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ABSTRACT

Sodium montmorillonite (Na-MMT) is one of the most commonly found swelling clay minerals
with diverse engineering and technological applications. The nanomechanical properties of this
mineral have been extensively investigated computationally utilizing molecular dynamics (MD)
simulations to portray the molecular-level changes at different environmental conditions. As the
environmentally found Na-MMT clays are generally sized within hundreds of nanometers, all-
atomistic MD simulations of clays within such size range are particularly challenging due to
computational inefficiency. Informed from atomistic modeling, coarse-grained (CG) modeling
technique can be employed to overcome the spatiotemporal limitation. The current study presents
a CG modeling strategy to develop a computationally efficient model of Na-MMT clay with a
typical size over ~100 nm by shrinking the atomistic platelet thickness and reducing the number
of center-layer atoms. Using the “strain-energy conservation” approach, the force field parameters
for the CG model are obtained and the developed CG model can well preserve in-plane tension,
shear, and bending behaviors of atomistic counterparts. Remarkably, the CG tactoid model of Na-
MMT, a hierarchical multilayer structure, can reproduce the interlayer shear and adhesion, as well
as d-spacing among the clay sheets as of atomistic one to a good approximation, while gaining
significantly improved computational speed. Our study demonstrates the efficacy of the CG
modeling framework, paving the way for bottom-up multiscale prediction of mechanical behaviors

of clay and related minerals.
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1. INTRODUCTION

Sodium montmorillonite (Na-MMT) clay, a 2:1 aluminum phyllosilicate has long been attracting
researchers due to its unique swelling behavior in the presence of water. This montmorillonite clay
can expand up to 15 times its original volume when the swelling is allowed. However, it exerts a
large amount of pressure when the swelling is constrained. High swelling pressure causes damage
to buildings, foundations, highways, dams, etc.!? The swelling behavior of Na-MMT clay has been
utilized in geoenvironmental engineering, polymer clay nanocomposites, and the mining industry.
Geosynthetic clay liner (GCL), a barrier material used in landfills, contains MMT clay as an
integral constituent due to its high fluid storage capability.>* Addition of a small proportion of
organically modified MMT clays results in significant improvement of thermal and mechanical
responses of polymeric materials.” Therefore, modeling the behavior of montmorillonite clays

can provide us with a better understanding of their properties at a molecular level.

Na-MMT clay is composed of a hierarchical structure. Different experimental measures
inspecting the clay porosities referred to the multiscale structure of clays.!%'* A tetrahedral SiOs4
(T) and octahedral AlO¢ (O) sheet (TOT) clay layer is the fundamental building block of Na-MMT
clay. Isomorphous substitution of aluminum (AI**) ions from the octahedral sheet by iron (Fe?*")
or magnesium (Mg?") ions develops the charge deficiency in the clay layer. This phenomenon is
neutralized by interlayer Na cations.!>!® The basal spacing or d-spacing of Na-MMT clay is
generally considered as 10 A. Tactoid is a clay particle that is built up of 10 clay layers stacked in
the thickness direction.!”!8 Several clay tactoids are rolled or crumpled to form a clay aggregate
of 0.1 microns. At the uppermost stage of clay hierarchical structure, a number of clay aggregates
are combined in different directions to form multiple aggregates (>10 microns).!? Investigation of

clay hydration sites also exhibited the various stages of clay structure.!” In addition to the multi-



scale structural features of clays, significant variations of clay particle size have been reported
based on experiments. Transmission electron microscopy (TEM) micrograph of Na-MMT clay
particle showed that the particle size can range from a few nanometers to several hundred
nanometers.?’2? Atomic force microscopy (AFM) imaging of Na-MMT clay particles revealed the
existence of two distinct sized populations of Na-MMT clay particles, i.e., the average length and

width of larger-sized particles are 340 nm and 200 nm, respectively.?!

In parallel to experimental investigation, molecular dynamics (MD) simulations have been
increasingly utilized to explore the molecular features of clay minerals and relevant materials at a
fundamental level.?>28 For instance, molecular interactions with various fluids, hydration
behavior, and nanomechanical properties of montmorillonite clays have been successfully
investigated through MD simulations by employing atomistic clay models with nanoscopic
dimensions.?*> To perform the atomistic MD modeling of clay, various force fields have been
developed and utilized, including ClayFF, InterfaceFF, CementFF, ReaxFF, URF, etc.’®*” Among
these force fields with several pros and cons, ClayFF is so far the most commonly implementable
force field for clay minerals, but it treats a significant amount of bonded interactions as non-bonded
ones along with some misrepresentation of internal multipole moments due to the inaccuracy of
some atomic charge assignment (e.g. Si).3%-? InterfaceFF is considered the most reliable due to its
accurate partial charges while it is limited in simulating chemical reactions.***! ReaxFF can model
the bond breaking/formation, where chemical reaction and fracture behaviors could be simulated,
but the computational cost is very heavy.*> CementFF is applicable to all cementitious systems
while it causes excessive restructuring and water-density fluctuations as a full-atomic charge force

