MC and GCMC simulations on 
the thermodynamics of clay swelling, in which the 
temperature- and pressure-dependence of clay swell-
ing was related to the entropy and volume change 
of the system, and evaluated the chemical poten-
tial to determine the basal spacing and adsorption 
isotherms. Abduljauwad et  al. (2017) investigated 
the swelling potential of MMT from the perspec-
tive of cohesive energy density. Katti et  al. (2018) 
carried out Fourier transform infrared (FTIR) and 
molecular dynamics simulation to study the swell-
ing behavior of Na-MMT in different organic fluids 
and found that nonbonded interactions between clay 
and water are more obvious, indicating that the polar-
ity of fluids plays a significant role in the interlayer 
swelling-shrinkage. However, most of current stud-
ies focus on the interpretation of MMT swelling, but 
neglect the shrinkage behavior of MMT, especially 
on the evaluation of interaction energies as well 
as the effect of temperature and fluid salinity. This 
limitation may result in some incorrect evaluations 

of shrinkage behavior in many engineering fields, 
such as construction, coastal conservation, road pav-
ing, etc. Thus, it demands a detailed understanding 
of microscale shrinkage as well as particle layer and 
interlayer species interactions.

In this study, we purpose to reveal the different 
interactions of MMT components during shrinkage 
(including interaction of layer to layer (LL), interac-
tion of layer to water molecules (LW), interaction of 
layer to cations (LC), and interaction of water mol-
ecules to cations (WC)), and to find the relationship 
between the shrinkage process and the interlayer 
change from the perspective of internal interactions. 
To better understand the impact of temperature and 
salinity on the mechanical properties of clays dur-
ing shrinkage, two types of solutions (pure water and 
NaCl solution) are adopted to represent non-saline 
and saline environments and three temperatures 
(273  K, 298  K and 324  K) are considered to simu-
late the deep-sea, the room, and the high-temperature 
environments respectively in the MD simulations.

2  Molecular dynamics simulation and procedures

2.1  Model construction

All Molecular Dynamics (MD) and Grand canoni-
cal Monte Carlo (GCMC) simulations are per-
formed using Lammps software (Plimpton 1995) 
and VMD (Humphrey et  al. 1996) for visualiza-
tion and the calculation of the hydrogen bonds. The 
chemical formula of the MMT models is given as Na 
0.75(Al3.5Mg0.5)  [Si7.75  Al0.25]  O20(OH4) (Boek et  al. 
1995). The atomic coordinates of the unit cell are 
a = 5.175  Å, b = 8.896  Å. The MMT model consists 
of two layers (4a × 2b × 2c) with 195 water molecules, 
which are continuous in three directions through 
the periodic boundary. These layers are negatively 
charged because of the substitution of  Mg2+ for  Al3+ 
in the octahedral sheets and that of  Al3+ for  Si4+ in 
the tetrahedral sheets (Du et  al. 2022). This substi-
tution creates a negative layer charge of − 0.75 e/
uc which is balanced by the interlayer cations (0.75 
Na/uc). For saline environment simulation, NaCl is 
added in the interlayer, assuming that salt ions diffuse 
into the interlayer of MM, with a salt concentration of 
about 34 g/kg, which is close to the salt concentration 
of seawater (Birgersson and Karnland 2009; Camara 
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et  al. 2017; Aoyama et  al. 2002). A representative 
schematic diagram of the Na-montmorillonite model 
and categories of MMT interactions are shown in 
Fig. 2.

2.2  Simulation details

The Na-MMT model is initialized with cations 
located in the midplane of the interlayer and water 
molecules inserted above and below the cations. 
Independent MD simulations are first performed for 
thermodynamic equilibrium. The energy minimiza-
tion and geometry optimization are performed, and 

random interlayer configurations are generated in 
the canonical (NVT) ensemble for 50 ps with a time 
step of 1.0  fs, where all atoms are allowed to move, 
followed by a further equilibration in the isothermal-
isobaric (NPT) ensemble lasting 500 ps until the sys-
tem achieves its equilibrium state. Next, the model 
is brought to a shrinking process by GCMC and MD 
simulations.

