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3.1 INTRODUCTION

Molecular simulation involves the use of computational chemistry methods to

provide an atomistic description of chemical or physical processes (i) for

interpretation of experimental results and (ii) to shed light on the molecular

structure of a chemical system for which experimental data are difficult to

obtain or interpret. These methods can also be used as a predictive tool to

be later verified with new experiments. They are particularly relevant to the

study of clay minerals, whose small particle size and complex chemistry make

them unsuitable for structural analysis such as single-crystal X-ray diffraction.

Although molecular simulation spans several levels of theory, from highly

accurate quantum mechanics to the mesoscale level, here we focus on classical

methods in the form of molecular dynamics (MD) or Monte Carlo (MC) simu-

lation. These classical simulation methods use approximate energy expressions

to describe the interaction between atoms and molecules. In both methods, the

total potential energy of the system is calculated from pairwise or multi-body

interaction potentials (see Section 3.2). In MD simulation, the equations of

motion are simultaneously solved for every particle in the model system. The

time evolution of the model system is then analyzed to calculate the desired

properties. In MC simulation, the system evolves through randommoves which
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are accepted or rejected according to a Boltzmann algorithm. The equilibrium

configuration space of a system is sampled during the production portion of

the simulation, yielding a wealth of structural and thermodynamic properties.

For more detail, the reader is referred to a thorough introduction of modelling

methods applied to geochemistry (Cygan, 2001), and a well-known monograph

on molecular simulation (Frenkel and Smit, 2002).

The results of these classical methods are only as reliable as the para-

meters used in the simulations, but the accessible length scales (hundreds of

nanometres) and time scales (hundreds of nanoseconds) justify the use of

approximate methods. For example, simulations involving an interface

between an aqueous solution and a clay mineral surface are well within the

ability of classical simulations but still beyond reach of the more accurate

quantum methods. A sampling of typical experimental clay mineral properties

is given in Table 3.1 with their analogous simulation properties.

The first papers on molecular simulations of clay minerals were published

20 years ago (Delville, 1991; Skipper et al., 1991). These early articles were

limited in accessible length and time scales due primarily to limitations in

computer resources. However, the rapid improvement in computer technol-

ogy, especially the growth of multi-processor computers and processor speed,

led to a steady increase in the use of simulation methods to study clay miner-

als. Thus, the number of publications in this area continues to grow (Fig. 3.1).

TABLE 3.1 Methods of Obtaining Clay Mineral Observables from

Experiment or Simulation

Property Experiment Simulation

Unit cell
parameters

Diffraction Energy minimization, constant-
pressure simulation

Local atomic
coordination

EXAFS, structure factor Radial distribution function

Interfacial structure X-ray scattering Atomic density profiles

Contact angle Microscopy,
microtomography

MD simulation

Mechanical
properties

Nanoindentation Energy minimization, MC or MD
simulation

Diffusion NMR, neutron
scattering

Mean square displacement
(MD simulation)

Vibrational motion Spectroscopy (IR,
Raman)

Normal mode analysis, power spectra
(MD simulation)
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3.2 SIMULATION BASICS

Molecular simulations utilize periodic boundary conditions in which a finite-

sized model system is repeated infinitely in three dimensions to effectively

represent a macroscopic physical system. With well-defined unit cells, miner-

als and mineral interfaces are ideally suited for simulation using periodic

boundary conditions. This concept is demonstrated in Fig. 3.2 with Naþ-Mt.

Movement of an atom in the primary cell causes its periodic image to be

moved by the same amount in every other cell.

The underlying theory behind both MC and MD simulation comes from

statistical mechanics in which thermodynamic ensembles are used to describe

the equilibrium properties of a system. Examples of ensembles include
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FIGURE 3.1 Literature search for published articles using Web of ScienceSM for keywords

(clayþ ‘molecular dynamics’) or (clayþ ‘Monte Carlo’).

FIGURE 3.2 Several unit cells (black lines) of non-hydrated Na+-montmorillonite (Na+-Mt)

demonstrating the use of periodic boundary conditions in molecular simulations.
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microcanonical (NVE), canonical (NVT), isothermal-isobaric (NPT), and grand
canonical (mVT), where N is the the number of particles in the model system, V
is the volume, E is the total potential energy, T is the temperature, P is the

pressure, and m is the chemical potential. Likewise, molecular simulations are

performed under the constraint of such an ensemble. Constant-temperature

and constant-pressure simulations require a thermostat or a barostat, respec-

tively, to maintain the system at the desired temperature or pressure. Ensemble

averages are directly calculated from the simulation and correspond to macro-

scopic observables.