field.®



Despite the usefulness of atomistic MD simulations, it is challenging to simulate larger clay
layer model to mimic the behavior of real-sized (tens ~ hundreds of nm) clay particles. Moreover,
the clay particle needs to be represented by a clay tactoid in which multiple clay layers are typically
stacked in the vertical direction, resulting in a model system having millions of atoms. This is
essentially challenging for atomistic MD simulations of such massive atomistic models, which
would require significant computing resources. These particular scale-related issues need to be
addressed for bottom-up modeling of clay systems based on MD simulations.*~*® For this purpose,
coarse-grained (CQG) modeling is often used to bridge the spatiotemporal limitations of atomistic
systems by reducing the number of degrees of freedom and removal of fine interaction details.
This simplification is achieved by clustering a number of atoms into one super-bead (i.e., heavy
pseudo CG bead), and the effective interactions among the CG beads need to be derived by
preserving the essential features and physical behaviors of the reference systems. The effectively
developed CG model allows simulation and prediction of physical performance of complex

systems with access to extended time and length scales.

Different researchers have taken different routes to perform the CG modeling of clays. A
number of prior studies employed both continuous and discrete modeling approaches with a view
to performing coarse-grained simulations of clay minerals.*->! The pseudo-atoms procedures
utilizing Iterative Boltzmann Inversion (IBI) were used to perform coarse-graining of polymer-
clay composite systems through seven different CG bead types.’>>* Several studies also performed
the ultra-continuous coarse-grained modeling of clay minerals in which a number of clay platelets
are modeled as a single particle.’**> A structural CG model made up of five different beads was
parameterized using the IBI algorithm to mimic the properties of atomistic anhydrous clay.’® An

extension of the MARTINI force field named MARTINIFF employing four different beads in



which three heavy atoms defined as one bead was used to build the CG model of organically
modified MMT clay whose parameters were derived from mechanical properties and cleavage
energy of atomistic clay particles.’” Despite progress made, it is still difficult to overcome the

spatiotemporal limitation of clay modeling using those previous CG models.

In the current study, we aim to present an effective strategy to develop a computationally
efficient CG model of Na-MMT clay using a single common bead type for the whole structure of
a clay layer. Informed from the all-atomistic (AA) modeling of clay based on the ClayFF, the
bonded parameters of the CG clay model will be derived from the intra-layer (intra-platelet)
mechanical properties while the non-bonded parameters will be obtained from inter-layer adhesion
energy. Then the mechanical response of the CG clay stack (tactoid) including tensile, in-plane
shear, bending, interlayer shear, and compression will be determined utilizing these parameters
and cross-validated with the atomistic tactoid model. Finally, to show the performance of the
computational efficiency of our CG model, the CPU time is calculated and compared for different

clay sheet sizes in both AA and CG model systems.

2. COARSE-GRAINING STRATEGY

2.1. Overview of an atomistically informed CG model

The construction of a CG model is based on the simplification of the all-atomistic (AA) model
of MMT clay platelet with a t-o-t layered structure, where an alumina octahedral sheet is
sandwiched between two silica tetrahedral sheets. As shown in Figure 1A, silicon ions are at the
center of the silica tetrahedral sheet while aluminum ions are at the center of the alumina octahedral
sheet. These silicon and aluminum ions can be viewed as the backbone of the clay platelet, forming
hexagonally arranged lattice structures. Every one of four aluminum ions is isomorphically

substituted by iron or magnesium ions. The length of one side of the hexagon is calculated as 3.051



A. The angle and dihedral angles are computed as 120° and 180° respectively. Hexagonality has
been found as the primary structural feature of backbone cations of clay platelet. To construct the
CG model, we first build one-layer clay platelet by only considering the lattice positions of
aluminum ions (with isomorphic substitutions) of the octahedral sheet. As illustrated in Figure 1A
and B, the cyan beads are representative of octahedral cations (Al, Fe, Mg) that carry the mass of
all atoms in the clay layer where the total mass of the clay layer is equally distributed among the
cyan (initial) beads. This leads to a mass of 183.43 amu for each cyan bead. Then, every four
neighbor aluminum cations (as marked by the triangle region in Figure 1B) are grouped into one
CG bead with the center of mass placed on the position of the center junction aluminum. The
choice of the AA-to-CG mapping allows us to preserve the hexagonal lattice structure in the CG
model with enlarged lattice spacing (Figure 1C). The resulting bond length of CG beads that form
the larger hexagon is 6.102 A, which is exactly twice the distance between cations of the octahedral
layer. The bending angle among the three CG beads is 120° and the dihedral angle between four
beads is 180°. The mass of the CG bead is then determined by preserving the total mass of the
atomistic platelet for a given size under coarse-graining. This leads to a mass of 733.72 amu (=
4x183.43) for each CG bead having the same type (i.e., the red beads presented in Figure 1C and
Figure 1D). Finally, Figure 1D shows a representative CG model of 10 x 10 nm (20 x 11) clay