GCMD simulation has been applied to study the 
adsorption and desorption properties of water in absor-
bent materials as it is a flexible and effective technique 
(Botan et  al. 2011). Since the temperature, volume, 
and number of atoms in MD are fixed, the GCMC is a 

Fig. 2  Schematic representation of MMT model and four categories of MMT interactions: a MMT initial model; b diagram of four 
categories of MMT interactions: layer–layer (LL), layer–cation (LC), layer–water (LW) and water–cation (WC)
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better choice to simulate an open system, in which the 
temperature, volume, and chemical potential are fixed 
while the number of atoms and molecules in the sys-
tem is allowed to vary. Therefore, a cycle of GCMC 
and MD is used in this study to simulate the desorp-
tion of water. For each cycle, the GCMC which con-
sists of N Monte Carlo attempts and (NMC) of particle 
insertion or deletion, is followed by 2 ×  104 MD steps in 
the NPT ensemble. The chemical potential of the water 
is defined as the chemical potential (pressure) of the 
ideal gas reservoir with a value of 1  atm. Only water 
molecules are allowed to move (delete) in the GCMC 
and the MD allows the system to equilibrate after the 
change of water molecules in the system. Thus, the 
shrinking of MMT is generated by the GCMC dele-
tion of water molecular and MD equilibrium processes. 
Over the last step of MD runs, every 20  ps, the con-
figurations of the system are recorded for further energy 
and structural analysis. The MD simulations last for 
900 ps before MMT dries out.

In the MD simulation, the temperature of 273  K, 
289 K, 324 K and the pressure of 1 atm are controlled 
by Nosé-Hoover thermostat and barostat, respectively. 
The coupling constants for the thermostat and barostat 
are 100- and 1000-time steps, respectively. The Clayff 
force field is used to describe the interactions between 
atoms (Cygan et  al. 2004). The flexible simple point-
charge SPC water model (Berendsen et  al. 1981) is 
used in combination with Clayff. Clayff is dominated 
by nonbonded interactions (van der Waals and Cou-
lombic), with just layer hydroxyl groups and water 
molecules exhibiting bonded interactions. The Cou-
lombic interactions are calculated using the Ewald 
summation, with a cut-off distance of 10 Å, while the 
Lennard–Jones is used to evaluate the van der Waals 
interaction:

where E is the total potential, rij is the separation dis-
tance,�0 is the vacuum dielectric constant, qi and qj 
are the partial charge of atoms i and j, respectively.�ij 
is the Lennard–Jones size, �ij is the Lennard–Jones 
well depth, see Fig.  3, which can be defined by the 
following Lorentz-Berthelot combing rule:

(1)E(rij) = 4�ij

[

(

�ij

rij

)12

−

(

�ij

rij

)6
]

+
qiqj

4��orij

(2)�ij=
√

�i�j

To calculate the interaction energies of MMT com-
ponents, groups for the different components (lay-
ers, cations, and water molecules) are defined first, 
and then the pairwise interaction energies between 
these specified groups are calculated. The interac-
tion energy, which includes both van der Waals and 
Coulombic interactions, is calculated between all 
the atoms in the first group and all the atoms in the 
second group. For instance, to calculate Coulombic 
interactions, the double sum in Ewald summation is 
restricted to include only atoms in specific groups A 
and B, where the term x(k) can be defined as a double 
sum over particle positions as:

where qi, qj are the charge of atoms i and j in group 
A and B, respectively, ri, rj The position vec-
tor of atomi and j , k is A reciprocal lattice vector, 
SA(k) and SB(k) are the structure factors for groups A 
and B, respectively.
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Fig. 3  Schematic of Lennard–Jones potential between two 
pairs
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3  Results and discussions

MMT shrinkage is defined as a reduction process in 
the distance between clay layers (basal spacing) as a 
result of interlayer water molecular desorption. Fig-
ure 4a show the number of water molecules at the end 
of each GCMC cycle. One to four water molecules 
were deleted in each GCMC attempt, leading to a 
gradual decrease in the interlayer water content with 
time. This desorption process was observed to signifi-
cantly impact the interlayer spacing, contributing to 
the overall shrinkage of the Na-MMT structure. The 
linear desorption trend is similar to the adsorption 
behavior of water molecules into the interlayer spaces 
of Na-MMT as reported by Svoboda et  al. (2018). 
To confirm the simulation accuracy in this study, 
the basal spacing of freshwater simulation at 298  K 
is presented as a function of water content in Fig. 4, 
and compared to experimental and simulation results 
in the literature (Fu et  al. 1990; Zhang et  al. 2011), 
which indicates the shrinking of Na-MMT through 
three water layers. The simulation results in this study 
are found in good agreement with the previous exper-
iment and simulation data.