The potential energy expressions used to drive molecular simulations can

be broken down into individual components:

Etotal ¼ECoulþEVDWþEBondþEAngleþETorsion (3.1)

where ECoul and EVDW represent non-bonded pairwise energies involving

Coulomb (electrostatic) and short-range van der Waals interactions, respec-

tively, between a pair of atoms. The remaining terms on the right-hand side

of Eq. (3.1) refer to three- or four-body bonded interactions: bond stretch,

angle bend, and dihedral torsion. Bonded interactions are necessary for poly-

atomic ions and molecules so that the molecular geometry remains consistent

throughout a simulation. Some molecules with atoms in a planar arrangement

(e.g. phenyl rings, carbonate ions) also require improper torsion energy terms

to maintain this geometry.

A collection of energy expressions derived for a general type of model

system is referred to as a ‘force field’. Force field parameters are derived

by fitting the classical energy expressions to either experimental data or

high-level quantum calculations. General force fields for organic molecules

first began to appear in the 1980s and continue to see widespread use

today. Examples include AMBER (Cornell et al., 1995), CVFF (Dauber-

Osguthorpe et al., 1988), and OPLS (Jorgensen and Tiradorives, 1988). Force

fields that rely solely on the energy expression given in Eq. (3.1) are referred

to as Class 1 force fields. More complicated (and computationally costly)

Class 2 force fields have been developed for use with complex biomolecules

such as proteins and nucleic acids. In this case, additional energy terms are

included that represent correlated motion between, for example, bond stretch

and angle bend interactions. Generally, Class 1 force fields are sufficient for

clay minerals and other oxide phases that have fairly rigid structures.

Several force fields specific to phyllosilicates were developed, including

ClayFF (Cygan et al., 2004), PFF (Heinz et al., 2005), and several others

(Skipper et al., 1991; Hill and Sauer, 1995; Teppen et al., 1997; Kawamura

et al., 1999; Bougeard et al., 2000; Sato et al., 2001). Additional details on

how these force fields were derived and their applications can be found in a

recent review article (Cygan et al., 2009). This topic is further developed in

Section 3.3.
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3.3 FORCE FIELD DEVELOPMENT

Accuracy of the energy force field is of critical importance in the molecular

simulation of clay mineral systems. Because of the lack of accurate interac-

tion parameters, nearly all of the early simulations used constrained or rigid

clay mineral structures. Most recent simulation studies incorporate force fields

allowing full atomic flexibility. Full flexibility is especially important for ana-

lyzing local structure in the clay mineral interlayer space and for describing

adsorption phenomena on external clay mineral surfaces. MD simulations,

in particular, require atomic flexibility to ensure proper exchange of energy

and momentum at interfaces between the clay mineral and aqueous solutions.

There is practical evidence that, without this flexibility, determinations of

dynamical properties such as diffusion of near-surface species and vibrational

behaviour will be inaccurate.

Force field development specific to clay mineral applications typically

involves parameterization of a chosen set of analytical expressions (Eq. 3.1)

describing both non-bonded (Coulombic and van der Waals) interactions

and bonded interactions between usually covalent components of the mineral.

Practitioners of force field development have the choice of using (i) a cova-

lent approach where bonded potentials (e.g. harmonic, Morse, etc.) describe

the interaction energy of metal–oxygen interactions of the clay mineral layer,

hydroxyl groups, and interlayer water molecules or (ii) an ionic approach

where non-bonded potentials (e.g. Coulomb and Lennard–Jones) are used to

reproduce the identical potential energy but with a combination of different

potential energy functions. Furthermore, each force field approach relies on

observed clay mineral and simple oxide refinements and spectroscopic data

to derive the best fits and the necessary parameters for the interaction func-

tions. Alternatively, force field parameterization can take advantage of quan-

tum calculations (e.g. Hartree–Fock, density functional theory, etc.) where,

perhaps, structural data are not available or where unusual or extreme condi-

tions prevent determination of experimental data.