sheet consisting of 229 CG beads, corresponding to 8,800 atoms in the AA system.
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Figure 1. Different stages of CG clay model building from the atomistic model. (A) Two
tetragonal layers and one octahedral layer (t-o-t) make up the montmorillonite clay platelet. Only
the octahedral center cations (Al/Fe/Mg) (i.e., marked as cyan beads) are considered for the first
fold of coarse-graining with an enlarged concentrated mass of 183.43 amu per bead. (B) Four
neighbor cyan beads within an imaginary triangle region are further grouped together and the
junction/center is identified as the force center of the CG bead (in red) with a mass of 733.72 amu.
(C) The junction of masses/beads is connected to form a larger hexagon lattice. (D) Mapping from

the atomistic to CG model of 10 nm Na-MMT sheet.

2.2. Development of CG force field

In this work, the CG force field is derived from the underlying AA clay model using the strain-
energy conservation approach. This approach has been successfully adopted to develop several

other CG models, such as graphene and other nanoparticles.’® The resulting CG force field includes



both internal (bonded) and external (non-bonded) interactions. The total energy function (E;) has

the following form:

ET:Eb+Ea+Ed+ETLb (1)
where Ey, E,, E4, E,p, are the energies of bonds, angles, dihedrals, and non-bonded interactions of

the whole system respectively. The functional forms of each term are presented below:

Ey(r) = k. (r — 1p)? (2)
E,(68) = k(6 — 6,)? (3)
Eq(9) = ky[1 + cos(ng — 6)] 4
E,,(r) = 4¢ [(%)12 — (%)6], r < Vet ©)

where k., kg, k, are the bond, angle, and dihedral angle force constants, respectively; 7, and 6,
are equilibrium distance of the bond and equilibrium angle, respectively; § is the phase dihedral
angle and n is an integer constant; ¢ is the well depth of Lennard-Jones (LJ) 12-6 potential, o is
zero-crossing distance for the LJ potential and 7, is the cutoff distance of the LJ potential. The

relation between the distance where the LJ potential reaches its energy minimum (R,,,;,,) and o can

1
be estimated as Ry, = 2¢ 0.

There are totally eight independent parameters in the CG force field, i.e., k., kg, kg, 79, 6,
0, € and o, which need to be determined. Three out of these 8 parameters include 1y, 8, and 6 are
related to the lattice geometry of the CG model and are predetermined based on the adopted AA-
to-CG mapping as mentioned above: 1, = 6.102 A, 6, = 120° and 8§ = 180°. The other five
parameters can be determined by evaluating the in-plane mechanical and interlayer properties of

the AA model as described next.



As mentioned above, to calibrate the CG model, the mechanical properties of the atomistic
model are needed which is mainly influenced by its strain energy density function.>® Therefore, a
strain energy conservation approach is utilized. According to this approach, mechanical and
physical properties of AA clay are needed to determine the CG force field parameters, including
elastic tensile modulus (E), in-plane shear modulus (S), bending rigidity (k) and adhesion energy
per surface area (U,). To this end, we utilize Steered Molecular Dynamics (SMD)® to determine
elasticity, in-plane shear, and bending properties. SMD provides a platform to induce
conformational changes in systems in order to study the variation of the potential of mean force
(PMF). The setting for the equilibration process and SMD calculation will be described in the
following section. A 10 nm AA clay sheet is taken into consideration to calculate the required
mechanical properties. To determine its elasticity, the left side of the clay sheet along the x-axis is
kept fixed and the right side is pulled along the x-axis (Figure 2A). The average tensile modulus
for this model is found to be 695.8 GPa. Next, to investigate the in-plane shear modulus, the left
side of the clay sheet along the x-axis is kept fixed while the right side is pulled along the y-axis,
see Figure 2B. The average in-plane shear modulus is computed as 137.2 GPa by taking the ratio
of in-plane shear stress and strain. The bending rigidity is found to be 2.8x107!” N-m through a 3-
point bending test on clay sheet by fixing two edges of clay sheets and imposing line force to the

midpoint of clay sheet (Figure 2C).