Furthermore, previous research indicates that Na-
MMT exhibits two stable states corresponding to 
two or three water layers in the crystalline swelling 

regime (Loganathan et  al. 2016; Zhang et  al. 2014). 
However, adding more water beyond these states, the 
montmorillonite expands continuously without reach-
ing a stable multilayered water configuration. At this 
stage, the clay layers have expanded sufficiently so 
that the interlayer water effectively shields the elec-
trostatic interactions (LL). Essentially, at more than 
three water layers, the system’s energy is dominated 
by the hydrogen bonding among the interlayer water 
molecules, making the interlayer region behave 
more like bulk water than structured interlayer water 
(Cygan et al. 2004).

The change of basal spacing of Na-MMT during 
the shrinkage with various temperatures and water 
environments is collected and shown in Fig.  5. The 
basal spacing curve illustrates the shrinkage manner 
of Na-MMT as interlayer water content decreases 
from 0.3 to 0 gW/gC (30 to 0%) with 3 to 0 water 
layers (3W, 2W, 1W, and 0W). It is observed that, at 
hydrated state (3W, 2W and 1W), the temperature 
effect on the basal spacing is minor, especially at low 
water content, and this agrees with the previous study 
(Zhang et  al. 2010; Teich-McGoldrick et  al. 2015). 
Nevertheless, at dry state, temperature has remarka-
ble influences on the basal spacing in salt water simu-
lation. It is found that the basal spacing under 298 K 
is smaller than that under 273  K while the basal 

Fig. 4  a The number of water molecules with time step during GCMC cycles at 298 K. b The basal spacing of Na-MMT in this 
work at 298 K compared with previous simulation and experiment results
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spacing of 342 K is the largest. Moreover, at dry state, 
the MMT has higher basal spacing in salt water com-
pared to fresh water, mainly due to the salt anions at 
the middle of the interlayer.

As shown in Fig.  6, the density profiles of inter-
layer ions in salt water simulations have peaks in the 
middle of the interlayer, which can be interpreted as a 
midplane formation of salt anions, whereas the inter-
layer ions peaks in fresh water simulations are close 
to clay surface oxygen.

In the following sections, the interaction energy 
between the components of Na-MMT (layer–layer, 
layer–cation, layer–water and water–cation) will be 
presented and the effect of the temperature and the 
water salinity on the interaction energy will be dis-
cussed. Interaction energy is the contribution of inter-
component interactions to the total potential energy 
between these components. The positive interaction 
energy represents the repulsive interaction, while the 
negative interaction energy indicates the attractive 
interaction between the two atoms and/or molecules.

3.1  Effects of temperature on the interaction energy

In this section, we will discuss the interaction energy 
between the four components of Na-MMT during the 
shrinkage in fresh water at 273 K, 298 K and 324 K.

3.1.1  Interaction between layers (LL)

The interactions between clay layers are crucial for 
understanding the complex dynamics within the inter-
layer of Na-MMT. Figure  7 shows the interaction 
energies between two MMT layers as a function of the 
water layers in the interlayer at various temperatures: 
(a) 273 K, (b) 298 K and (c) 324 K. The Coulombic 
forces are repulsive due to the like charges of the lay-
ers, while the vdW interactions can be attractive at 
sufficient distances, providing some stabilization to 
the structure. It is found that the repulsive Coulombic 
interactions are close to zero with the large separation 
by three water layers (3W) between the MMT layers, 
reaching about 1.1 kcal/mol for 17 Å of layer spacing. 
However, the interactions rise slightly at two water 
layers (2W), with the water content in the interlayer 
falling to 0.20 gW/gC. At one water layer (1W), these 
interactions maintain increasing before jumping to 
the peak point (up to 330 kcal/mol) at dry state (0W). 
Similarly, the attractive van der Waals interactions 
grow as the distance between layers decreases due to 
the desorption of water. At three water layers, the van 
der Waals interactions are as small as around 0.2 kcal/
mol, and reach an apex of around 110  kcal/mol at 
dry state. Such behavior was previously observed in 
a study of the swelling behavior of Na-MMT (Katti 

Fig. 5  The basal spacing of Na-MMT as a function of water content with various temperatures and water environments during the 
shrinkage: a fresh water; b salt water
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et  al. 2008), but the van der Waals attractive inter-
actions still are dominant at dry state, which differs 
from the observation in this study that the repulsive 
Coulombic interactions are dominant even at dry 
state. In general, both Coulombic and van der Waals 
interactions are almost the same with different tem-
peratures, which means that the temperature effect on 
the LL interaction is negligible.