Many force fields for clay minerals use a bonded approach to describe the

metal–oxygen interactions of the layer structure (e.g. Teppen et al., 1997;

Kawamura et al., 1999; Heinz et al., 2005). Long-range electrostatic and

short-range van der Waals interactions are evaluated for all atomic interac-

tions of the system, but are excluded for any specific metal–oxygen bond.

Interlayer water molecules are typically based on one of several traditional

water models (Jorgensen et al., 1983) which can be held rigid or flexible with

stretch and bend motions.

Alternatively, non-bonded force fields for clay mineral simulations such as

ClayFF (Cygan et al., 2004) rely primarily on the electrostatic and van der

Waals energy terms to describe the metal–oxygen bonding of the clay mineral

layer structure. Water and hydroxyl groups are described by a flexible single

point charge (SPC) water model (Berendsen et al., 1981; Teleman et al., 1987)
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or aMorse potential (Greathouse et al., 2009). Partial charges on each atom, crit-

ical to non-bonded force fields, were determined using quantum chemical

methods. Additionally, ClayFF considers the delocalization of charge at substi-

tutional tetrahedral and octahedral sites and, therefore, provides a highly accu-

rate description of clay mineral surface charge at the interlayer and external

surfaces. Once partial charges are determined for each atom type, fitting of

van der Waals parameters and other non-bonded terms is accomplished using

an inverse modelling code such as GULP (Gale and Rohl, 2003) in which the

observed structures of simple metal oxide compounds are used as input.

3.4 APPLICATIONS

Molecular simulations provide a previously unavailable opportunity to

develop accurate models for the structure and dynamical behaviour of clay

minerals. Building from the large volume of powder X-ray and neutron dif-

fraction data and from recent X-ray absorption and X-ray reflectivity studies,

molecular simulations studies offer a glimpse into possible models for the

complex molecular behaviour of clay mineral systems. MD simulations, in

particular, can capture the dynamical structure associated with cations and

water molecules in the interlayer space and structural details of the clay min-

eral layers including site substitutions, vacancies, and hydroxyl behaviour.

3.4.1 Clay Mineral Swelling

An example of the swelling behaviour of Naþ-Mt is provided by Cygan et al.

(2004), where a series of MD simulations of a relatively small simulation cell

(four unit cells) were used to model the expansion of the clay mineral layers

due to increasing number of interlayer water molecules. Figure 3.3 displays

the expansion of Naþ-Mt by the change in basal spacing as a function of

water content, derived from analysis of the MD trajectory of the equilibrated

structures. The MD results closely map onto the experimental data and dem-

onstrate the expansion of the clay mineral TOT layers with the insertion of

water, reducing the Coulombic interactions while enhancing the relatively

strong hydration of the interlayer Naþ. The one-layer hydrate is stabilized at

a basal spacing of approximately 12 Å, while continued insertion of water

molecules leads to further cation hydration and the development of a strong

hydrogen-bonded water network within the interlayer. Ultimately, further

addition of water molecules expands the Mt, leading to the formation of a

stable two-layer hydrate. The simulations suggest a slight stabilization of a

three-layer hydrate, but for the Wyoming Mt composition the layer structures

continue to expand with higher water contents, at least in the virtual world.

Several simulation studies (e.g. Boek, 1995; Kawamura et al., 1999; Smith

et al., 2006; Zheng et al., 2011) successfully modelled the swelling of smec-

tites under a variety of conditions and water content.
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3.4.2 Interlayer Structure and Dynamics

The computer storage of atomic positions and velocities for time steps asso-

ciated with MD simulation, referred to as a ‘trajectory’, provides a convenient

method for analysis of the clay mineral structure. For example, the layer and

interlayer structure of Naþ-Mt can be determined by sampling the atomic

positions stored in the trajectory file once the structure has equilibrated.