Figure 2. Evaluations of mechanical properties of Na-MMT model for the atomistic system under

(A) tensile, (B) in-plane shearing, and (C) three-point bending. For the coarse-grained model under

(D) tensill(E) in-plane shearing, and (F) three-point bending.

With the in-plane mechanical properties obtained from AA model, we are able to estimate the
bond and angle parameters k,.and k, based on the following relationships proposed by Gillis:®!
k, =32cES/2(4S — E) and kg = \/3r¢ cES/12(3E — 4S), where E is the tensile modulus, S
is the in-plane shear modulus, and ¢ is defined as twice the d-spacing with an initial value of 10 A.
The dihedral parameter k,, is determined by matching the force-deflection (F — AZ) curves and
thus bending rigidity of AA clay sheet. These three parameters are further refined and calibrated
for the CG clay model by carrying out SMD simulations for the mechanical properties (Figure
2D, E, F). As a result, k, = 1560.43 kcal/mol - A2, k, = 2556.11 kcal/mol - rad? and ky, =

591.05 kcal/mol - rad? are obtained for the CG model.



The non-bonded LJ parameters (¢ and o) for the CG model can be determined by preserving
the interlayer adhesion energy and d-spacing in the AA clay tactoid. Here, a 10-layered AA clay
tactoid model is simulated to evaluate the adhesion energy. Since the value of adhesion energy
varies with the clay layer size, we normalize adhesion energy by the surface area. Through
parametric analysis, the energetic parameter ¢ (i.e., the well depth of LJ potential) is estimated to
be 9.75 kcal/mol to reproduce the AA normalized adhesion energy between the layers. The length
scale parameter o governs the equilibrium d-spacing of clay layers, which is determined to be 10.7
A to match the AA d-spacing. Table 1 summarizes all the functional forms and parameters of the

CG force field.

Table 1. Functional forms and parameters of the CG force field.

Interaction Functional form Parameters
Bond Ep = k. (r — 1)? k, = 1560.43 kcal/mol - A?
T, = 6.102 A
Angle E, = kqo(6 — 0,)> kg = 2556.11 kcal/mol - rad?
6, = 120°
k, = 591.05 kcal/mol - rad®
Dihedral Eq = ky[1 + cos(ng — 4)] 5 = 180°
n=2
B o—ael(C 12 oy© € = 9.75 kcal/mol
Non-bonded nb = %€ (r) (r) ’ "< Teur o=107A
Tegt = 17 A

2.3. MD simulation details

Montmorillonite crystals belong to a 2:1 type layered aluminosilicate mineral, monoclinic
system. The atomistic model of Na-MMT is built based on Swy-2 montmorillonite clay mineral
obtained from a clay mineral repository at the University of Missouri, Columbia. The simplified

structural formula of this atomistic model is NaSijs(AlgFeMg)O2(OH)s and its unit cell



dimensions are 5.28 A x 9.14 A x 6.56 A. Isomorphic substitution of AI** ions by Fe?*/Mg?* ions
generates a charge of -0.5¢ in each unit cell, neutralized by interlayer cations.?*:*%6 The Materials
Studio software is used to build the Na-MMT clay tactoid. All MD and SMD simulations are
carried out utilizing Nanoscale Molecular Dynamics (NAMD)** and the Large-scale

Atomic/Molecular Massively Parallel Simulator (LAMMPS)% software packages.

AA modeling. A total of three different atomistic models of Na-MMT have been utilized for
the completion of this study. The first atomistic model is a 20 X 11 single clay sheet with the length
and thickness of 100 A and 6.56 A respectively. This clay sheet of 8800 atoms is utilized for the
determination of tensile modulus, in-plane shear modulus, and bending behavior. The second
atomistic model is a 10-layer 6 X 3 atomistic Na-MMT clay tactoid, taken from an earlier study.!”
The clay tactoid contains 7281 atoms with the dimensions of 31.68 A x 27.44 A x 96.56 A. The
tactoid model is utilized for calculating the non-bonded Lennard-Jones parameters (g, 6) and a
compressive modulus. Both first and second models are minimized and equilibrated at the
temperature of 300 K and 101.325 kPa pressure under an isothermal-isobaric (NPT) ensemble for
2 ns. The time step is 0.5 fs and the Particle Mesh Ewald (PME) electrostatic interactions are
implemented. In all the mechanical testing on these two models, a spring stiffness value of
9 kcal/mol/A? and pulling velocity of 2 A/ps are used for the SMD setting. These parameters of
constant-velocity SMD are determined by the curve fitting method i.e., matching with the force-
displacement curve of the constant-force method from the previous study.!” To calculate the
interlayer shearing response, the third atomistic model that is a bi-layer system is considered. In
this model, each layer is comprised of 2732 atoms with the dimensions of 41.09 A x 36.24 A
X 6.6 A. The model is minimized and equilibrated under a canonical (NVT) ensemble for 1000000