The overall controlling interactions between the 
atoms of the two adjacent clay layers are the repul-
sive Coulombic interactions and the attractive van 
der Waals interactions are not large enough to hold 
the layer together. This suggests that the interaction 
between clay layers has a slight impact on the MMT 
structure’s stability, which is governed by the interac-
tion of other interlayer components.

Fig. 6  Density profile of interlayer ions and clay surface oxygen (Clay-O) for Na-MMT at dry state, at 273 K, 298 K and 324 K: a 
fresh water; b salt water

Fig. 7  The interaction energies between clay layers (LL): 
Coulombic (Coul) and van der Waals (vdW) interactions, 
with the change of interlayer water layers at 273 K, 298 K and 
324 K
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3.1.2  Interaction between layers and cations (LC)

The LC interactions are collected and shown in 
Fig.  8. Coulombic forces are attractive because of 
the opposite charges of the layers and cations, while 
the vdW interactions may appear repulsive at very 
short distances due to electron cloud repulsion. The 
layers–cations interaction energies increase signifi-
cantly as the water content decreases because of 
the desorption of interlayer water molecules. At the 
beginning of the shrinkage, with three water layers, 
the van der Waals and Coulombic interactions are 
frail. It seems that, at three water layers, the inter-
layer cations interact greatly with the interlayer 
water molecular rather than with the clay layers, as 
indicated in Fig. 9. This may be because the cation 
tends to form an out-sphere complex and lends to 
the middle plan of the interlayer. Contrarily, at low 
interlayer water content (1W) and dry state (0W), 
the interlayer cations interact strongly with the lay-
ers because the cations tend to the clay mineral sur-
face to form inner-sphere surface complexes. These 
results are in agreement with the previous study 
of the layers–Na interaction of Na-MMT (Pradhan 
2015), in which the LC interactions increase as the 
water content in the interlayer decreases. In addi-
tion, it can be seen that the temperature effect on 
the interactions between layers–cations is obvious 

just at higher hydrate state (3W) and the Coulom-
bic interactions at 273 K are the smallest followed 
by 324 K and 298 K.

These results corroborate previous findings that the 
total interaction energies between clay layers and inter-
layer cations are attractive and predominantly deter-
mined by Coulombic interactions (Liu et  al. 2021). 
Through the comparison between Figs.  7 and 8, the 
magnitude of attractive interactions between LC over-
come the LL repulsive interactions, and thus, these 
attractive LC interaction energies are dominant to hold 
the MMT layers together, especially at dry state.

3.1.3  Interaction between interlayer water molecules 
and cations (WC)

Figure 9 plots the WC interaction energies during the 
shrinkage processes, as a function of water layers. With 
three layers of hydration, the interactions are attractive 
Coulombic and repulsive van der Waals interactions 
and the general interactions are primarily governed 
by Coulombic interactions. The attractive Coulombic 
interactions rise slightly at two water layers before dis-
appearing at dry state. Furthermore, the strong Cou-
lombic interactions at two water layers (2W) keep the 
water molecules nearby to the interlayer ions. This 
suggests that, at this hydration level, the interlayer 
cations are completely hydrated. Besides, at higher 
hydrate state (3W and 2W) the temperature effect is 
remarkable that the interactions decrease as tempera-
ture increases, but at low hydrate state (1W) the inter-
actions dropped down at 273  K. A correlation could 
be drawn between the diffusion coefficient presented 
by Zhang et  al. (2013) and the interaction energy of 
the interlayer cations and water molecules, in which 
the diffusion coefficient increases as interlayer water 
and temperature increase while the interaction energy 
decreases. Moreover, Teich-McGoldrick et  al. (2015) 
noted that the stability of hydration shells around cati-
ons and the clay surface varies with temperature. The 
hydration shells are more stable at lower temperatures, 
leading to more consistent interaction energies.