Figure 3.4 provides the relative atomic density profiles of all Naþ-Mt atoms

across the clay mineral layer for an equilibrated two-layer hydrate. The lay-

ered clay mineral structure is clearly identified by the dominant peaks for

the atoms of the silicate tetrahedra and alumina octahedra, and by smaller

peaks for the octahedral Mg and tetrahedral Al substitutions. Hydroxyl groups

defined by OH and Hc typically occur parallel to the layers, although there

is evidence that some of the hydroxyl groups are oriented normal to the layers

towards the tetrahedral Al site. The relatively diffuse behaviour of water in

the interlayer region is represented by two broad O peaks and by five broad

overlapping H peaks. Hydrogen atoms are oriented towards either side of

the O peaks and suggest a water dipole oriented in response to the negatively

charged clay mineral layer. Interlayer Naþ occurs primarily in the central

region of the interlayer space fully coordinated by water, although the profile

exhibits some Naþ density near the tetrahedral layer having Al substitution

(inner sphere complex).

Figure 3.5 highlights the atomic density profiles for virtual hydrated pyro-

phyllite, two Naþ-Mt (one with pure octahedral charge and one with slight
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FIGURE 3.3 Swelling behaviour of Naþ-Mt obtained from a series of NPT MD simulations.

The modelling results, showing the sequential expansion of the Mt with water content, are in

agreement with the experimental data of Fu et al. (1990).
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additional tetrahedral charge, i.e. Wyoming Mt and Naþ-beidellite (Bd). Pyro-
phyllite displays a unique water distribution in the interlayer space, suggesting

a relatively hydrophobic environment with limited interaction of the hydrogen

atom of water with the clay mineral layer. The three smectites exhibit similar

profiles with slight modifications in response to the Naþ and the location of
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FIGURE 3.5 Atomic density profiles for the interlayer atoms obtained from the trajectories of

equilibrated MD simulations of a hydrated pyrophyllite (virtual phase) and three smectites. The

mean position of the silicate O surface and the sheet location of layer charge are indicated.
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the layer charge. Additionally, the MD results clearly show a variation in the

basal spacing due to the type and location of the layer charge. Atomic density

profiles for other crystallographic directions and atomic density maps for spe-

cific planes and interfaces can be similarly derived from the MD trajectories.

Ultimately, the atomic densities can be compared with experimental X-ray

absorption and X-ray reflectivity methods (Brown and Sturchio, 2002;

Fenter and Sturchio, 2004).

In contrast to MC simulations, MD methods provide a deterministic

approach for examining the evolution of a molecular system, providing insights

into diffusion processes and other dynamical behaviour. Diffusion rates of

water and cations in the interlayer space of clay minerals can be determined

by analysis of atomic trajectories and plotting the mean square displacement

(MSD) of species as a function of simulation time. Results from a MD simula-

tion of Naþ-Mt using an NPT ensemble are presented in Fig. 3.6, where, after

one million time steps of simulation, significant water and Naþ diffusion

occurs. Diffusion rates are derived from the slope of the MSD versus time plot
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FIGURE 3.6 Snapshots from MD simulation of Naþ-Mt; the far right model displays only inter-

layer species and relative extent of water and Naþ diffusion. Diffusion rates are obtained from

slope of mean square displacement for water oxygens and Naþ as function of time.
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based on the Einstein relation for diffusion in a planar geometry characteristic

of the interlayer space of clay minerals (Frenkel and Smit, 2002). Water diffu-

sion within the interlayer of Naþ-Mt is about 5 times slower than in bulk water,

while Naþ diffusion in the interlayer is 25 times slower; diffusion rates for water

in Mt are 10 times faster than Naþ. These MD results are consistent with recent

neutron scattering experiments completed by Malikova et al. (2010). Similar

modelling approaches have recently been used to evaluate the diffusion of

cations and water in the interlayer space and on the external surfaces of clay

minerals (Rotenberg et al., 2007; Bourg and Sposito, 2010, 2011; Churakov

and Gimmi, 2011).

Molecular simulation also provides a rigorous path towards modelling and

interpreting results from X-ray diffraction analysis, molecular spectroscopies,

and other analytical methods. In particular clay minerals, because of stacking

disorder and difficulties in crystallographic refinements, can be systematically

evaluated by molecular simulation to evaluate structure and molecular beha-

viour. Given a molecular model of a clay mineral structure, an X-ray diffrac-

tion pattern can be calculated and directly compared with experimental

diffraction patterns. Basal spacing for ordered and mixed-layer stacking

sequences can be systematically determined, or the expansion of clay minerals

with varying water content or other intercalate compounds can be derived (see

Fig. 3.3).