steps at a temperature of 300 K. The time step of integration is 1 fs and the CLAYFF force field®®



is employed for atomistic modeling of clay. Both short-range and long-range interactions are
estimated within a 17 A cutoff. The electrostatic interactions are evaluated using the Ewald
summation method®” with a precision of 107°. Spring with the stiffness of kgyp =
150 kcal/mol/A? is attached to the center of mass of the top layer and pulled at a constant
velocity of 10~% A/fs using the SMD approach.

CG modeling. The initially built coarse-grained (CG) clay model is 100 A in square sheet size
with 229 beads. The purpose of this CG model is to determine the force field parameters through
trial and error. Once the parameters have been determined, a larger CG clay sheet of 1,000 A length
has been built. This larger clay sheet comprising 19,700 beads is utilized to check the tensile
modulus, in-plane shear modulus, and bending behavior of the CG model. A 10-layered CG tactoid
model containing 197,000 beads is employed to determine non-bonded parameters and to inspect
compressive modulus. The above-mentioned models are minimized using a conjugated gradient
algorithm®® and equilibrated at a temperature of 300 K and 1 atm pressure under the NPT ensemble
for 6 ns. The time step for the integration is 3 fs for the CG-MD simulations. It is important to note
that in all simulations, the non-bonded interactions between beads in the same sheets are ignored.
To analyze the interlayer shearing properties of clay, a bi-layer CG system carrying 39,400 beads
in total has been considered. The model is minimized and equilibrated at a temperature of 300 K
under an NVT ensemble for 4 ns. To find appropriate values for pulling velocity and spring
constant, we examined different values for SMD calculation. Due to the large dimension and high
mass of each layer, the best spring constant and velocity to overcome the interlayer adhesion

energy is 10,000 kcal/mol/A? and 1075 & /fs, respectively.



3. RESULTS AND DISCUSSION

Tensile Response. The correct prediction of bond-stretching and angle-bending parameters
for the clay CG model can be reflected by the similar tensile response of AA and CG models. To
check their tensile responses, both AA and CG equilibrated clay sheets are pulled along the positive
x-direction while their left sides along the x-axis are kept fixed. The strain response is calculated
as the ratio of extension (4x) due to pulling along the x-axis and length of clay sheet along the x-
axis (L, ). The stress response is computed as the ratio of applied force (F) due to constant velocity
and the cross-sectional area (4,,,) where the d-spacing is assumed as the thickness. As shown in
Figure 3A, the tensile stress is increased approximately up to 6 GPa and the linear strain regime
is observed until about 0.9% of tensile strain for both AA and CG models. The elastic modulus of
tension for the AA clay sheet is determined as 695.8 GPa and the corresponding value for the CG
model is found to be 703.9 GPa. This result shows that our CG model is working well and is in
good agreement with AA model results. In another simulation study, Manevitch and Rutledge®’
calculated in-plane elastic modulus ranging from 400 GPa to 420 GPa for a single lamella of MMT
based on the consistent valence force field (CVFF). The difference between the employed force
fields may lead such inconsistence of modulus values between their study and our results.
However, it should be noted that the tensile modulus of our CG model could be further tuned by

varying the force constants in the bond and angle interactions as described in the above section.

In-plane-shear Response. The in-plane shear responses need to be similar between AA and
CG models if the bond and angle parameters are correctly defined for CG clay. To compare the
in-plane shear response of AA and CG clay models, the left side of both clay sheets along the x-
axis is kept fixed while the right side is pulled along the positive y-axis. The strain response is

computed as the extension (4y) due to pulling along y-axis over the length of clay sheet along the



x-axis (L,). The stress response is recorded as the proportion of applied force (F) and the cross-
sectional area (A,,) on which it is applied. For both models, the maximum 4% in-plane shearing
strain at an approximate corresponding stress of 5.8 GPa is considered for modulus calculations.
As shown in Figure 3B, the in-plane shear moduli values for the AA model (137.23 GPa) and CG

model (134.88 GPa) clearly depict the agreement between the models.