According to the results of LC and WC in Figs. 8 
and 9, it can be found that the interlayer cations interact 
much more greatly with water at high water content. 
As interlayer water desorption, these cations tend to be 
attracted strongly to the clay surface and dominant in 
binding the MMT layers together at the dry state.

Fig. 8  The interaction energies between clay layers and inter-
layer cations (LC): Coulombic (Coul) and Van der Waals 
(vdW) interactions, with the change of interlayer water layers 
at 273 K, 298 K and 324 K
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3.1.4  Interaction between layers and interlayer water 
molecules (LW)

The LW interaction energies as a function of the water 
layers are plotted in Fig. 10. The interactions between 
clay layers and water molecules are attractive and 
derived by the Coulombic interactions. Note that the 
van der Waals interactions are negligible compared 

to the Coulombic interactions and are not included 
in the results. The Coulombic interactions rise obvi-
ously with the desorption of the interlayer water, 
when transit from three to one water layers, then 
decreases to reach zero at the dry state. The hydra-
tion film of water molecules disappeared because of 
water molecule desorption, and the interaction in the 
dry state disappeared as well. Furthermore, it is clear 
that the interaction energy is also influenced by the 
temperature, which is higher at relatively low temper-
atures and decreases as temperature increases, with 
the exception in the case of 1W at 273 K where the 
interactions fell down similar to the interactions of 
WC at the same case.

In general, the effect of temperature on the interac-
tions between Na-MMT components did not follow a 
consistent trend across different types of interactions. 
Specifically, LL and LC interactions exhibited vary-
ing responses to temperature changes, while WC and 
LW interactions generally decreased with increas-
ing temperature. This variability can be attributed 
to the increased entropy resulting from thermal dis-
persion at higher temperatures. According to Smith 
et  al. (2006), the swelling behavior and interac-
tion energies in clays are influenced by temperature 
through entropy changes. At higher temperatures, 
the increased thermal motion of water molecules and 
ions leads to greater entropy, which disrupt the inter-
actions among interlayer water molecules and ions 
(Whitley and Smith 2004).

Furthermore, the significant magnitude of attrac-
tive interactions between the clay layers and the 
associated water molecules means that the water 
molecules are tightly bound to the clay layers. Addi-
tionally, at hydrated state (1W, 2W and 3W), the sub-
stantial attractive interaction energy caused by LW 
interactions as well as WC far beyond compensates 
the weak attractive LL and LC interactions. Thus, 
the LW and WC interactions play a substantial role 
in the stability of hydrated clay at a hydrated state. 
However, they decrease with the increasing interlayer 
hydrated state, the interlayer separation, as well as the 
temperature.

3.2  Effect of salinity on the interaction energy

The interaction energy between the four components 
of Na-MMT and the effect of the salt water on these 
interactions will be discussed and compared to that in 

Fig. 9  The interaction energies between interlayer water and 
interlayer cations (WC): Coulombic (Coul) and Van der Waals 
(vdW) interactions, with the change of water layers at 273 K, 
298 K and 324 K

Fig. 10  The interaction energies between clay layers and inter-
layer water (LW): Coulombic (Coul) interactions, with the 
change of interlayer water layers at 273 K, 298 K and 324 K
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fresh water at three temperatures, 273 K, 298 K and 
324 K.

3.2.1  Interaction between layers (LL) in salt water

The LL interaction energies for salt and fresh water 
simulations are shown in Fig. 11. It is found that the 
interaction energy obtained from fresh water simula-
tion is stronger than that from salt water simulation 
at various temperatures. These interactions are fairly 
similar at higher hydrate state (2W and 3W), but dif-
ferent at lower interlayer hydrate (1W) and dry state 
(0W). At one water layer, the main reason for the 
distinction between the interaction in salt and fresh 
water should be attributed to the salt anions attracted 
to the water molecules in the interlayer. Thus, the 
interactions contributed by the water to the clay layer 
are weaker than those in fresh water, and so are the 
interactions between the clay layers. At dry state, the 
attractive van der Waals and the repulsive Coulombic 
interactions are meager in salt water simulation due to 
the large d-spacing caused by the middle plan form of 
salt anions in the interlayer. In addition, at dry state, 
the interactions in fresh water almost remain the same 
at various temperatures compared to that in salt water, 
in which the Coulombic interactions are 100.4, 170 
and 69.4 kcal/mol and the van der Waals interactions 
are -18, -37.3 and -11.8  kcal/mol for 273  K, 298  K 
324 K, respectively. It is obvious that both the Cou-
lombic and van der Waals interactions of layers are 
lower at 324 K, possibly because the interlayer ions 
diffuse faster and cause larger layer separation at 
higher temperatures as mentioned.