Vibrational behaviour and other related spectroscopic processes associated

with clay minerals were studied by MD simulation. For example, Ockwig

et al. (2009) obtained inelastic neutron scattering data on the vibrational beha-

viour of water in fibrous clay minerals such as sepiolite and palygorskite, which

indicated a significant shift in the band of librational modes (i.e. rock, wag, and

twist motions) between the two differently sized water channels. Analysis of

the trajectories from large-scale MD simulations of the two minerals used

power spectra obtained from the velocity autocorrelation function (Frenkel

and Smit, 2002). Correlations of atomic velocities suggest coordinated motions

of interacting atoms (i.e. molecular vibrations) in the simulation cell and can be

used to quantify bond stretch, bond bend, libration, and complex hydrogen-

bond motions (Fig. 3.7). In the fibrous mineral study, the experimental and

simulated librational band for water in sepiolite was shifted to higher frequen-

cies and was interpreted to be the result of increased hydrogen bonding of water

molecules at the inversion of the tetrahedral sheet, which were less favoured

by the smaller and distorted channels in palygorskite.

3.4.3 Solute Adsorption

Recently, MD simulations were used to investigate the adsorption of aqueous

species onto clay mineral surfaces. Such simulations require a large simula-

tion cell to adequately model a bulk aqueous solution in contact with the clay

mineral surface. Schematics of two such simulation cells are shown in
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Fig. 3.8. The mineral phase must be sufficiently thick so that species in the

solution phase have no short-range interactions beyond the surface layers.

Also, care must be taken so that any net charge in the clay mineral layers is

balanced by the opposite charge in the aqueous phase. After defining the

adsorbed and diffuse layers in the simulation cell (Fig. 3.9), the adsorption

of aqueous species onto the clay mineral surface is quantified using atomic

density profiles.

MD simulations were used to study the adsorption of aqueous uranyl

(UO2
2þ) ions onto clay mineral surfaces in the presence of carbonate ions

in aqueous solutions (Greathouse and Cygan, 2005, 2006). Electroneutrality

constraints required that the aqueous region contain cations (Naþ) to balance

the negative charge of the external clay mineral surface, and that each uranyl

ion in the aqueous phase be accompanied by an anion. In this case, carbonate

was used, and pH effects were simulated by adjusting the UO2CO3(aq) con-

centration. The adsorption and desorption of the ions onto the Mt surface

could be treated as an equilibrium process, from which trends in equilibrium

partition coefficients (KD) were observed. Uranyl adsorption decreases as the

concentration of uranyl (and carbonate) ions in the aqueous phase increases

(Fig. 3.10). The concentration of the sodium ions in solution remains fixed

throughout these simulations, and sodium adsorption is unaffected by changes

in uranyl carbonate concentrations. The difference in adsorption behaviour

between sodium and uranyl ions is explained by the ability of the latter to
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FIGURE 3.7 Power spectra of water derived from atomic trajectory obtained from equilibrated

MD simulation of bulk water; red line represents the total spectrum, and blue lines represent the

spectra for hydrogen and oxygen atoms.
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form aqueous complexes with carbonate ions. These complexes can be

charge-neutral or anionic, thus reducing their electrostatic attraction to the

Mt surface. The trend in uranyl adsorption is confirmed by batch adsorption

experiments, which show drastically reduced uranyl adsorption onto Mt above

pH 9 (Pabalan et al., 1998).

By comparing uranyl adsorption onto Mt with a neutral clay mineral

(pyrophyllite) and a smectite with exclusively tetrahedral charge (Bd),

Greathouse and Cygan (2006) were able to further investigate adsorption

trends. By quantifying the abundance and speciation of uranyl complexes in

the aqueous phase near these surfaces (Fig. 3.11), several trends became evi-

dent. The abundance of the neutral UO2CO3(aq) complex increased with

increasing uranyl (and carbonate) concentration. At higher concentrations,

[UO2(CO3)2]
2� and oligomeric species were also seen in the aqueous phase.

For the smectites, the location of negative charge within the mineral

lattice (octahedral sheet for Mt, tetrahedral sheet for Bd) had little effect on
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uranyl speciation. The neutral pyrophyllite surface resulted in much higher

abundances of uranyl carbonate complexes throughout the range of solution

composition.