Bending Response. The similarity of bending behavior between the AA and CG model
validates the prediction of the force field dihedral term of the CG model. To evaluate the bending
response, a three-point bending test has been performed on both AA and CG clay sheets. This test
is carried out by keeping two sides (along the x-axis) of clay sheets fixed while applying a vertical
force at the midpoint of the clay sheet. The force is applied by employing constant velocity SMD
(k = 9 keal/mol/A?, v =2 A/ps). The bending response can be compared by following the applied
force (F)-vertical deflection (4z) path for both models. Both AA and CG models are gradually
subjected to a force of about 245 nN resulting in an approximate vertical deflection of 13 A (Figure
3C). The bending rigidity for the AA model and CG model is calculated as 2.8x107!” N-m and
2.7x107"7 N-m, respectively. These values for bending property assures the agreement between
the AA and CG models, which is also consistent with the work by Manevitch and Rutledge on the

MD simulation of single MMT lamella.®’
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Figure 3. Comparison of the atomistic and coarse-grained clay model in terms of (A) tension, (B)

in-plane shearing, and (C) three-point bending.

Interlayer Adhesion. The calculations of two LJ non-bonded parameters (& and o) for the CG
model are done by preserving the adhesion energy of clay sheets and d-spacing of AA clay tactoid
under coarse-graining. To evaluate the adhesion energy of the AA system, a 10-layered clay tactoid
model is employed here. As shown in Figure 4, !7 for a 10-layer 6 X 3 AA Na-MMT model, the
total absolute value of non-bonded energy for the bottommost layer (layer B) is determined as
1315 kcal/mol, after minimization and equilibration. It should be noted that this non-bonded
energy consists of both clay-cation and clay-clay interaction energies. In this model, the total
interacting area for this layer after bringing the clay system to the equilibrium is 984.23 A2. To
make a comparison across different sizes, the adhesion energy normalized by the surface area is
found to be 0.92 J/m? for the AA model. The target value of the parameter (¢) (i.e., the LT well
depth) of the CG model can thus be tuned to reproduce the AA normalized adhesion energy
between the clay layers. The average d-spacing of the 10-layer AA clay is observed to be 10.8 A,

consistent with previous computational and experimental studies.!”-”



The relation between minimum potential distance (R,;,) and zero potential distance (d) can

1
be approximated as R,i, = 26 o, which can be further tuned to match the target d-spacing in the

CG model.
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Figure 4. (A) Atomistic model of 10-layers Na-MMT from layer B to layer K, the color setting of

constituent atoms presented in the left. (B) 10-layers CG model of Na-MMT tactoid.

Consistent with AA system, a 10-layered CG tactoid model with the length of 1000 A is
simulated to determine the non-bonded force field parameters (o or Ry, and €) for the CG model
(Figure 4B). Since the CG model does not contain explicit interlayer cations, the effective CG
clay-clay interaction energies should also include the clay-cation interaction energies. The
equilibration of CG tactoid is performed for a range of values of o and &, where the normalized
adhesion energy and d-spacing values are evaluated. Figure SA shows that as ¢ increases, the d-
spacing of the CG model tends to increase in a linear way. Similarly, the normalized adhesion
energy increases as € becomes larger in a near-linear fashion for all tested values of o (Figure

5B). The final values of & and o are estimated to be 9.75 kcal/mol and 10.7 A for the CG model,



respectively, to achieve the AA adhesion energy of 0.92 J/m? and d-spacing of 10.8 A,

respectively.!”
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Figure 5. (A) Evaluation of d-spacing as a function of the nonbonded LJ potential length-scale
parameter o for the CG model. The target d-spacing of AA system is highlighted by the circle. (B)
Evaluation of adhesion energy normalized by the surface area as a function of LJ potential energy

parameter €.

Interlayer Shear Analysis. We next carry out the interlayer shear simulations of AA and CG
bilayer clay models using the constant-velocity SMD. During the shear deformation, the bottom
layer is kept fixed while the top layer is pulled concerning a monotonous velocity in the x direction.
Figure 6A, B show the snapshots of interlayer shear simulation for both AA and CG systems,
respectively. The shear strain (yy) is determined as the ratio of incrementing distance (AX)
regarding the equilibrium position in the pulling direction to the equilibrium d-spacing (10.8 A).
The shear stress (7) can be defined as the x-component of pulling force (F) over the interacting
surface area (Ay, ) of clay sheet. Figure 6 shows the results of the shear stress versus strain for
both AA and CG models. The shear modulus is determined by fitting the stress-strain data in the

linear regime within 3% strain and the slopes of the curves, that plotted via dashed lines, indicate



the interlayer shear modulus of the bilayer systems. Using the obtained nonbonded LJ parameters
that match the AA d-spacing and adhesion energy, the interlayer shear modulus of the CG model
is found to be about 4 GPa, which is smaller than the AA shear modulus of 11.2 GPa. In order to
mitigate this inconsistency, we further adjust the energetic parameter € to preserve the AA
interlayer shear modulus, leading to a second value of € = 60 kcal/mol. The blue curve in Figure
6C shows the shear stress versus strain of the CG model with the value of € by matching the
adhesion energy with the AA model; the green curve is the interlayer shear response of the CG
model with the € to match the AA shear modulus. Therefore, we report two € values for our CG
model: one for preserving the interlayer adhesion and the other one for preserving the interlayer

shear modulus.