3.2.2  Interaction between layers and cations (LC) 
in salt water

Figure  12 shows the LC interaction energies for 
salt and fresh water simulations. At hydrated state 
(1W, 2W and 3W), the Coulombic interactions of 
salt water simulations are stronger than that in fresh 
water, but the opposite is true at dry state. This indi-
cates that dry clay layers are less connected in saline 
environment when salt ions diffuse into the interlayer 
space, and are easier to rehydrate and swell again 
than that in the non-saline environment at the early 
stages of the swelling process. For van der Waals 
interactions, same phenomena of Coulombic interac-
tions are observed, despite that the values are smaller 
compared to Coulombic interactions.

3.2.3  Interaction between interlayer water molecules 
and cations (WC) in salt water

The WC interaction energies for salt and fresh water 
simulations are shown in Fig.  13. The Coulombic 
interactions in salt water are slightly larger than that 
in fresh water under the same water layer.

All of this is due to hydration variations between 
interlayer cations and anions in the interlayer as well 
as the formation of the hydrogen bond between water 
and clay layers as can see from the hydrogen bond 
(HB) discussion in the following paragraphs. How-
ever, there is an exchangeable trend of the interaction 
energy between fresh and salt simulations at the same 
interlayer water layer, and this behavior is substantial 
for 1W at 298 K.

Fig. 11  The interaction energies between clay layers (LL), Coulombic (Coul) and Van der Waals (vdW) interactions, with the 
change of interlayer water layers for fresh and salt water simulation: a 273 K, b 298 K and c 342 K
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The interlayer water molecules in Na-MMT are 
connected by chains of hydrogen bonds that form 
between the interlayer water and clay surface as 
well as interlayer ions. The geometric standards 
for computing the water hydrogen bond included a 
cutoff distance of r  <  3.5  Å for hydrogen-bonded 
pairs and an angle < 30° between the O–H bond. In 
this study, the cutoff distance for hydrogen-bonded 
pairs was set to 2.4  Å, with a bond angle of 30° 
between H···O–O (Wei et  al. 2021; Martí 1999). 
Figure 14 shows the number of hydrogen bonds and 
the average of hydrogen bonds per water molecule 
as a function of water content in both fresh and salt 
water simulations. It was found that the hydrogen 
bond number in salt water is higher than in fresh-
water. Possible explanation is that in fresh water, 
hydrogen bonds form between water molecules and 

also between water molecules and clay surface oxy-
gen. At the same time, the interlayer  Na+ strongly 
attracts the water oxygen atoms, making water 
molecules tilt toward the orientation that prefers to 
donate hydrogen bonds. In salt water, however, the 
presence of salt anion  (Cl−) forms hydrogen bonds 
with hydrogen atoms of water. This additional 
source of hydrogen bonding increases the number of 
hydrogen bonds in salt water Na-MMT system. The 
formation of HB can vary based on specific condi-
tions and ion concentrations. Svoboda et al. (2018) 
highlighted that the ion concentration stabilizes 
the clay structure more effectively than pure water, 
indicating that saline environments can enhance the 
stability of clay layers by increasing the hydrogen 
bond network. Conversely, Meng et al. (2022) found 
that salt ions affect the hydration layers on mineral 

Fig. 12  The interaction energies between clay layers and interlayer cations (LC), Coulombic (Coul) and Van der Waals (vdW) inter-
actions, with the change of interlayer water layers for fresh and salt water simulation: a 273 K, b 298 K and c 342 K