Similar methods were used to investigate the formation of electrical dou-

ble layers near external smectite surfaces (Tournassat et al., 2009; Bourg

and Sposito, 2011). Naþ and Cl� profiles near the surface were used to con-

strain the corresponding electrical double-layer parameters in the triple-layer

model (Tournassat et al., 2009). Simulations of a mixed NaCl–CaCl2 electro-

lyte near the surface resulted in redefined ion adsorption planes often used in

double-layer models (Bourg and Sposito, 2011). MD simulations were also

used to study the structure and dynamics of water near an external muscovite

surface (Wang et al., 2005; Sakuma and Kawamura, 2009). The charge-

balancing Kþ ions remained adsorbed at the external surface despite the pres-

ence of a thick (3–10 nm) water layer. Adsorbed water was found to be highly

ordered, influencing water structure several molecular diameters from the sur-

face. Finally, Vasconcelos et al. (2007) used MD simulation to investigate the

equilibrium partitioning of aqueous cations and anions at the basal surfaces of

an expanded kaolinite pore. Interestingly, the anion (Cl�) preferentially

adsorbed to the hydroxylated alumina surface via inner-sphere complexation,

while the cations (Naþ, Csþ, Cd2þ, Pb2þ) adsorbed to the siloxane surface;

only Csþ showed a strong tendency for inner-sphere adsorption.

3.5 CONCLUDING REMARKS

Much of the recent development in molecular simulations of clay minerals is

associated with the use of massively parallel supercomputers to examine

increasingly larger and more complex simulation cells. MD simulations of

clay mineral systems having millions of atoms are not that uncommon and

have led to improved understanding of the mechanical properties of clay

minerals (Suter et al., 2007; Suter and Coveney, 2009) and the intercalation

of biomolecules (Thyveetil et al., 2008; Swadling et al., 2010). In addition,

with more powerful computer systems, quantum mechanical tools, primarily

density functional methods, have provided efficient algorithms for simulating

the dynamical behaviour of clay minerals. Rather than relying on an empirical

force field used in classical MD, ab initio molecular dynamics (AIMD) meth-

ods iteratively solve the Schrödinger equation for the potential energy

(approximate solution) at each dynamic time step of the simulation. Of

course, computational cost is extreme, and AIMD simulation cells are neces-

sarily quite small in comparison to those typically used in traditional classical

MD simulations. Nonetheless, the state of the art represented by AIMD meth-

ods will continue to lead to new developments in computational clay mineral-

ogy, especially with ongoing advances in software and computer platforms.

Another growing area is the simulation of hybrid organic–inorganic materials.

Organically modified clay minerals (organoclays) are prepared by substituting
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the inorganic exchangeable cations of a natural or synthetic clay mineral with

organic cations such as alkylammonium ions (smectites) or alkylsulphate ions

(LDH). The basal spacing is greatly increased after such a substitution, and the

resulting clay mineral surface is organophilic. Examples of the application of

organoclays to industrial problems include drilling fluids (Anderson et al.,

2010), water treatment (Beall, 2003), and clay mineral–polymer nanocomposites

(Chen et al., 2008).Much of the simulation effort to date has focused on the struc-

tural, mechanical, and thermodynamic properties of organoclays (Greenwell

et al., 2006; Cygan et al., 2009). Scocchi et al. (2007) used results from atomistic

MD simulations of organoclays as input parameters for mesoscale simulations of

clay mineral–polymer nanocomposites. Finally, simulations were also applied to

the interaction of biomolecules with layered double hydroxide surfaces

(Anderson et al., 2009). Most published simulation studies of organoclays have

used an ad hoc approach for inorganic–organic interaction parameters. A com-

bined force field that accurately describes both organic compounds and inorganic

compounds and materials (and their interfaces) continues to be an area of active

research.

It is appropriate to emphasize that molecular simulations of clay minerals

provide a unique view of the clay mineral structures and offer molecular

insights on the mechanisms of clay mineral interlayer and surface processes.

Simulation methods have rapidly evolved over the last few decades and have

matured to offer clay scientists an exceptional opportunity to test conceptual

models and hypotheses regarding clay minerals and their behaviour. Molecu-

lar modelling provides a new and important tool to supplement the conven-

tional analytical methods used to question nature’s original nanomaterial.
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