Interestingly, Figure 6C shows strong evidence of “stick-slip” behaviors during the interlayer
shear deformation for the clay systems. The AA clay model contains the interlayer cations arranged
symmetrically along the xy plane between the clay layers. When the shear force is imposed on the
top clay layer along the x-axis, it starts to move in the same direction while the first row of sodium
ions tends to lock the movement of the clay layer. As a result, an initial steep upward stress-strain
curve is observed, corresponding to the linear elastic regime. The continuous pulling ultimately
causes the clay layer to overcome the restraining effect of cations and the clay layer moved freely,
which is characterized by the downfall of the stress-strain curve. As the clay layer further moves
towards the pulling direction, the second row of cations tried to lock its motion again, and
eventually, the clay layer overcame this locking effect. The second uphill and downhill portions
of the stress-strain curve clearly reflect such “stick-slip” phenomena. Remarkably, such shear
characteristics are well captured by the much “simplified” CG model even without explicitly

incorporating cations. In the CG model, the interlayer interactions between the beads in the bottom



and top layers effectively capture the potential energy landscape due to the hexagonal lattice
geometry of CG clay sheets. To overcome the potential energy barrier, the pulling or shear force
increases gradually, leading to an upward trend of the stress-strain curve in the CG model; once
the pulling force overcomes this energy barrier, the stress-strain curve drops suddenly. This result
indicates the importance of the lattice geometry and interlayer interaction in the interlayer shear

response of CG clays, especially beyond the linear elastic regime.
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Figure 6. Comparison of the AA and CG clay tactoid in terms of interlayer shearing. A sequence
of snapshots illustrating the shear deformation process for (A) AA bilayer simulation and (B) CG
bilayer system. (C) Shear stress vs shear strain curves for AA and CG with different € values. The
dashed lines indicate the slope of the linear regime for the determination of interlayer shear

modulus.

Compressive Response. As the clay tactoid is often subject to high pressure condition, here,
we evaluate the compressive response of the CG model in comparison with AA one using the 10-
layered clay tactoid model systems. In both cases, the compression is performed by keeping the
bottom clay layer (layer B) fixed while applying force on the top clay layer (labeled as layer K) in
the vertically downward direction. A range of forces (0 - 2500 pN) is applied on AA tactoid

utilizing constant-velocity SMD. Figure 7 shows that four different compressive stress-strain



regions are observed in the AA system, characterized by the apparent moduli of 125 GPa, 237.5
GPa, 411 GPa, and 643 GPa, respectively. Different from the AA model, the CG model displays
only a linear regime of compressive stress-strain with an elastic modulus of 112.95 GPa. It is
observed that the CG model mostly reproduces only the first regime (0 - 1.76 GPa of stress) of AA
response. The compression mechanism of AA clay tactoid has been discussed in the previous
study.!” During the compression of the AA model, the first domain of stress-strain response (0 -
2.22 GPa) represents the initial compression of interlayer space while the later domains (2.22-
5.92, 5.92-14.8, and 14.8-29.6 GPa) represent full compression of effective interlayer space by
pushing the interlayer cations into ditrigonal cavities of clay sheets. Different from the AA model,
the CG clay model retains the combined clay-cation and clay-clay atomistic interactions between
the CG clay layers by employing suitable non-bonded parameters (¢, o) rather than containing any
explicit interlayer cations. As a result, the current clay CG model only exhibits a single
compressive modulus for the first elastic regime in the AA model but not the higher moduli
response beyond the first elastic regime. However, in real-life conditions, the clays rarely undergo
such very high-stress conditions, and thus, this CG clay model can still be utilized to simulate the
compressive behavior of clays under low stress and deformation condition to a good
approximation. Table 2 summarizes all mechanical properties obtained from our AA and CG

simulations as well as the reported values from literatures if available.
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Figure 7. Comparison of the AA and CG clay tactoid models for compression. Different observed
zones for AA system corresponds to various ranges of applied stress, including 0 - 2.22, 2.22 -

5.92,5.92-14.8, and 14.8 - 29.6 GPa.

Table 2. Mechanical properties of AA and CG models compared with previous

experimental and computational results.