Fig. 13  The interaction energies between interlayer water and interlayer cations (WC), Coulombic (Coul) and van der Waals (vdW) 
interactions, with the change of interlayer water layers for fresh and salt water simulation: a 273 K, b 298 K and c 342 K
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surfaces, leading to a more disordered water struc-
ture and reduced hydrogen bonding. This indicates 
that in saline environments, the presence of  Na+ 
and  Cl− ions enhances the overall hydrogen bonding 
within the Na-MMT structure due to the formation 
of additional ion-water hydrogen bonds. However, 
at a local level, salt ions can disrupt the hydrogen 
bond network among water molecules, particularly 
affecting hydration layers and water structure den-
sity. These findings suggest that the interlayer water 
in salt water is more strongly connected, which 
may result in relatively weaker Na-MMT shrinkage 
in salt water compared to fresh water. Neverthe-
less, this effect can vary depending on the type of 
interlayer cation, such as  Ca2+ or  K+, which  K+ is 
known to act as a swelling inhibitor and could alter 
the interaction dynamics and shrinkage behavior (Li 
et al. 2019; Malani and Ayappa 2009). Additionally, 
the number of hydrogen bonds decreases slightly 
at higher temperatures. This reduction is likely 
caused by the diminishing hydration shells around 
interlayer cations and salt anions and the weakened 
attractive forces exerted by the clay surface on water 
molecules at higher temperatures. This phenomenon 
explains the decrease in WC and LW interactions 
with increasing temperature.

The average number of hydrogen bonds shows 
that the fully hydrogen-bonded state is character-
ized by around 2.5 HBs per water in fresh water and 

about 3.5 HBs per water in salt water. At low hydrate 
state, in fresh water simulations, the average number 
of hydrogen bonds increased significantly as a result 
of the ability of water molecules to form more hydro-
gen bonds with the upper and bottom clay layer at 
relatively smaller basal spacing. Conversely, in salt 
water simulations, the average number of hydrogen 
bonds declined at low hydrate state, with the exapta-
tion of 298 K case, due to the larger basal spacing. 
For salt water simulation at 298 K, the basal spacing 
is smaller; therefore, the formation of the hydrogen 
bonds at low hydrate state is similar to that in fresh 
water.

3.2.4  Interaction between layers and interlayer water 
molecules (LW) in salt water

The LW interaction energies for salt and fresh 
water simulations are shown in Fig.  15. There is an 
exchangeable trend of the interaction energy between 
fresh and salt simulations at the same water layer and 
temperature. The interaction energy of the fresh and 
salt water simulations is quite similar at three water 
layers (3W) at the same temperature and varies when 
interlayer water content decreases, especially at the 
lower interlayer water content (1W). All this fluctua-
tion is related to the different hydration of the inter-
layer ions in both fresh and salt water.

Fig. 14  The hydrogen bond between water molecules, and 
between water molecules and clay surface with the change of 
interlayer water content for fresh and salt water simulation at 

273 K, 298 K and 324 K: a the number of hydrogen bond; b 
the average number of hydrogen bond per water molecular; c 
illustration of hydrogen bonds in MD simulation
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4  Conclusions

In this study, molecular dynamics (MD) and Grand 
canonical Monte Carlo (GCMC) simulations were 
performed to quantitively determine the interaction 
energies between the MMT layers and the interlayer 
species and to investigate the shrinkage mechanism 
of Na-MMT. The interactions between MMT lay-
ers (LL), layer–cation (LC), layer–water (LW) and 
water–cation (WC) are presented and discussed. Sev-
eral important conclusions can be drawn as follows:

1. The Coulombic interactions of MMT compo-
nents are the major factor accounting for the sta-
bility of stacked layers of MMT. The interlayer 
shrinkage is determined by the extent of the inter-
action energy contributed by the interlayer cati-
ons dehydration.

2. At higher water content and basal spacing, the 
LW and WC interactions become more dominant. 
The stacked clay structure kept its stability at the 
start of the shrinkage (three water layers) in both 
salted and unsalted environments, mainly due 
to the attractive interaction between cations and 
water as well as between water and clay layers.

3. The interaction energy of  LC appears to be the 
most important factor in keeping the stacked lay-
ers together and providing structural stability to 
the clay sheets in the dry state.

4. The interactions of LL and LC show fluctuat-
ing slightly with increasing temperature, while 
WC and LW interactions generally decrease with 
increasing temperature. This variability can be 

attributed to the increased entropy resulting from 
thermal dispersion at higher temperatures.

5. Salt environment greatly increases the interac-
tion energies of LC and WC at hydrated state; 
however, at dry state, the interaction energies of 
LL and LC are greater in fresh water, which is 
related to smaller basal spacing.

In summary, this study illustrates the variation of 
interaction energy in the Na-montmorillonite clay’s 
interlayer during the desorption of the interlayer 
water and gives insight into shrinkage mechanisms 
which promotes further research into how clay com-
ponents interact in various environments.
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