Properties AA CG Reported values
Tensile modulus (GPa) 695.8 703.9 400 — 420 ® @
In-plane shear modulus (GPa) 137.2 134.9 N/A
Bending rigidity (N-m) 2.8 x 10717 2.7 x 10717 1.25 x 10717 @
Compressive modulus (GPa) 125 113 N/A
Interlayer shear modulus (GPa) 11.2 10.9 15.6 7+ ®
d-spacing (A) 10.8 10.8 9.770®
Interlayer adhesion (J/m?) 0.92 0.92 N/A

N/A =not available; (a) = Computational data, (b) = Experimental data

Computational performance. One of the key advantages of CG modeling is the speed-up in
computation because of the reduction of the number of beads that leads to reducing the total

number of degrees of freedom and interactions. Another way to speed up can be reached by



utilizing a larger timestep in CG-MD simulations due to the relatively “smooth” energy landscape
associated with the CG force field. In order to comparison CPU time between AA and CG systems,
a multilayer clay system with different sizes in dimensions ranging from 10 A to 1000 A is
simulated. To make a comparison, the first 50 ps of the simulation is considered using 10 CPUs.
Figure 8 shows that there is a linear trend between clay sheet dimension and CPU time in the
logarithmic scale; as we increase the clay sheet size, the CPU time for CG models varies by a
gentle slope, whereas the AA systems have a steeper slope of the curve. As one can see, using the
CG models for MD calculations is significantly faster in computation compared to AA models.
For instance, for the clay sheet with a dimension of 100 A, the CPU time of AA simulation is about
6500 times as much as the CG simulation. The equations of fitted lines to the data are shown in
Figure 8 caption as well, where one can predict the CPU time for larger clay sheet sizes. This
comparison makes it obvious that the current CG model will be greatly advantageous for
simulating more realistic clay-based systems (such as polymer-clay nanocomposites) with larger

length and time scales.
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Figure 8. Comparison of the AA and CG clay model with 50 ps simulation time utilizing 10 CPUs

and 10 processors. The dashed lines represent the fitting lines to the data via the equations: y =



e 741x266 and y = e 117x165 for AA and CG systems, respectively. The coefficient of

determination (R?) of the fitting for AA and CG models are calculated to be 0.83 and 0.97,

respectively.

Compared to the previously developed CG clay models, our CG model has several advantages.
Different from previous CG models that often involve diverse types of beads and interactions,*”:
3053 our developed CG model is largely simplified by considering only one bead type, and thus it
can achieve significant improvement in computation, making it more suitable for modeling large-
sized clay sheets relevant to experimental scales. At the same time, the current CG model is capable
of preserving the structural, mechanical and interlayer characteristics of the layered clay, which
has not been carefully considered in previous relevant studies.*>*%’2 More importantly, the
established modeling framework in this study can be readily extended and applied for modeling
other relevant clay minerals systems such as kaolinite and silica sheets with parametrization of
intralayer and interlayer interactions. Since our CG model can preserve the out-of-plane bending
of the clay sheets, it is possible to study the curvature effect on the mechanical behavior of the
clay, similar to the study by Ferrante et al.”* on the distortion of halloysite clay nanotubes (HNTs)
based on atomistic modeling. Previous studies have also employed the CG modeling to investigate
the hydration behavior of clay minerals.”*’8 Our CG model of Na-MMT clay can also be extended
for this purpose by either reparameterization of the interlayer interaction to effectively capture the
clay-water phenomena in an implicit manner or adding “explicit” AA or CG water models (e.g.,
MARTINI water model”) to the clay system. A similar kind of approach was undertaken to study

the behavior of graphene/graphene oxide in an aqueous solution.®? Since our modeling framework

is based on AA system using the ClayFF where some internal multipole moments in clay minerals



are misinterpreted,’*%8! the predictive accuracy of CG model might need to be improved for

consideration of the interfacial interactions with solvents and organic molecules.

4. CONCLUSION

In this study, we employ the strain energy conservation approach to develop an atomistically
informed CG model of Na-MMT clay mineral that effectively mimics the mechanical and
structural characteristics of the atomistic model. Specifically, the bonded interactions (including
bond, angle, and dihedral terms) of the CG force field are derived by preserving the in-plain elastic
constants, while the nonbonded interaction is derived by preserving the d-spacing and interlayer
adhesion between clay particles. The developed CG model can capture both in-plane and interlayer
mechanical properties of the AA model, including tension, in-plane-shear, bending, interlayer
shear and adhesion, and compression in the elastic regime, which are also consistent with the
previous studies. Remarkably, the CG model has drastically reduced the simulation time and
thereby make it possible to simulate the properties of large-sized environmentally found
montmorillonite clay minerals. Our proposed CG modeling framework highlights the efficacy of
CG models with tremendous speed-up in computation compared to the AA systems, paving the
way for bottom-up and multiscale prediction of mechanical behaviors of nanoclay and related

minerals.
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